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EXECUTIVE SUMMARY

The California Department of Transportation (Caltrans) has been using scrap tire rubber (called crumb
rubber modifier (CRM)) in asphalt pavements since the 1970s in chip seals and the 1980s in rubberized
asphalt concrete (RAC). The performance of the projects has varied from poor to excellent, with
relatively good overall performance. In recent years, however, improved specifications and practices
have yielded more consistent performance.

To evauate the state of the technology of using scrap tire rubber in paving materials, a comprehensive
review of the literature search was undertaken. Nearly 400 documents representing a cross-section of
information and focused primarily on experience throughout the United States were reviewed. Findings
were organized in the following topics areas, with some overlap: historical perspective; applications/field
operations, materials selection and design; structural design; performance; recycling; cost; environmental
issues; other uses; and specifications.

Much of the research on CRM-modified paving materials was prompted by the Intermodal Surface
Transportation Efficiency Act (ISTEA) of 1991, which mandated that each state use scrap tire rubber in
asphalt pavements with minimum utilization levels increasing from 5% in 1994 to 20% of total asphalt
concrete (AC) 1997. Studies conducted by a number of states and the Province of Ontario, Canada,
varied significantly in terms of experimental design, materials, mix design methodology, testing and
analyses conducted. For example, some studies tried to incorporate CRM into existing DOT mixes, while
others incorporated extensive laboratory testing into their trial mix design and reworked their mix design
procedures to accommodate the inclusion of CRM. The challenge was further complicated by differences
in the two generic technologies: the “wet” and “dry” processes. These represent considerably different
systems and mechanisms. Review of the reports of various field and laboratory studies conducted clearly
shows a very fragmented approach as each agency tried to use CRM-modified materials in its own way,
often without understanding how these materials could or should be optimized to provide the desired
performance and serve specific needs. These differences in the research approaches make it difficult to
compare the results and draw firm conclusions.

The studies reviewed showed widely differing performance for a variety of CRM-modified asphalt paving
materials, which may be influenced by a number of issues relating to specifications, design (including
materials selection), and project selection. Field performance was aso affected by contractors
inexperience in working with CRM-modified paving materials. This inexperience included that
associated with materials handling, production, placement and compaction.

In addition to variable performance, many agencies recorded a noticeable cost increase associated with
the use of CRM materials. High costs were due primarily to two factors. long-distance mobilization of
equipment and personnel for small tonnage experimental or demonstration projects; and, until the patents
expired in the early 1990s, use of proprietary materials. Most agencies did not observe the consistent,
high-level pavement performance needed to justify the added expense of CRM. Therefore, the mandate
to use CRM was waived and subsequently repeal ed.

However, DOTsin Arizona, California, Florida and Texas had better success with CRM-modified asphalt
materials. These agencies found that CRM-moadified paving materials, including RAC, provide a number
of benefits: increased resistance to rutting, fatigue and reflective cracking; and improved durability as a
result of the higher binder contents of RAC mixes compared to conventional asphalt concrete. Therefore,
these four states continue to utilize CRM-modified materials to alarge extent on their pavement networks.
Their extensive experience with CRM as well as current practices and specifications for using CRM-
modified materialsis summarized.
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To assess Caltrans use of CRM relative to its counterparts nationwide two surveys were conducted.
Survey results confirm that Caltrans is one only four state DOTs that consistently use significant
guantities of CRM in paving applications. Other DOTs making extensive use of CRM in paving
applications are, as previoudy noted, those in Arizona, Florida and Texas. From a more global
perspective, the surveys revealed that only California, Florida and Texas produce an annua report
documenting the end-use of scrap tires. Although the nomenclature varies dightly, all three states have
general end-use categories pertaining to crumb rubber, energy, civil engineering and disposal.
Noteworthy statistics with respect to scrap tire end-use from the 2002 “tire reports’ are as follows:

= Digposal accounts for nearly 24% in California, 15% in Florida and 4% in Texas.

= Tire Derived Fuel (TDF) accounts for 46% in Florida, 45% in Texas and 17% in California.

= Civil Engineering applications account for15% in Texas, 13% in Floridaand 9% in California.

= The broad category of transportation-related applications account for 25% in Florida, 16.6% in
Cadliforniaand 4.5% in Texas.

Comparisons of CRM in HMA based on absolute (tonnage) or relative (percent CRM-HMA placed as a
percent of total HMA placed) terms can be misleading. To account for differences in strategies the data
may be “normalized” in terms of scrap tires used per tonne of HMA. Using this approach DOT scrap tire
use per tonne of hot mix is asfollows:

= Arizona 4.4
=  Cdifornia 3.3
»  Horida: 1.9
= Texas. 4.9

Based on the DOT projected use, Caltrans will very likely lead the nation in not only tonnes of CRM
HMA placed but also in terms of tires consumed. By 2005, Caltrans could consume more than double the
number of scrap tires of its nearest state DOT counterpart: approximately 3.9 million for Caltransvs. 1.9
million for ADOT.

Based on the findings of the literature review and the state of the art as practiced by the four primary
CRM-user states, recommendations are presented to refine, broaden and increase Caltrans use of scrap
tiresin paving applications.
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USE OF SCRAP TIRE RUBBER - STATE OF THE TECHNOLOGY AND
BEST PRACTICES

1.0 BACKGROUND AND OBJECTIVES

The Cdifornia Department of Transportation (Caltrans) has been using scrap tire rubber (called crumb
rubber modifier (CRM)) in asphalt pavements since the 1970s in chip seals and the 1980s in rubberized
asphalt concrete (RAC) [Shatnawi and Holleran, 2003; Shatnawi and Long, 2000]. Early trials included
the use of both the wet and dry processes of incorporating CRM; however, most of the work completed in
the 1990s and in this decade has employed the wet process. The performance of the projects has varied
from poor to excellent, but in recent years improved specifications and practices have provided more
consistent performance. Other agencies, primarily the Arizona, Florida and Texas Departments of
Transportation, have also used scrap tire rubber in asphalt pavements over this same period, generally
with good success.

Caltrans has established a goal of using at least 15% rubberized asphalt concrete (RAC) in paving which
would consume about one million tires annually. Beyond the obvious environmental benefit of reducing
landfill waste by recycling scrap tires for use in pavements, there are aso pavement performance
enhancements such as improved durability, potentialy longer service life, and reduced noise. In January
2004, Caltrans and the California Integrated Waste Management Board (CIWMB) entered into an
interagency agreement to supplement Caltrans efforts in arriving at technically sound, cost effective, and
environmentally friendly solutions to scrap tire management through the increased use of scrap tire rubber
in roadway projects.

The overal objective of the Caltrans-CIWMB interagency agreement is to increase and broaden the use
of scrap tires in roadway construction and maintenance. Figure 1.1 illustrates the topics addressed,
specific tasks and key work elements within each task. Task 1, Product Evaluation, includes a synthesis
of the state of the technology and best practices which is the subject of this report. This report
summarizes past and current research conducted throughout the U.S., current use of scrap tires in paving
materials, best practices based on successful use, and presents recommendations for using CRM to
enhance the performance of asphalt concrete pavements. Other civil engineering applications for scrap
tire rubber are outlined for information purposes only.

1.1 ORGANIZATION OF REPORT

This report focuses on the state of the technology and best practices resulting from a detailed literature
review and survey of agency practices. It isorganized asfollows:

e Chapter 2 presents the results of a comprehensive review and synthesis of the literature. It
addresses key findings with respect to applications, materials and structural design,
specifications, performance, cost and environmental considerations.

Chapter 3 presents the results of the survey of user-agencies.
o  Chapter 4 presents asummary of key conclusions and recommendations.

Appendices are included to support the findings presented.
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Objective of Caltrans/CIWM B Interagency Agreement

Increase and broaden the use of scrap tiresin roadway
construction and maintenance

v
Topics Addressed

e current and potential uses of scrap tire rubber in highway
applications, particularly with respect to asphalt rubber

e challengestoitsuse — technical, environmental and economic
guidelines for expanding its use

v
Task 1 —Product Evaluation

e Prepare a synthesis of the state of the technology and best
practices.

e Update/refine experimental designs for lab and field evaluation of
wet, dry, and potential new technologies.

o Develop experimental design for the feasibility of recycling
RAC.

e Conduct experiments for wet and dry technologies, potential new
technologies and recycling RAC.

v

Task 2—Product mplementation

¢ Update RAC use guidelines including performance and
environmental issues.

e Update pavement structural design and rehabilitation guidelines
for RAC pavements.

e Update materials and construction specifications.

¢ Update maintenance technical advisory guidelines.

e Develop RAC recycling guidelines.

Task 3—Technology Transfer

e Develop and deliver training for the department, local agency and
industry personnel.

e Develop promotional literature (e.g. brochures, videos) pending
the interest and needs of Caltrans and the CIWMB.

Figure 1.1: Study Objective, Tasksand Key Work Elements



Use of Scrap Tire Rubber — State of the Technology and Best Practices February 8, 2005
Caltrang/CIWMB Partnered Research

20 LITERATURE REVIEW

A comprehensive literature search and review was performed for this study that focused on experience
with use of scrap tire rubber in paving materials throughout the United States. Caltrans extensive
experience in this areais summarized, and more detailed information is presented in the “ Asphalt Rubber
Usage Guide” (Caltrans 2002) that is currently posted on the Caltrans website.

This chapter describes the approach and findings of the literature review, and presents some basic
terminology. A detailed glossary of terminology pertaining to rubber modified materials is included in
Appendix A.

21 APPROACH

The search focused on a full investigation of literature relating to use of CRM in paving materials and
identified nearly 400 documents. Literature searches were conducted using search engines such as the
Transportation Research Information System (TRIS, a bibliographic database funded by sponsors of the
Transportation Research Board [TRB]) and the National Technical Information System (NTIS). Internet
searches of the TRB state highway agency, and research center websites were also conducted. A review
of the Rubber Pavements Association (RPA) website and library yielded additional documents of interest.
The documents identified were screened based on abstracts and selected documents were reviewed for
thisreport. This report incorporates a representative cross-section of the available information.

22 TERMINOLOGY

A variety of terminology has been used to describe rubber-modified asphalt materials and products, which
has caused some confusion over time. As noted above a glossary is provided in Appendix A.
Descriptions of individual documents may include an initial reference to the specific terminology used
therein, but current terminology is typicaly included to maintain uniformity. To promote clear
understanding of this report, definitions for the various processes of rubber modification are included. The
wet process CRM products have been divided into two families to make a clearer distinction and
eliminate some of the confusion between the two very different types of CRM modification currently in
use. The terminology presented is intended to provide a better description and understanding of the
subject products and is related to definitions being considered by ASTM Subcommittees D04.45
(Modified Asphalt) and D04.95 (Quality Control, Inspection and Testing Agencies).

“Wet Process’ is aterm which describes the method of modifying asphalt cement with CRM produced
from scrap tire rubber and, if required, other components. The wet process requires thorough mixing of
the CRM in hot asphalt cement (176°C to 226°C) and holding the resulting blend at elevated temperatures
(150°C to 218°C) for a designated period of time (typically 45 to 60 minutes, shorter for some variations)
to permit an interaction between the rubber and asphalt. Other components may be included, depending
on applicable specifications. The interaction (also referred to as reaction) includes swelling of the rubber
particles and development of specified physical properties of the asphalt and CRM blend to meet
requirements. Typical specification requirements include an operating range for rotational viscosity, and
minimum values of softening point, resilience, and penetration (needle or cone, at cold and/or room
temperature). Requirements for components, minimum temperatures for the asphalt cement at CRM
addition and for interaction of the asphalt and CRM blend, interaction periods, and resulting physical
properties of the blend vary among agencies that use this process (e.g. DOTs in Arizona, California,
Florida, and Texas) and are presented in this report.
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Some agencies, such as Caltrans, require the use of extender oils, and the addition of CRM, which has a

higher natural rubber content than typicll CRM made from passenger vehicle tires. This CRM is
manufactured from scrap tennis balls, mat rubber, or heavy truck tires (California Standard Specifications
1999). Other agencies such as TxDOT have allowed the use of various modifiers (extender oil for usein
asphalt concrete, diluent for spray applications) but do not require these modifiers. For spray applications
Florida DOT allows but does not require extender oil and diluent; neither is used in AC mixes. Arizona
DOT does not allow the use of extender oils or diluent in asphalt rubber binders (MACTEC Materias
Survey Questionnaire July 2004).

The wet process can be used to produce awide variety of CRM modified binders with arange of physical
properties. The most important distinctions among the various blends seem to be related to rotational
viscosity of the resulting CRM-asphalt cement blend at high temperature (threshold is 1,500 centipoise
(cPs) or 1.5 Pascaleseconds (Passec) at 177°C (ASTM, ADOT, TxDOT) or 190°C (Caltrans) depending
on governing specification) and whether or not the blend requires constant agitation to maintain a
relatively uniform distribution of rubber particles. Viscosity is strongly related to the size of the scrap tire
CRM particles and relative tire rubber content of the CRM-modified blend. CRM-maodified binders with
viscosities> 1,500 cPs at 177°C or 190°C should be assumed to require agitation.

Wet Process-No Agitation - Theterm “terminal blend” is often used to describe rubber-modified binders
that do not require constant agitation to keep discrete rubber particles uniformly distributed in the hot
asphalt cement. However such binders may be produced in the field or at an asphalt concrete plant as
well, such that calling them terminal blends may be misleading and is unnecessarily restrictive. The
preferred description for this type of binder is, therefore, “wet process-no agitation”. These binders are
typically modified with CRM particles passing the 300 um (No. 50 sieve) that can be digested (broken
down and melted in) relatively quickly and/or can be kept dispersed by normal circulation within the
storage tank rather than with agitation by special augers or paddles. Polymers and other additives may
also be included. In the past, rubber contents for such blends have generally been < 10% by weight of
asphalt or total binder, but some California products now include 15% or more CRM. Although such
binders may develop a considerable level of rubber modification, rotational viscosity values rarely
approach the minimum threshold of 1,500 cPs or 1.5 Pass at 177°C or 190°C, that is necessary to
significantly increase binder contents above those of conventional AC mixes without excessive drain-
down. Thistype of product is used in Arizona, California, Texas and Florida with various concentrations
of CRM.

Wet Process-High Viscosity - CRM-modified binders that maintain or exceed the minimum rotational
viscosity threshold of 1,500 cPs at 177°C or 190°C over the interaction period should be described as
“wet process-high viscosity” binders to distinguish their physical properties from those of wet process-
no agitation materials. These materials require agitation to keep the CRM particles uniformly distributed.
They may be manufactured in large stationary tanks or in mobile blending units that pump into agitated
stationary or mobile storage tanks. Wet process-high viscosity binders include asphalt rubber materials
that meet the requirements of ASTM D6114. Wet process-high viscosity binders typically require at least
15% scrap tire rubber to achieve the threshold viscosity. However CRM-modified binders that meet
Cdltrans asphalt rubber recipe requirements for minimum total CRM content and relative proportions of
scrap tire and high natural CRM with less than 15% tire rubber generally achieve sufficient viscosity to be
included in this category and should be assumed to require agitation.

Dry Process -The dry process includes CRM as a substitute for 1 to 3 % of the aggregate in the AC mix,
not as a modifier of the asphalt cement. Care must be taken during the mix design to make appropriate
adjustments for the low specific gravity of the CRM compared to the aggregate material to assure proper
volumetric analysis. Several methods of feeding the CRM into hot plant mixing units have been
established, including use of filler augers, vane feeders and air blowing. A variety of CRM gradations
have been used, ranging from coarse rubber (passing the 6 mm (¥z-inch) and retained on 2.36 mm (No. 8)

4
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sieve sizes) to “Ultrafing” (passing the 300 um (No. 50) sieve size). Caltrans has a specia provision for
RUMAC which includes an intermediate CRM gradation specification. Although there may be some
limited interaction of the CRM with the asphalt cement during mixing in the AC plant, silo storage,
hauling, placement and compaction, the asphalt cement is not considered to be modified in the dry
process.

23 SUMMARY OF LITERATURE REVIEW

2.3.1 Historical Perspective

The Intermodal Surface Transportation Efficiency Act (ISTEA) of 1991 caused many states to initiate
experiments and/or field trials to investigate the use of CRM in asphalt pavement materials. The impetus
was Subsection 1038(d) of the ISTEA legislation which specified that by 1994 all states were required to
use scrap tire rubber in a minimum of 5% of their asphalt pavements with minimum utilization levels
increasing to 20% of asphalt pavements by 1997 (Epps 1993). It isimportant to understand that much of
the sponsored research regarding use of CRM in paving materials that was conducted in the early 1990s
would not have been performed without the ISTEA mandate. Most of the reports reviewed directly
reference ISTEA as the reason for the respective individual studies. Notable exceptions were in
Cdlifornia and Arizona, where the use of CRM had been pioneered and successes of early experiments
had created considerable interest and related study, and in Washington and Florida, where state legislation
regulating scrap tire rubber had been enacted in 1981 and 1988, respectively. Research conducted in
Ontario, Canada was also independent of ISTEA.

In 1991, CRM-modification of paving materials was a relatively new technology that was not readily
available to most state highway agencies and was widely considered to be unproven. Costs for CRM-
modified materials were significantly greater than conventional hot mix asphat (HMA) and field
performance data were limited and mixed. The fact that much of the performance history available at that
time had been accumulated in California and Arizona led to the misconception that CRM-modified
materials were only effective in warm climate areas. Many agencies had little interest in experimenting
with CRM materias, and limited resources for monitoring performance over time. The ISTEA mandate
was thus a major concern. The mandate created a considerable backlash among AASHTO members,
which led to a moratorium on CRM usage requirements until the mandate was repealed by subsequent
legidlation.

One of the authors of this report served as a materials engineer for the largest supplier of CRM-modified
binder during this period and has direct personal knowledge of a number of CRM-related research
projects undertaken as a result of the ISTEA mandate, not all of which were reported in the literature.
This experience provides additional historical perspective on the nature of the various independent studies
performed during this time, and an understanding of related issues with design, production and
construction that may have contributed to the mixed results reported.

The ISTEA mandate to incorporate scrap tire rubber in asphalt paving materials spurred a great deal of
research and experimentation. It also created a tremendous backlash that nearly killed the developing
asphalt rubber industry, although this fact is not reported in the technical literature described herein.
Review of the reports of the various field experiments conducted throughout the U.S. clearly shows avery
fragmented approach as each agency tried to use CRM-modified materials in its own way, often without
any understanding of how these materials could or should be optimized to provide the desired
performance and serve specific needs. Test sections were often relatively small such that the HMA plants
barely had a chance to stabilize mix production within each section, which resulted in highly variable
materials. Long-distance mobilization of the limited number of asphalt rubber suppliers was very
expensive, and combined with small tonnages, increased unit costs for the modified materials to
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unacceptably high levels. Some state DOTS tried very hard to make CRM-modification succeed, and a
few were willing to allow modifications to their existing specifications to do so. Many states did not vary
their practices to accommodate the modified materials. Contractors were unfamiliar with the materials
and did not change their materials handling and construction practices or use “best practices.”
Consequently, most agencies did not get the consistent high level of performance needed to justify the
added expense.

The trial studies conducted by a number of states and the Province of Ontario, Canada, showed differing
results in terms of performance of the asphalt paving materials containing CRM (Epps 1993; Baker and
Connolly 1995 New Jersey; Emery 1995 Ontario; Van Bramer 1997 New York; Volle 2000 Illinais;
Fager 2001 Kansas; Hunt 2002 Oregon; Sebaaly, Bazi, and Vivekanathan 2003 Nevada). The mixed
performance seems to be due to issues relating to specifications, design (including materials selection),
project selection, and field quality control (Epps 1993). There were also many problems related to
contractors inexperience in working with CRM-modified paving materials that included issues with
materials handling and construction procedures and practices.

In addition to variable performance, many studies determined that there was a noticeable increase in the
cost associated with the use of CRM in the asphalt materials (Emery 1995; Trepanier 1995; Albritton,
Barstis, and Gatlin 1999). The range of cost increases varied widely from as little as 10% to 360%
(Huang 2002). The high costs were due primarily to two factors: long-distance mobilization of equipment
and personnel and, until the patents expired in the early 1990s, use of proprietary materials. The suppliers
were located in California, Arizona, Rhode Island, Canada, and later in Florida, Texas, and Mississippi.
Many of the field trials and studies included very little tonnage over which to amortize high mobilization
costs from these locations resulting in high costs for the CRM-modified paving materials.

Other DOTs including Arizona, California, Florida, and Texas saw more success with CRM-modified
asphalt materials. They have used and evaluated the CRM materials more extensively (Page, Ruth, and
West 1992; Flintsch, Scofield, and Zaniewski 1994; Hicks et a. 1995; Rebala and Estakhri 1995;
Choubane et al. 1999; Way 2000; Herritt 2001; Tahmoressi 2001). Due to successful results, these
agencies continue to utilize CRM-modified materials to a large extent on their pavement networks. For
example, as of 2000 the Arizona Department of Transportation (ADOT) had constructed asphalt rubber
mixes on over 2,000 miles of roadway pavement (Way 2000) using wet process high-viscosity binders.

Success in these locations is no coincidence. Mgjor suppliers of asphalt rubber and other rubber-modified
asphalt binder materials are located in Arizona, California and Texas, so mobilization costs are more
reasonable. Furthermore, the suppliers of wet process high-viscosity binders have acted as loca
“champions’ to promote the use of these materials and have provided corresponding technical support to
the agencies and contractors. This has led to relatively routine use in some areas. Unit costs have been
further reduced by limiting the use of CRM materiasto relatively high tonnage projects.

However, Florida represents a different situation. A 1988 state legislative mandate to incorporate scrap
tire rubber in Florida prior to ISTEA was accomplished using a different approach. Rather than
engineering highly rubber-modified asphalt binders to maximize possible benefits, Florida opted to
incorporate relatively low contents of finely ground scrap tire rubber into asphalt cement for use in dense-
and open-graded asphalt concrete mixes. The purpose was to minimize requirements for special handling
and storage (no agitation), and to limit impacts on conventional mixture production and placement
operations. The results have generally been considered successful (Page, Ruth, and West 1992).

Wet process CRM binders have been used for joint and crack sealers, in spray applications for chip seals
and stress-absorbing membrane interlayers (SAMIs), and in asphalt concrete hot mixes. Research has
shown that the properties of wet-process CRM-modified binders depend upon a variety of parameters
(Epps 1993) including but not limited to the following primary factors which are often the subject of
specifications:
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Rubber source and processing method (ambient or cryogenic)
CRM particlesize

CRM concentration

Asphalt cement source and grade

Asphalt additive type(s) and concentration(s)

Interaction temperature

Interaction time

The wet process involves blending and interacting the CRM with hot asphalt cement to yield a modified
binder; the two primary wet process products, high viscosity and no agitation were described previously
in section 2.2 of this report. The temperature range specified for interaction of the asphalt and CRM
varies with agency, but the minimum interaction temperature is typically 150°C (300°F). As noted
previously, CRM has also been incorporated as a substitute for a small portion of the mineral aggregate in
asphalt concrete mixesin what istypically called the dry process.

As mentioned, a variety of small trial studies were independently conducted over a period of years by a
number of DOTs. Studies varied significantly in terms of experimental designs, ranges of materials that
were tested, types of mix designs, testing methods, CRM and analyses conducted. For example, some
studies tried to incorporate CRM into their existing mix designs while others incorporated extensive
laboratory testing into their trial mix design and reworked their mix design procedures to accommodate
the inclusion of CRM. Furthermore, the respective wet and dry processes represent considerably different
systems that perform in different ways, using different mechanisms. These types of differences in the
research approaches make it difficult to compare the results of the literature and draw conclusive results.

The findings of some of the studies reported herein contradict each other and/or current experience and
knowledge about the behavior of CRM-modified paving materials. Some studies show that laboratory
test results may not necessarily be reliable indicators of field performance of these materials. However,
such studies must be presented to provide a full perspective on the development and use of CRM-
modified paving materials.

This synthesis involves an examination of the results presented in the literature relating to the use of
CRM. To organize the vast amount of literature that addresses the use of scrap tire rubber in asphalt
paving materials, the synthesis has been divided up into specific areas of interest to draw some basic
conclusions regarding use of CRM. Literature related to recycling is addressed in a separate report,
“Feasibility of Recycling Rubber-Modified Paving Materials’.

There is a considerable amount of overlap as many of the studies reviewed deal with more than one of the
following categories.

Applications/Field Operations
Materials Selection and Design
Structural Design
Performance

Recycling

Cost

Environmental Issues

Other Uses

Specifications

Each topic area includes findings for both wet and dry processes of using CRM in asphalt paving
materials. The topic areas are discussed in more detail in the remainder of this report.
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2.3.2 Applications/Field Operations

The literature shows that agencies tried a variety of applications of CRM in asphalt paving materials.
CRM has been used in various mix types and membrane layers. The use of these applications and the
constructability of these materials are discussed in more detail in this section.

AC Mix Types

CRM materials have been used by agencies throughout the world in a variety of asphalt concrete mix
types. Specifically, CRM has been used in dense-graded, gap-graded, and open-graded asphalt concrete
mixes using both the wet and dry processes. A variety of testing and performance results have been noted
for each of these mix types. The following definitions apply to the respective types of aggregate
gradations discussed in this section.

o Dense-graded — Continuously graded aggregate blend typically used to make hot-mix asphalt
concrete pavements (DGAC) with conventional or modified binders.

o Gap-graded — Aggregate that is not continuously graded for all size fractions, but is typically
missing or low on some of the finer size fractions (passing the 2.36 mm (No. 8 sieve)). Such
gradations typically plot below the maximum density line on a 0.45 power gradation chart.
Gap grading is used to promote stone-to-stone contact in hot-mix asphalt concrete and is
similar to the gradations used in stone matrix asphalt, but with relatively low percentages
passing the 75um (No. 200) sieve. This type of gradation is most frequently used to make
rubberized asphalt concrete-gap graded (RAC-G) paving mixes.

o Open-graded — Aggregate gradation that is intended to be free draining and consists mostly
of 2 or 3 nominal sizes of clean aggregate particles with few fines and 0 to 4 % by mass
passing the 75um (No. 200) sieve. Open grading is used in hot-mix applications to provide
relatively thin asphalt concrete surface or wearing courses with good frictional characteristics
that quickly drain surface water to reduce hydroplaning, splash and spray. Studies conducted
since 1990 also suggest that open-graded mixes may reduce noise generated at the tire-
pavement interface. A number of abbreviations are used to identify open-graded AC mixes,
including but not limited to OGAC, RAC-O, OGFC, and ACFC.

New Jersey

A study conducted by the New Jersey Department of Transportation (NJDOT) evaluated the use of wet
and dry processes of incorporating crumb rubber in seven experimental field projects constructed in 1991
through 1994. Emissions tests were conducted on six of these projects. One project used a continuous
blend wet process (no agitation) binder to incorporate 10% CRM (passing the 180 um (No. 80) sieve) ina
standard NJDOT DGAC surface mix. Another project included wet process high viscosity binder with
16% CRM (passing the 425 um (No. 40) sieve) and extender oil (similar to Caltrans asphalt rubber) in
standard NJDOT surface and base mixes. Overall, the wet process DGAC mixes provided pavements
with performance similar to DGAC control sections. These results indicated that the standard NJDOT
specifications successfully accommodated both types of CRM asphalt binder into the mix design without
major modification (Baker and Connolly 1995). However, this result is not always the standard.

New Jersey’s study also included open-graded friction courses (OGFC) produced with two different wet-
process asphalt binders: 15% CRM passing the 180 um (No. 80) sieve and 15% CRM passing the 425 um
(No. 40) sieve, respectively. Results showed these CRM formulations to be effective in eliminating
drain-down during transportation of the OGFC. Thicker consistency, i.e. higher viscosity, of the wet
process binders ensured better coating of the aggregate (Baker and Connolly 1995). However,
performance data were not included in the referenced report.
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Generic and proprietary (PlusRide) dry processes were used to produce gap-graded mixes for surface and
base courses of respective projects. Performance was variable. The PlusRide surface mix raveled, but the
corresponding base course did not. A previously failed PlusRide mix was recycled into a conventional
DGAC pavement at 20% of aggregate weight with no apparent problem and reportedly performed
relatively well through 2002 according to a telephone conversation with Joe Smith, formerly of NJDOT
and currently at Rutgers University (2004).

Oregon

The Oregon Department of Transportation (ODOT) constructed a total of seventeen test sections
throughout the state from 1985 to 1994. The performance of the dense-graded mixes modified with CRM
using both the wet process and the dry process respectively had visual condition ratings (based on
ODOT’ s modified SHRP method) that were worse than the control sections. Also, the ride values for the
same sections as measured by a South Dakota-type profilometer were noticeably worse than the control
sections (Hunt 2002).

ODOT aso evaluated the use of CRM in open-graded mixes. The test sections constructed with PBA-
6GR binder (an ODOT designation for asphalt cement modified with 10 to 12% CRM passing the 180 um
(No. 80) sieve, to meet a modified Performance Based Asphalt (PBA-6) specification) performed as well
or better than the control sections. However the open-graded asphalt concrete mixes made with wet
process high-viscosity binder and a wet-process no agitation type binder called "powdered rubber asphalt
rubber cement” (PRARC), a PBA-2 with 15% CRM passing the 180 um (No. 80) sieve and 6% extender
oil were in worse condition than the control sections (Hunt 2002). These two studies illustrate differing
performance outcomes for open-graded mix types.

The ODOT study also examined the use of a gap-graded dry-process PlusRide mix. The gap-graded
nature of the mix provides space for the crumb rubber. No major problems were encountered during the
handling or construction of this mix, but raveling occurred shortly after construction. Of al the mixes
evaluated, the dry process mixes exhibited the worst performance. However severa counties in Oregon,
including Jackson, Linn, and Benton reported generally good experience with both wet and dry process
gap-graded mixes (Hunt 2002). For the other dense-graded and open-graded mixes evaluated by ODOT,
there were no magjor construction issues. The main difference in field operations in the study was that
higher mix discharge and laydown temperatures were needed and utilized for the majority of mixes with
wet-process binders. Higher temperatures (compared to unmodified control mixes) are necessary when
using high-viscosity CRM-modified binders.

Washington

Other states including Washington tested a variety of mix types using wet process and dry-process CRM
modification that have also resulted in variable performance. Open-graded mixes with wet process CRM-
modified binders had inconsistent performance with some mixes performing exceptionally well (15 year
service life under severe traffic conditions) and others exhibiting rutting problems after only four years of
service (Hunt 2002). Some of the wet process CRM-modified binders used were high-viscosity materials
and some were no-agitation type; this factor alone does not account for the variations in performance.
Some dry-process PlusRide mixes using both dense- and gap-gradations respectively have shown very
good performance in the state of Washington, and some CRM-modified sections have performed better
than the conventional asphalt concrete control sections. However four of seven PlusRide projects
constructed in Washington from 1982 through 1986 reportedly exhibited distresses ranging from flushing
and rutting to cracking and raveling, with two early failures (Swearington et a, 1992). Some of this
variable performance was attributed to problems with construction.
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Alaska

In Alaska, PlusRide mixes (proprietary dry CRM modification process now replaced by generic method)
exhibited good performance in resisting low-temperature and fatigue cracking and in improving ice
control and surface frictional characteristics (Raad and Saboundjian 1998; Esch 1984). However in some
cases there was relatively little differencein field performance between the dry process and control mixes.

Florida

The Florida Department of Transportation (FDOT) has conducted extensive research and field tests
regarding the use of CRM. Two demonstration projects placed by FDOT in 1989 evaluated the
constructability and short term field performance of various percentages of finely ground CRM pre-
blended with asphalt cement (wet process-no agitation) in plant-produced, fine, dense-graded and open-
graded surface course mixes using al virgin materials. A third demonstration project was constructed in
1990 to evaluate compatibility of these materials to atypical production project.

The first FDOT demonstration project, which included three test sections and a control section, focused
on producing a fine dense-graded surface mix. Mix designs that incorporated wet-process (no agitation)
binders with 3, 5, and 10% CRM by total weight of binder (3.1%, 5.3% and 11.1% by asphalt cement
weight) were developed using the Florida DOT Marshall Mix Design procedure. Some problems were
encountered during production and placement including the occurrence of mix pickup with therollers. In
the section with 10% CRM, the mix was tender and marked under traffic. Laboratory test results on
plant-produced samples reveded that all sections except that containing the 10% CRM had Marshall
stabilities comparable to the design values. The section with 10% rubber had a stability value that was
half that of the design. It was theorized that the reduced stability might be due to high binder content and
low “fines,” i.e., material passing the No. 200 sieve.

The second FDOT demonstration project included five test sections and one control section, and focused
on producing an open-graded surface mix. Mix designs that incorporated 5, 10, 15, and 17 % CRM by
weight of total binder (5.3 to 20% by weight of asphalt cement) into the mix were developed using a
Florida DOT modification of the recommended FHWA procedure. The optimum asphalt content was
determined and used for the 5% CRM mix. An additional 0.5% of asphalt was added for each 5% of
additional rubber. The mixes with higher rubber and asphalt contents seemed to be “over-asphalted.”

The construction process indicated that total binder content corresponding to the 10% CRM had the best
potential for mix design and construction. Although laboratory testing indicated that performance could
be further enhanced by increasing the CRM content, FDOT chose to place more emphasis on staying
within existing specifications for conventional mixes and on constructability than on optimizing the
CRM-modified binder and mix properties (Page et a, 1992).

The final demonstration project used four test sections to determine if a new piece of equipment could be
used to continuously blend and “react” the CRM with the asphalt cement. Mix tests showed that those
designed with 10% CRM were close to design specifications. Also, it was concluded that existing
equipment was suitable for production (Page, 1992). Dense-graded mixes were found to be more
sensitive to changes in CRM particle size and binder content than open-graded mixes, which is afunction
of the amount of void space available in these respective mix types. Based upon the trial projects, FDOT
drafted specifications for CRM use in its surface course (friction course) mixes. These have been
validated and are till in use. For dense-graded friction (surface) courses, a requirement of 5% CRM
passing the 300 um (No. 50) sieve by weight of asphalt cement was selected. For open-graded surface
mixes, 12% CRM passing the 600 um (No. 30) sieve by weight of asphalt cement was recommended.
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Ontario, Canada

The Ontario, Canada Ministries of Environment and Energy, and Transportation, funded and constructed
11 CRM asphalt demonstration projects between 1990 and 1992 and added 12 more projects in 1993.
The first 11 projects were studied in more detail than the 1993 projects, and included 8 generic dry
process (RUMAC) projects with variations in CRM gradation, content, and processing (cryogenic and
ambient ground); two projects in which CRM was added during cold-in-place recycling of conventional
pavements; and one project with awet process, continuous-blending, no agitation CRM-modified binder.
One of the RUMAC projects placed in 1990 failed and was plant recycled in 1991; as of 1994,
performance of the recycled RUMAC pavement was variable, indicated by a range of ratings from
“somewhat poor to very good” (Emery 1994). The cold-in-place recycled mixes with CRM added failed
by widespread rutting and raveling shortly after being opened to traffic. Both were reprocessed with
additional asphalt emulsion and overlaid with a conventional DGAC surface (Emery 1994). Control
sections were not included in many of the projects, which made analysis more difficult.

The final report on the Ontario projects (Emery 1997) states that the dry process mixes with high
concentrations (2% or more by aggregate weight) of coarse ground CRM (retained on the 4.75 mm (No.
4) sieve did not perform as well as conventional DGAC, and exhibited early raveling and pop outs, and
cracking along construction joints. Dry process mixes made with lower concentrations (1 to 1.5% by
weight of aggregate) of finer CRM (passing the 2 mm (No. 10) sieve) performed comparably to
conventional DGAC pavements. Few wet process mixes were evaluated; these were listed as performing
as well or dightly better than conventional DGAC through 1997. Overall, conclusions were that the
generic dry process was feasible but required further development of mix design and construction
procedures to achieve the desired performance. Also, it was concluded that mixes made with wet process
no agitation binders could be engineered to perform as well or better than conventional DGAC
pavements.

Arizona

Arizona DOT (ADOT) has had excellent success with wet process high viscosity CRM-modified paving
materials in locations throughout the state, in spite of the wide range of climate zones from hot, low desert
(Yuma, Bullhead City) to high altitude, alpine where there is a real winter season (Flagstaff, Grand
Canyon). ADOT routinely applies thin lifts (nominal %2 or ¥inch thick) of open-graded asphalt rubber
asphalt concrete friction courses (AR-ACFC, or ARFC) over existing and new pavements to provide good
surface frictional characteristics and protect the underlying pavement from environmental aging factors.
The AR-ACFC mixes include high contents of wet process high viscosity binders, typically about 9 to
9.5% by weight of mix. According to ADOT engineers, thisis about 2% more than the amount of asphalt
cement that can be included without excessive drain-down. Such high binder content mixes have proven
to be highly resistant to reflective cracking and fatigue (Way 2000). On the Superstition Freeway (US
60), the AR-ACFC thickness was increased to one inch due to extremely high traffic volumes (over
100,000 ADT) and the overlay has performed very well to date. ADOT has identified an additional
benefit in the noise reduction that was achieved on this urban freeway, which triggered a public demand
to surface the entire freeway system in the Phoenix metropolitan area with AR-ACFC. ADOT uses gap-
graded asphalt rubber asphalt concrete (GG ARAC) mixes for structural overlays. These mixes typically
include 7.5 to 8% wet process high viscosity binder, which is about 2% more than the amount of
performance graded (PG) asphalt cement that can be accommodated without excessive drain-down. The
ARAC pavements are typically surfaced with ¥2-inch of AR-ACFC. ADOT does not use dry process
mixes.

ADOT now allows wet process no agitation binders designated as PG 76-22 TR+ (tire rubber) in some
gap-graded mixes. These binders include a minimum of 9% CRM, and have requirements for maximum
phase angle and elastic recovery that make it necessary to add 1 to 2% elastic polymers. Such binders
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have been used primarily at the request of contractors for projects with relatively low tonnage, and for
spot repairs to ARAC or AR-ACFC pavements, i.e. in cases where it is not economical to use wet process
high viscosity binders. Primarily for reasons of economy when only small batches of CRM-modified mix
are needed, ADOT may choose to alow use PG 76-22 TR+ materials as an aternative to wet process high
viscosity binders, but does not consider them as an equivalent. The significantly lower viscosity of the
PG 76-22 TR+ limits binder content without excessive drain-down to only about 0.5 to 1% more than that
of PG asphalt cement, which is at least 1% lower than would be achieved with high viscosity CRM-
modified binders. ADOT does not use PG 76-22 TR+ in open-graded mixes.

California

In 1978, the first Caltrans dry process CRM HMA pavement was constructed on SR 50 at Meyers Flat. It
included 1% CRM by mass of the dry aggregate added prior to mixing with the asphalt cement.
Performance was rated good. The first Caltrans rubberized asphalt concrete (RAC) pavements made with
early versions of wet-process high viscosity CRM binder and dense-graded aggregate were constructed in
1980 at Strawberry (SR 50) and at Donner Summit (1-80). The Strawberry project was an emergency
repair to adramatically failed pavement. The repair included pavement reinforcing fabric (PRF), and a 60
mm (0.2 ft, 2.4 inches) layer of DGAC to restore structural capacity, over which athin (30 mm, 0.1 ft, 1.2
inches) RAC wearing course was placed. Thefirst three projects are all located in “snow country” at high
elevations where tire chains are used in winter. The RAC pavements reportedly performed well in
resisting both chain abrasion and reflective cracking (Hildebrand and Van Kirk, 1996).

The Ravendale project (02-Las-395) constructed in 1983 significantly changed Caltrans approach to the
use of wet process high viscosity CRM-modified binders. This project presented atypical dilemma. The
cost of rehabilitation by overlaying with DGAC was prohibitive, so less costly alternatives were
considered, including thinner sections of RAC. The project was designed as a series of 13 test sections
that included two different thicknesses each of wet process (dense-graded) and dry process (gap-graded)
RAC with 4 sections of wet process high viscosity stress absorbing membrane interlayer (SAMI), wet and
dry RAC at 46 mm (0.15 ft, 1.8 inches) thick without SAMI (2 sections), four control sections with
different thicknesses of DGAC from 46 to 152 mm (1.8 to 6 inches), two sections surfaced only by
double asphalt rubber chip seals, and one section surfaced with a single asphalt rubber chip seal (Doty
1988). The test sections were monitored over time and the overall performance of the CRM materias
(CRM-modified mixes, SAMIs and chip seals) was rated excellent by Caltrans (DelLaubenfels 1985). The
dry process section at this site lasted over 19 years before it was overlaid in 2002, but performance of
such pavements el sewhere has varied (Van Kirk, 1992).

Through 1987, Caltrans constructed one or two RAC projects ayear. Dense- or open-graded RAC mixes
were placed as surface courses at compacted thicknesses ranging from 24 mm for open-graded to 76 mm
for RAC-D (0.08 to 0.25 ft). Some projects included PRF (pavement reinforcing fabric) and/or aleveling
course, and others included SAMI under the RAC mixes. By 1987, it was clear that the thin RAC
pavements were generally performing better than thicker conventional DGAC. Caltrans built more RAC
projects and continued to study the performance of RAC constructed at reduced thickness relative to
DGAC structural requirements.

In March 1992 Caltrans published a “Design Guide for Asphalt Rubber Hot Mix-Gap Graded (ARHM-
GG)” based on these studies and project reviews. The Guide presents structural and reflection crack
retardation equivalencies for gap-graded RAC mixes (RAC-G) with respect to DGAC, and with and
without SAMI. These equivalencies have since been validated and incorporated in Chapter 6, Tables 3
and 4 of the Caltrans Flexible Pavement Rehabilitation Manual (June 2001). RAC-G can generaly be
substituted for DGAC at about one-half the DGAC thickness.

By 1995, over 100 Caltrans RAC projects had been constructed. Cities and counties in California had by
then constructed more than 400 asphalt rubber projects, including asphalt rubber chip seals. However
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some problems occurred, including some cases of premature distress. Caltrans engineers reviewed RAC
performance on the Caltrans projects, selected California city and county projects, and 41 Arizona DOT
projects. Some of the problems observed were clearly construction related; many of the contractors
involved in those projects had little if any experience working with the RAC mixes (Hildebrand and Van
Kirk, 1996).

The Cdltrans review indicated that CRM materials can perform very well when properly designed and
constructed, and that Caltrans should continue using and studying high viscosity wet process binders. A
very important finding was that the distresses observed in RAC pavements generally appeared to progress
at a much dower rate than would be expected in a structurally equivalent conventional DGAC pavement.
In many of the cases where premature RAC distress (particularly cracking) had occurred, relatively little
maintenance was required to achieve adequate pavement service life because the subsequent distress
developed dowly. One-third of the Strawberry RAC pavement was reportedly still exposed and
performing after 15 years, with less maintenance resources and time expended than for all pavements in
that district with the exception of another RAC section (Hildebrand and Van Kirk, 1996).

By mid-2001 Caltrans had constructed more than 210 RAC projects throughout the state. Municipalities
and counties aso continued to use asphalt rubber for hot mixes and surface treatments with generally
good performance. However some of the old problems with product selection, design, and construction
continueto arise. Districts 7 and 8 reportedly experienced several major RAC failures.

Los Angeles County, California

The Los Angeles County Department of Public Works (Public Works) has specified the use of RAC inits
road resurfacing and maintenance program for aimost 15 years. RAC was first used in 1985 and by 1992
it was used extensively. LA County considersitself aleader in the use of RAC among cities and counties,
and since 2001 nearly half the tonnage of AC placed in LA County has been RAC.

The County has used wet process high viscosity and no agitation binders, respectively, in RAC mixes,
and has also used the dry process. They report that although some problems with material being produced
out of specification and workmanship have occasionally occurred, no systematic or inherent problems
have been experienced with wet or dry process RAC mixes. Public Works has used the Greenbook
Standard Specifications for Public Works Construction exclusively without modifications.

Public Works has placed RAC in both designed thicknesses (based on deflection testing or gravel
equivalent methods) and in non-designed thicknesses. Public Works specifies a minimum thickness of
1.5 inches for RAC mixes, and applies the Caltrans reduced thickness design criteria only to asphalt
rubber hot mix (ARHM) which is made with high viscosity wet process binder. Many County projects
include both resurfacing and reconstruction segments, and RAC has been specified as the surface course
for each. While no reduction in thickness is permitted in the reconstruction surface course application,
the additional tonnage of RAC provides further economies of scale and a uniform surface course over the
entire project limits.

Many of the RAC project are approaching 10 years of service and still performing well. A detailed
quantitative and quality study of LA County streets and roads which have been surfaced with RAC has
been proposed. Based on the overal positive experience, LA County plans to continue its extensive use
of RAC.

Summar
Review of the referenced studies indicates that the performance of CRM paving mixes has been highly

variable not only from state to state, but also within a state. The range of performance experienced by
ODOQT is but one example.
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However, overall field and laboratory results for a wide variety of mix types (dense graded, gap graded,
and open graded) and crumb rubber modification processes (wet high viscosity, wet no agitation, and dry
with various CRM gradations) evaluated by various organizations and researchers, indicate that wet
process mixes yield more consistent and better performance than dry-process mixes (Madapati et al.
1996; Choubane et a. 1999; Hunt 2000; Volle 2000). Although most agencies that have used the dry
process have found improved performance versus DGAC control mixes when an open- or gap-graded mix
is utilized to accommodate the CRM, some dense-graded dry process mixes with fine CRM (passing the
300 um (No. 50) sieve have provided satisfactory performance (Huang et al. 2002).

A number of studies (Amirkhanian 1993; Eaton et a 1991; Hansen and Anderton 1993; Khandal 1993;
Lundy et a 1993) indicate that one of the reasons that the wet process generally seemsto provide a more
consistent product is because even when CRM is used as an aggregate substitute rather than a binder
component, there is potential for some low-level interaction between the asphalt cement and CRM. Inthe
wet process, most of the interaction has been completed before the CRM binder is mixed with the
aggregate and any subsequent interaction is usually minor unless the binder is heated long enough to
depolymerize the CRM. CRM has an affinity for absorbing light fractions of the asphalt cement and
when added dry without any pretreatment, it may do so over time even within an in-place paving mix.
One of the primary modes of distress reported for dry process mixes is raveling, an indicator of
insufficient asphalt content which may be a function of the mix design and/or mix production. The mix
design must provide sufficient asphalt cement to compensate for absorption by the CRM, and resulting
mixes may have to be produced somewhat binder-rich to avoid raveling and provide long term durability
(Emery 1995). The Hveem mix design method requires long-term oven aging of the loose mix (15 to 18
hours) which should substantially account for the asphalt cement absorbed by the CRM. The Marshall
method does not require such aging, although knowledgeable designers often cure mixes with potential
for high absorption (by aggregate or CRM) for up to 4 hours.

Overdl, gap-graded CRM mixes made with wet and dry processes seem to perform better and more
consistently than dense-graded CRM mixes. The gap-gradation provides sufficient void space to
accommodate CRM particles finer than the 2.0 mm (No. 10) sieve, particularly when using wet process
high viscosity materials. Higher binder contents typically improve durability and resistance to reflective
and fatigue cracking of HMA in general, whether CRM or conventional .

Dense-graded mixes can accommodate only limited CRM modification due to limited void space in the
aggregate matrix/structure, and are sensitive to minor changes in binder content and CRM gradation.
CRM modification (wet or dry process) of dense-graded mixes is best accomplished using fine CRM
gradations (passing 300 pum (No. 50) sieve size or finer). Field performance of properly designed dense-
graded CRM-modified mixes typically differs little from that of conventional DGAC.

Open-graded CRM mixes appear to perform well when designed with sufficient binder (without excessive
drain-down) to avoid raveling. Although open-graded mixes include sufficient void space to use coarse
CRM gradations (retained on the 4.75 mm (No. 4) sieve), findings for dry process mixes indicate that use
of coarse CRM increased the frequency and severity of raveling, pop-outs, and cracking (particularly
along construction joints) compared to mixes made with finer CRM (passing the 2.0 mm (No. 10) sieve)
material. Wet process binders for hot mix use CRM passing the 2.0 mm (No. 10) sieve or finer CRM.
High viscosity binders minimize drain-down and permit binder contents to be increased to 9.5 or 10% by
weight of mix, which has provided very good pavement performance and durability.

Membranes- Surface and Interlayers

In addition to its use in HMA mix types, CRM has also been used in membranes: in chip seals which are
placed on the surface; or stress absorbing membrane interlayers (SAMIs) which are chip seals placed
between pavement layers. A chip seal is a maintenance tool used primarily to restore surface friction and
seal distressed pavement surfaces from further infiltration by surface water.
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Although it seems that chip seal construction should be a relatively simple and straightforward process, it
is actually very sensitive to a number of factors, particularly site conditions including ambient
temperature and condition of the cover aggregate. This sensitivity accounts for some of the variability in
reported performance of CRM chip seadls. Appropriate CRM binder (typically wet process high viscosity)
and uniform spray application rate are critical. Also, high-natural rubber content CRM has been shown to
enhance chip retention (Hildebrand and Van Kirk, 1996). The aggregate chips must be large enough to
handle the expected vehicle traffic and to protrude above the binder membrane. A single size fraction of
aggregate is preferred, but not all specifications include this feature. Use of graded chips may interfere
with adhesion and embedment of the larger sizes. The chips must be clean, as any dust coating will
interfere with adhesion to the membrane. Ideally, chips should be heated and precoated with paving
grade asphalt to kill the dust and promote embedment and adhesion. Temperature (ambient, membrane
and chips) is critical to obtaining embedment and adhesion of chips. Chip application rate is aso
important and may require adjustment during construction. Applying too few chips leaves areas of binder
exposed, resulting in bleeding and pick-up by tires. Excess chips tend to displace embedded chips,
causing the same types of distress. Chip retention is not an issue with interlayers, as the hot mix asphalt
concrete overlay (modified or conventional) will hold the chipsin place.

Rhode Island

The use of preventive maintenance treatments such as surface treatments can extend pavement life by 5to
6 years and stretch highway funding. The Rhode Island Department of Transportation (RIDOT) has been
able to add life to existing pavement and expects to save money on repairs and labor through the use of
asphalt-rubber repair techniques and other "thin" resurfacing treatments. Upon examining roads for
deterioration, RIDOT applies treatments such as asphalt-rubber chip seals or SAMIs on large resurfacing
projects that are at the appropriate condition level. The treatments have proved to be cost effective for
RIDOT because the treatments are quick to apply (reducing labor costs) and have material savings due to
the reduced amounts of material used for such applications (Couret 2000).

City of Phoenix, Arizona

The City of Phoenix began placing asphalt rubber chip seals in 1969 using wet process high viscosity
binder. After initial issues with chip loss were resolved, overall performance was considered to be very
good and the City made extensive use of this maintenance tool. Asphalt rubber chip seals were first
placed over severely distressed and fatigued asphalt concrete pavements that were designated for
reconstruction, in an attempt to maintain serviceability until funding became available for reconstruction
(Schnormeier, 1986). Some of these pavements were major arterial streets with high traffic volumes. An
asphalt rubber chip seal remained on a freeway frontage road for 17 years before reconstruction, and a
chip seal on a major arterial street lasted nearly 15 years. Reports indicate that reflective cracking
generally took 8 to 10 years to manifest through such seals and that maintenance requirements were
significantly reduced over the life of the chip seal. Reports also indicate that such surface seals
significantly reduced the amount of surface water that infiltrated into the underlying pavement structure.
The City obtained significant extension of pavement life by applying asphalt rubber chip sedls, typically 8
to 10 years, and in some cases nearly twice that — 16 to 20 years. Asphalt rubber chip seals were aso
used for new construction of residential streets in some areas. However chip sealing of major arterial
streets became impractical as traffic volumes increased and pilot cars were no longer able to control
traffic (Charania, Cano and Schnormeier, 1991). This forced the City to develop a substitute treatment,
which evolved into thin lifts of gap-graded asphalt rubber concrete hot mix.

Arizona

Arizona Department of Transportation (ADOT) has made extensive use of asphalt-rubber materials in the
construction and rehabilitation of pavements for more than 25 years. Besides incorporating wet process
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high viscosity CRM-modified binders into gap- and open-graded asphalt paving mixes, ADOT has aso
used high viscosity binders in chip seals as stress absorbing membranes (SAMs) and stress absorbing
membrane interlayers (SAMIS) on a substantial portion of the pavement network. ADOT has also placed
three-layer systems which include a layer of asphalt concrete (typically conventional DGAC), an asphalt
rubber SAMI, and a surface course of conventional or CRM HMA. However, ADOT’ s use of SAMIs has
declined as design policies have varied.

Previous studies by ADOT in 1989 indicated that SAMs had an average service life of 5.3, 10.0, and 8.2
years on Interstate highways, state routes, and U.S. routes, respectively. The investigation also revealed
that typical service life for SAMIs was 9.0, 9.5, and 7.8 years for Interstate highways, state routes, and
U.S. routes, respectively. From a 1994 study, data were extracted from the pavement management system
(PMS) to evaluate the service life, roughness, and cracking characteristics of the various asphalt rubber
materials. The service life data obtained during the study showed either increased or the same service life
compared to the values obtained in 1989. For example, the SAMs were found to have an average service
life of 6.4, 10.3, and 8.9 years while the SAMIs had an average service life of 10.7, 9.5, and 10.7 for
Interstate highways, state routes, and U.S. routes. The analysis also resulted in the development of rates
of roughness and cracking occurrence with time on SAMs and SAMIs for each of the route classes. Data
regarding three-layer systems are more limited and only general conclusions could be drawn from the
dataavailablein 1994 (Flintsch, Scofield, and Zaniewski 1994).

California

In 1975, Caltrans began experimenting with asphalt rubber chip seals in the laboratory and small test
patches located in Yolo and Sacramento counties with generally favorable results. 1n 1983, SAMIs were
included in the Ravendale project, an experiment that included 13 test sections and yielded results that
significantly changed Caltrans approach to the use of asphalt rubber (Doty 1988). The test sections
included two different thicknesses each of wet process dense-graded and dry process gap-graded AC,
with and without SAMI, four control sections of DGAC each at a different thickness, and sections
surfaced only with single and double asphalt rubber chip seal. Based on the findings of this project and
subsequent research, Caltrans developed structural and reflection crack retardation equivalencies for gap-
graded rubberized asphalt concrete (RAC-G) with respect to DGAC, and with and without SAMI-R.
Table 3 of the Caltrans 2001 Flexible Pavement Rehabilitation Manual indicates that when required RAC-
G overlay thickness for structural purposes is at least 0.15 feet (1.8 inches, 46 mm) a SAMI-R may be
substituted for an equivalent 0.05 foot (0.6 inch, 15 mm) of RAC-G. Table 4 of the Rehabilitation
Manual shows the same 0.05 foot equivalency for use of SAMI-R to retard reflective cracking in an
overlay.

Caltrans requires use of extender oil and high natural CRM in CRM-modified chip seal binders. The high
natural CRM has been demonstrated to enhance chip retention. However, the benefits of extender ail in
chip sea binders are not as apparent. Occasiona problems with tenderness, bleeding, and flushing of
CRM-modified chip seals have been reported, particularly in southern California, which may in some
cases be related to the use of extender oil in hot climate areas. To provide stiffer CRM-modified chip seal
binders, Caltrans District 8 is considering substituting AR-8000 for AR-4000 as the base asphalt cement.

Los Angeles County, California

The Los Angeles County Department of Public Works (Public Works) reports that it has utilized Asphalt
Rubber Aggregate Membranes (ARAM) in its pavement rehabilitation and preservation strategies for the
past four years. ARAM is increasingly being used as an interlayer to retard reflective cracking on
resurfacing projects as part of a two or three layer system. Resurfacing of some rural roads and urban
arterial streets has been designed using a two layer system. Resurfacing over existing PCC pavement is
designed almost entirely using a three layer system. ARAM has aso recently been used in a cape sedl
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(slurry seal over CRM-modified chip seal) placed on local streets. To date Public Works reports that it has
been very pleased with the performance of ARAM.

Florida

FDOT began investigating the use of CRM for interlayers and binders for seal coats about the same time
as ADOT. Based on the findings of a demonstration project reported in 1980, (Murphy and Potts, 1980)
FDOT alowed the use of CRM in surface treatments and interlayers in selected projects. A considerable
length of 1-10 in Floridaincludes CRM interlayers under surface overlays. FDOT SAMI binders include
20% CRM (passing the 1.18 mm (No. 16) sieve) by weight of asphalt to yield a high viscosity material.

Texas

As part of the Texas Department of Transportation’s (TxDOT) Supplemental Maintenance Effectiveness
Research Program, TxDOT studied severa of its commonly used maintenance treatments. Examination
of asphalt rubber chip seals was included in the evaluation. Statistical analysis of the condition
information for the respective test sites showed that wet process high viscosity (asphalt rubber) chip sedls
were effective at reducing reflective cracking, especially for pavement sections that exhibited relatively
high concentrations and/or severity of cracking prior to treatment. However, asphalt rubber chip seals did
not increase the life of sections that exhibited bleeding, and in some cases had a negative effect due to the
additional asphalt. The study noted that in most cases the use of the asphalt rubber seal coat improved the
performance condition index (PCl) and helped to retard the rate of pavement deterioration. Overall, the
study showed that under appropriate conditions (no bleeding or instability of the existing underlying
pavement) the use of asphalt rubber chip seals was a good treatment option (Freeman et a. 2002).

Asphalt rubber chip seals are a routine rehabilitation strategy in some TxDOT districts (Tahmoressi,
2001). TxDOT representatives report that wet process no agitation binders are now used for the majority
of chip seals. The reason is that high viscosity CRM binders are customarily applied at relatively high
rates of 0.5 to 0.6 gallons per square yard, and thus require use of properly-sized aggregate chips (5/8-
inch maximum size) that protrude above the membrane to avoid flushing and bleeding. However, such
coarse chips are considered too noisy for surface use in many areas. The high viscosity binders are thus
used primarily for SAMIs or in rural areas (MACTEC Materials Survey 2004). Whether used on the
surface or in between pavement layers, the high viscosity binders have been observed to provide good to
excellent resistance to reflective cracking and good chip retention. The literature does not indicate how
many of the chip seals reviewed in 2001 included high natural CRM (Tahmoressi, 2001).

SUmmar

CRM chip seals use wet process binders. High viscosity binders allow for higher application rates than
no agitation binders, but the aggregate chips need to be sized accordingly (nominal 1/2-inch to 5/8-inch
maximum size) to avoid flushing and bleeding. Heavier binder application rates appear to promote
durability and increase the service life of chip seals, but such seals should not be applied to pavements
that are flushing or bleeding. Chip seal construction is sensitive to a number of factors and good practices
are required when working with highly modified materials to achieve a good finished product.

Although both Arizona and Florida have shown overall good performance of membrane layers, the
experience of other states (including California) as reported by Flintsch, Scofield, and Zaniewski (1994)
has been mixed. Experience since 1994 has also yielded mixed results. How much of the reported
variability is due to materials or to construction issuesis still not clear.

CRM-modified SAMIs have proved effective as crack interruption layers in reducing the onset and
severity of reflective cracking. Based on field performance data, Caltrans has assigned a minor structural

17



Use of Scrap Tire Rubber — State of the Technology and Best Practices February 8, 2005
Caltrang/CIWMB Partnered Research

and reflective cracking equivalency of 0.05 ft (15 mm) of RAC-G to SAMIs. SAMIs have been widely
used in Florida and have performed well.

2.3.3 Materials Saelection and Design

Due to the variety of materials utilized in CRM paving materials, there are numerous issues relating to
selection and design. Physical and engineering properties of modified binders are highly dependent on
the unique interactions between the component materials: asphalt cement and CRM. These interactions
depend primarily on respective chemical and physical properties of the asphalt cement and CRM, as well
as CRM particle size and gradation, and interaction temperature and time. Some combinations of high
quality asphalt and CRM materials which individually meet specification requirements are not compatible
and cannot produce a satisfactory blend. Aromatic extender oils and high natural rubber content CRM
can be used to eliminate issues of compatibility. However, extender oils are expensive and typically
increase emissions of aromatic and volatile compounds at high temperatures.

Crumb Rubber Modifier (CRM)

Throughout the numerous studies various types and sizes of scrap tire and other CRM materials,
including but not limited to scrap tennis balls and mat rubber, have been tried and tested. Much of the
work specificaly related to CRM was included in reports on binders and is discussed in the next section;
the overlap of these two highly inter-related topics makes separation difficult.

CRM materials are typically defined as either ambient or cryogenically processed. Ambient processing
consists of grinding the scrap tire rubber at room temperature. Cryogenic processing cools the rubber
below its embrittlement (glass transition) temperature with liquid nitrogen and shatters it in a hammer
mill (Witczak 1991). This method yields CRM particles with a smooth glassy surface with low ratios of
surface area to volume and limited contact area for the interaction with the asphalt cement. Most studies
have focused on the use of ambient CRM for wet process binders because it has been established that
ambient grinding provides irregularly shaped particles with relatively large surface areas with respect to
particle size. This promotes contact and interaction with the asphalt cement (Hicks et al, 1995; Baker
1993). To minimize processing costs, CRM specifications typically allow cryogenic processing for initial
size reduction, but require finish grinding at ambient temperatures.

The overall literature review indicates that Ontario may be the leader in the use of cryogenically
processed CRM. Ontario’s experience indicates no apparent differences between the cryogenic process
CRM and the ambient process CRM (Emery 1995). However most of the Ontario sections were dry
process mixes. Of the wet process materials used, most were no agitation binders with relatively low
contents of fine CRM for which cryogenic processing would have the least impact. These demonstration
projects don't provide sufficient data to allow one to draw definitive conclusions as to the effect of the
grinding process on physical properties of the binders and pavement performance.

In addition to the method of processing the CRM, the source of the rubber also has a significant effect on
the properties of the material. Specific studies have shown that rubber materials from different sources
have different chemical compasitions which result in varying properties when incorporated with asphalt
binder using the wet-process (Green and Tolonen, 1977; Pavlovich, Shuler & Rosner, 1979; Rosner &
Chehovits, 1982; Abdelrahman and Carpenter 1999).

For purposes of this report, the primary sources of CRM are scrap tire rubber from passenger vehicles and
heavy trucks, which contain varying amounts of synthetic and natural rubber compounds respectively.
Furthermore, tread rubber has a different composition than sidewall rubber for both passenger and truck
tires and tire rubber formulations change over time with advances in tire technology. Most CRM includes
avariety of rubber and other compounds (Baker, 1993). The chemical specifications for scrap tire CRM
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listed in the Caltrans Standard Specia Provisions for Asphalt-Rubber Binder represent typical ranges of
chemical composition of whole tire rubber, incorporating both the tread and sidewall materials, at the
time these specifications were developed (Baker, 1993). The intent was to require the use of scrap tires.

The literature does not indicate whether the chemical requirements for high natural CRM are based on the
scrap tennis ball rubber that served as an early source of this material. Truck tires have replaced scrap
tennis balls and mat rubber as the primary source of the “high natural” rubber material required by
Cdtrans. Natural rubber depolymerizes relatively quickly and thickens the asphalt cement phase of CRM
binders, which helps to promote interaction with other rubber compounds in the scrap tire CRM. Natural
rubber has also been found to enhance adhesion of aggregates in chip seals (Hildebrand and Van Kirk,
1996).

Because of the chemical complexity of CRM and asphalt cement, it has not been possible to develop a
purely chemical approach to designing CRM paving materials. CRM binder designs must be performed
with the proposed CRM and asphalt cement to assess compatibility and physical properties. That said
however, ADOT, FDOT and TxDOT do not require the addition of high natural rubber content CRM to
wet process high viscosity binders (MACTEC Materials Survey 2004).

Gradation and concentration of the CRM also have significant effects on resulting binder properties
(Green and Tolonen, 1977; Pavlovich, Shuler & Rosner, 1979; Rosner & Chehovits, 1982; Abdelrahman
and Carpenter 1999). Coarser rubber particles increase viscosity. Increasing rubber concentrations also
increases viscosity. Finer rubber particles, particularly those passing the 300 um (No. 50) sieve, are more
quickly digested. Although high concentrations of fine CRM particles may initially provide significant
increases in binder viscosity, continued interaction at elevated temperatures promotes digestion of the
CRM which reduces binder viscosity.

Examples of the effects of CRM on binder properties are presented in the next section on CRM-modified
binder. An example of the effects of rubber composition that supports findings of previous studies
(including those referenced in the preceding paragraph) using a different approach is a study conducted
by Abdelrahman and Carpenter (1999). This study used the Superpave Performance Graded (PG) binder
tests to characterize the binders instead of the conventional methods; e.g., resilience, softening point and
penetration. The variables were CRM composition and particle size. Four different CRM materials were
evaluated at 10% CRM (by weight of asphalt cement) with an AC-10 asphalt cement (wet process- no
agitation). The four CRMs examined included three ambient processed products: BLEND, SBR, and NR.
The BLEND rubber is a combination of both natural and synthetic rubber. The SBR rubber is made
mostly of synthetic rubber (styrene-butadiene) and the NR rubber is mainly natural rubber. The fourth
product evaluated was a cryogenically processed CRM, CRYOG. Each CRM was tested at two particle
sizes: the fine gradation consisted of CRM passing the 250 um (No. 60) sieve and retained on the 80 pm
(No. 80) sieve; the coarse gradation consisted of CRM passing the 600 um (No. 30) sieve and retained on
the 425 um (No. 40) sieve. The CRM gradation selected was influenced by the size of the gap of the
dynamic shear rheometer test equipment and does not necessarily represent typical CRM gradations used
in paving applications. However, the findings correlated with observed field and laboratory behavior of
asphalt modified with coarser CRM materials.

The study results showed that the interaction process affects the binder properties of shear modulus (G*, a
measure of stiffness) and the phase angle, 5. Also noted during the study was that the swelling of rubber
particles decreases the distance between particles (increasing the filler concentration) and absorbs the
lighter fractions which makes the binder matrix stiffer. For the CRMs in the study, higher test
temperatures cause depolymerization to occur, which releases rubber components back into the liquid
phase. The result of depolymerization is a decrease in the shear modulus (stiffness) and ultimately the
phase angle of the binder returnsto its original unmodified value as the added elasticity is degraded.
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In terms of particle size, the research showed that the fine rubber swells and depolymerizes faster than
coarser rubber particles especially at the higher temperatures, which causes a stiffer binder with increased
elastic component (reduced &) until depolymerization is complete. At intermediate and high
temperatures, the effect of the rubber source and gradation on the binder behavior is evident. Even when
subjected to the same interaction conditions, the different rubber sources and gradations yield different
interaction profiles. For example the BLEND and SBR were observed to be more reactive than the NR
and the CRY OG, based on rate and extent of change in properties. The results of this study underscore
the importance of CRM compostion, particle size, and overall interaction time and temperature on the
resultant binder properties (Abdelrahman and Carpenter 1999).

Representatives of TxDOT and FDOT reported that there are significant problems with the control and
consistency of the gradation of CRM materials currently supplied. In Florida, CRM gradation issues are
affecting the uniformity and quality of CRM binders. Non-compliance with CRM gradation requirements
has become so widespread that FDOT is currently substituting polymer-modified asphalt cements for
CRM binders on the interstate routes (Jim Musselman, October 15, 2004 RACTG meeting). Caltrans has
aso encountered issues with CRM gradation compliance, which were the subject of several meetings of
the joint Caltrang/Industry CRM Gradation Subcommittee from 2001 through 2003. Sampling and testing
were evaluated as possible sources of variability in gradation testing and improvements to sampling
methods were suggested.

Crumb Rubber Modified Binder

Several methods of wet process modification described in this chapter were used in various laboratory
research programs and/or in field trials encountered in the literature review. However, the literature
review revealed a glaring lack of data on the basic physical properties of the various wet process binders
used in many of the laboratory and field evaluations. Very few of the reports reviewed indicated that any
type of specification compliance type testing was performed on the subject CRM binders, and only rarely
were any of those test results included. Considerably more results of the Superpave PG type testing are
presented (which may or may not be applicable to high viscosity binders) than results of rotational
viscosity (Haake-type, field go-no go test), resilience, and softening point tests upon which the high
viscosity binder specifications used by ADOT, Caltrans, FDOT and TxDOT are based. This lack of
fundamental information makes it difficult to assess the value of many of the studies reviewed, as it is
rarely clear whether the CRM binders used in specific studies would have been considered suitable for the
use to which they were put. Inferences can and have been made regarding which CRM binders would
have been high viscosity or no agitation, based on CRM content and gradation. However the omission of
such basic property information indicates that many of the researchers did not understand the important
effects of CRM binder properties on the performance of the resulting CRM mixes, chip seals or
interlayers.

The chemical and physical attributes of the CRM have significant effects on the resulting properties of
wet-process CRM-modified binders. So do the chemical and physical properties of the asphalt cement.
Because these properties are so complex, the only way to determine if particular CRM and asphalt
materials can interact to provide a suitable modified binder is to blend and interact them in the laboratory
and to obtain and test samples for specification properties over a 24-hour period. The full interaction
process between asphalt cement and CRM consists of two main types of mechanisms that affect the
produced binder properties. particle swelling and degradation (devulcanization and depolymerization).
Asthe CRM particles swell, agel phase develops along the particle boundaries. These mechanisms occur
as the binder is subjected to different combinations of interaction time and temperature. During the
creation of the CRM-modified asphalt, an increase in temperature results in an increase in the rate of
swelling along with a decrease in the extent of swelling. Also, the particle size of the CRM modifier has
been shown to control the swelling mechanism and affect the binder matrix. In fact, the time required for
swelling increases with the particle radius squared. The occurrence of depolymerization and
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devulcanization involves the reduction in the molecular weight of the rubber while the chemical reactions
break the chemical bonds (Abdelrahman and Carpenter 1999).

During the early development of wet process high viscosity modification, two methods were patented. A
patent search (MACTEC, March 2002 for Caltrans METS) showed that in 1975, a private individual
(Charles MacDonald) obtained Patent No. 3,891,585 “Elastomeric pavement repair composition for
pavement failure and a method of making the same,” the ingredients of which consisted of paving grade
asphalt and processed reclaimed or unprocessed rubber buffings. Another similar patent, No. 4,069,182
“Elastomeric pavement repair composition”, was granted to the same individua in 1978, based on the
same two congtituents.  This method of modification later came to be designated as “Type 1”. Also in
1978, an oil company in California was granted Patent No. 4,068,023 “Rubberized asphalt paving
composition and use thereof” which included high natural rubber and high aromatic mineral oil solvent
(extender oil) in addition to paving grade asphalt and reclaimed tire rubber. This method of modification
later came to be designated as “ Type 2”. These patents expired in 1992.

In the early 1990s, Caltrans treated Type 1 and Type 2 CRM binders as bid aternatives and allowed use
of each as equivalent wet process high viscosity binders. The Caltrans Design Guide for ARHM-GG
(RAC-G) Memorandum dated February 28, 1992 includes specifications for both Type 1 and Type 2
binders. Based on the 1996 project review by Hildebrand and Van Kirk, Caltrans chose to eliminate use
of Type 1 binders. FDOT and TxDOT alow use of Type 2 binders, but do not require it. They report
that only Type 1 binders are used. ADOT specifiesonly Type 1 binders.

A different method of wet process modification was developed by a CRM producer that reduced
interaction time and temperature by continuous blending of “powdered” rubber (fine CRM, i.e., passing
the 180 um (No. 50) sieve) with the paving grade asphalt. Interaction temperature was reduced to arange
of 135 to 149°C (275 to 300°F). The resulting product was a wet process no agitation binder.

It is important to remember that wet process binders are a two-phase system with CRM particles
dispersed in the asphalt phase, which isin turn modified by absorption of its light fractions into the CRM
phase. High natural rubber content CRM depolymerizes more quickly than most scrap tire CRM at high
temperatures and further modifies and thickens the asphalt phase (Green & Tolonen, 1977; Pavlovich,
R.D, T.S. Shuler & J.C. Rosner, 1979; Rosner & Chehovits, 1982). These studies also provided evidence
that when the CRM is heated above approximately 121°C (250°F) it begins to release compounding ails
similar to extender oils that make up about 25% of its composition, indicating an exchange of light
fractions. The aromatic extender oils that Caltrans requires include additional light fractions to promote
the CRM-asphalt interaction and minimize problems with compatibility.

There are two schools of thought regarding crumb rubber modification. Some researchers believe that
modification should provide a homogeneous system that does not require agitated storage. This approach
requires that the CRM be depolymerized and completely digested into the liquid phase of the binder.
Depolymerization typically requires application of elevated temperatures over time, which consumes
considerable energy. Depolymerization significantly reduces viscosity and elasticity from initia levels,
the very properties that the designer considers to be of greatest benefit. These properties govern the use
of CRM in HMA and chip seals. Depolymerization results in a decrease in shear modulus (G*) and the
phase angle, 3, returns to its previous unmodified value (Abdelrahman and Carpenter 1999. In other
words, the beneficial effects of modification are lost as aresult of depolymerization.

Wet process no agitation binders typically use low concentrations (< 10% by weight of asphalt, although
higher concentrations may be used) of fine CRM (passing the 300 pm (No. 50) sieve) particles small
enough to remain in suspension by normal circulation in the storage tank. The rubber particles are not
necessarily depolymerized, and may or may not be completely dissolved; there is no requirement that they
must be. Caltrans, FDOT, TxDOT and ADOT do use varying amounts of wet process no agitation CRM-
modified binders. FDOT uses these in dense- and open-graded AC mixes, but not in SAMIs. TxDOT
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uses them in surface seals and dense-graded mixes, but not in SAMIs. ADOT alows no agitation binders
as an alternate but not an equal to high viscosity binders in some gap-graded mixes. Summary tables of
CRM gradation requirements, and of specifications for respective wet process no agitation materials are
included in the specification section of this report; further related information is included in Appendix B.
Based on verbal reports regarding this type of binder from representatives of ADOT and FDOT to the
Caltrans Rubberized Asphalt Concrete Task Group (RACTG) at a meeting on October 15, 2004, not all of
the fine CRM particles dissolve; some remain distinguishable. However, the TXDOT representative
reported that the CRM used in TXDOT AC-20-5TR for surface sealsis completely digested.

Cdltrans developed the Modified Binder (MB) specification in the early 1990s as part of a continuing
movement towards performance-based specifications from method type or “recipe” specifications. MBs
are typically wet process no agitation materials and there is no minimum viscosity requirement. This
specification requires that the CRM pass a 600 um (No. 30) sieve size, but sets no minimum CRM
content requirement and does not require use of high natural CRM. Based on analysis of rheological
measurements of samples of asphalt rubber binders and limited evaluations of their field performance,
Caltrans researchers developed two new parameters for specifying rubberized binders, using residues
aged in the Pressure Aging Vessel (PAV).

e  Shear susceptibility of the phase angle delta, SSD, which isrelated to elastic properties, and
e  Shear susceptibility of viscosity, SSV, which isrelated to stiffness.

Ten pilot projects were constructed between December 1997 and November 1999 to evaluate the
performance of materials meeting the MB specification. The MB pilots are located mostly in the coastal
regions of California and include both dense-graded and gap-graded mixes placed over a range of
structural sections. These projects were reviewed by a joint Caltrans-Industry group: eight were rated as
“good,” one as“fair”, and one that exhibited base failure and pumping as “poor”. Caltrans has prepared a
report on these MB pilot projects (Hicks and Holleran 2002). However, findings to date are limited and
additional research isin progress. Heavy vehicle simulator (HVS) trials are currently being conducted at
the University of California Berkeley to provide further data. In 2004, new test sections of Type D
(dense) and Type G (gap) MB were constructed at Firebaugh as part of alarge field experiment, and Type
G MB was used for the fifth pilot RAC Warranty project in District 2. Samples have been obtained for
laboratory testing by Caltrans and/or UC Berkeley, and the condition and performance of these MB
pavements will be monitored over time.

The second school of thought is that discrete rubber particles are actors in the CRM binder that promote
high viscosity (> 1,500 cPs at 190°C (375°F) per Caltrans) and elasticity (resilience, reduced phase angle),
and also serve as actors in the resulting mix by affecting the void structure. Current Caltrans, ADOT,
FDOT, and TxDOT specifications for wet process high viscosity binders are written based on the second
school of thought, thus limiting depolymerization of the CRM in the binder by limiting the interaction
period and requiring minimum viscosity values.

The research by Abdelrahman and Carpenter (1999) indicates that the noted increase in shear modulus of
rubberized binders appears to occur during the swelling of particles. Thisinteraction mechanism seemsto
differ from the mechanism that controls the change in the rubberized binders elastic properties. Instead,
the devulcanization and depolymerization seem to decrease the phase angle of the asphalt binder until
depolymerization is complete and the phase angle converges on that of the original base asphalt cement.

Additional studies using the PG binder tests and proposed aternate Superpave methods for modified
binders were aso conducted by the Wisconsin DOT to evaluate the effect of CRMs in asphalt binders.
Extensive laboratory tests revealed that CRM does affect properties of the binder and that the effects vary
with the gradation and concentration of CRM added. Specifically, there was an increase in viscosity of
the binder as the size of the CRM decreased and the concentration increased. Other property changes
noted in the CRM binder included higher strain dependency, increased strain at failure and increased
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stress at failure (Loh, Kim and Bahia 2000). Overall the studies showed the need for laboratory testing of
each modified binder to assure that physical properties are appropriate and meet specification
requirements.

It has generally been accepted that wet process high viscosity binders should be designed in the laboratory
to assure that they meet requirements over a 24-hour period to evaluate stability of the interaction. Each
combination of CRM and asphalt cement provides a distinctive design profile of the change in the
specified physical properties over time that can be used as a guide for quality control and assurance
during modified binder production. Significant departures from the profile may indicate issues with
proportioning or changes in materials that must be addressed to provide the desired finished pavement
product.

Rubberized Asphalt Concrete (RAC) Mixes

The selection of CRM materials and the resulting binder properties are essential components for RAC
design of a suitable rubberized asphalt concrete (RAC) mix. The study conducted by the Wisconsin DOT
not only characterized the CRM hinders but extended it by testing the mix. The results showed that the
incorporation of CRM affects the air void content and frictional resistance of the mix and is dependent
upon the material characteristics and stage of densification. Effects of CRM gradation on air void
structure and content are supported by considerable laboratory and field experience of several agencies,
including Arizona (Way 2000), Kansas (Fager, 2001), Florida (Ruth, 1989), and Rhode Island (M adapati
et a, 1996) among others. Coarser, larger particle size CRM gradations (minus 2.36 mm (No. 8) to
retained 600 um (No. 30) sieve sizes) tend to increase air voids content and the size of the resulting voids
may be larger as occurs when coarse, relatively large aggregate particles are used in AC. Finer CRM
(minus 600 pm (No. 30) sieve size) is more likely to fill air voids, and thus to reduces air voids content
with relatively little effect on the size of the air voids.

Rhode Idland

Rhode Island DOT (RIDOT) examined the use of CRM in dense-graded, dense-graded friction course
(surface mix that provide desired surface frictional characteristics) and gap-graded mixes. The objective
of the research was twofold: to compare Marshall and Superpave-determined optimum binder contents
and mix properties with and without CRM; and to predict performance mixes with and without CRM.
For the RIDOT laboratory study, aggregates were obtained from four contractors and used to develop four
dense-graded and four dense-graded friction course mixes using the wet process to prepare the CRM
binders. Two were used to create the gap-graded mixes using the dry process. Marshall properties
revealed that all CM mixes had higher optimum binder contents than the corresponding control mixes.
The stability of the dense-graded mixes was consistent with that of the control whereas the stability of the
dense-graded friction course was lower than that of the control for three of the four mixes evaluated. The
same trends were true for an evaluation of the tensile strength of the dense-graded and dense-graded
friction course. The resilient modulus values for the dense-graded and dense-graded friction course were
very similar to the corresponding control sections. The mixes were also developed for the dense-graded,
dense-graded friction course and the gap-graded mix using Superpave mix design methods. Results
showed that the design binder content for the mixes were sightly lower for the all Superpave mixes as
compared to the corresponding Marshall designs (Madapati et al. 1996). The study also suggests the need
for test sections to validate the proposed mix designs (Madapati et al. 1996).

Texas

Until mid 1992, the Texas Department of Transportation (TxDOT) used specifications for conventional
Type D (1/2-inch maximum size) and Type C (5/8-inch maximum size, used for a single project) DGAC
for design and construction of CRM-modified AC using wet process high viscosity binders. At that time,
mix compaction was achieved using the Texas gyratory. Compacted specimens were tested with the
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Hveem stabilometer. The Type C CRM-modified mix placed on US 84 in the Lubbock district raveled
and was covered with a seal coat. Each of the Type D CRM mixes placed reportedly failed prematurely
(Tahmoressi 2001), including an overlay of IH-10 in San Antonio (Crockford et a, 1995). Based on
these failures and the successful performance of modifications to the IH-10 CRM mix during
construction, TxDOT developed a gap-graded CRM asphalt concrete design method based upon the stone
matrix concept to accommodate the wet process high viscosity binders. This new approach was called
“coarse matrix high binder” (CMHB). CMHB pavements constructed with wet process high viscosity
binders have generally performed well. Two exceptions were attributed to base structural failures that
were not related to the CRM-modified CMHB pavements (Tahmoressi 2001). The CMHB gradation
(terminology changed to SMA in the TXDOT 2004 Standard Specifications) is also used with wet process
no agitation and conventional PG asphalt binders, but TXDOT representatives report that the resulting
optimum binder contents are about 2% lower by weight of mix than typical contents of high-viscosity
binders (RACTG meeting October 15, 2004).

In 1994, the Texas Transportation Institute (TTI) conducted an extensive laboratory evaluation of
TxDOT'’s newly developed rubber modified CMHB mix design procedure (Tex-232-F) that included a
comparison with CRM DGAC mixes and an unmodified DGAC control mix designed according to
TxDOT’s standard volumetric method. However, a California kneading compactor rather than a Texas
gyratory compactor was used to prepare the test specimens for this study. Hveem stability test results,
normally a part of the TXDOT procedure, were not referenced in the report (Rebala and Estakhri 1995).
Wet and dry process mixes were evaluated with fine CRM (passing the 180um (No. 80) sieve) and coarse
CRM (passing the 2.0 mm (No. 10) sieve), respectively. The various mixes evaluated are listed in Table
2.1. Physical properties of the wet process binders were not included in the report. However, the 18%
CRM binders included sufficient CRM to be considered high viscosity binders. The 10% CRM binders
likely did not reach the minimum viscosity threshold of 1,500 cPs, but the coarse CRM hinders (passing
the 2.0 mm (No. 10) sieve) require agitation to remain uniformly distributed in the asphalt cement.

Table 2.1 shows the matrix of CRM-modified binders and mixtures used in the TTI study. The tests
performed on compacted mixture specimens included: resilient modulus and indirect tensile strength at
5°C (41°F), 25°C (77°F), and 40°C (104°F); indirect tensile creep; compressive strength; compressive
static creep; and compressive dynamic (repeated load) uniaxial creep at 40°C (104°F). These tests are
indicators of mix strength and stiffness, and of recoverable and permanent strain (deformation) response
to load. Evaluations were performed according to the methods of NCHRP Report 338: Asphalt-
Aggregate Mix Analysis System (AAMAYS).

Table2.1: TTI TxDOT CRM-Modified Mixture Testing Matrix

Mix Type CRM xgglgscatl on CRM Content (PgsF\s)il\r?gGsr'ae\d/Ztg;e)
Dense-graded None 0 NA
Control
Dense-graded Dry 0.5% by aggregate weight Fine (-180um, No. 80)
Dense-graded Dry 0.5% by aggregate weight Coarse (-2.0 mm, No. 10)
Gap-graded Dry 18% by wt of asphalt cement | Fine (-180um, No. 80)
Gap-graded Dry 18% by wt of asphalt cement | Coarse (-2.0 mm, No. 10)
Gap-graded Wet 10% by wt of asphalt cement | Fine (-180um, No. 80)
Gap-graded Wet 10% by wt of asphalt cement | Coarse (-2.0 mm, No. 10)
Gap-graded Wet 18% by wt of asphalt cement | Fine (-180um, No. 80)
Gap-graded Wet 18% by wt of asphalt cement | Coarse (-2.0 mm, No. 10)

Resilient modulus test results show that CRM-modification may decrease the temperature susceptibility
of a mix, reducing stiffness at low and intermediate temperatures and increasing stiffness at higher
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temperatures, as exhibited by the wet process gap-graded mix with 18% fine CRM. All CRM dense-
graded mixes (wet and dry process) had similar or increased indirect tensile strengths compared to the
conventional TXDOT Type D dense-graded control mix. Except for the 18% fine CRM wet process mix,
the gap-graded mixes exhibited a decrease in tensile strength with respect to the dense-graded control
mix. This mix had significantly higher failure strength and strain compared to the other mixes, indicating
that significant modification had been accomplished.

The creep tests revealed no statistically significant difference in performance from the others or the
control. However the uniaxial creep tests were run without confining pressure. The authors state in the
report (Rebala and Estakhri 1995) that this testing condition may have affected [reduced] the results for
the gap-graded mixes, and that it may not be appropriate to compare unconfined creep of dense-graded
mixes with that of gap-graded mixes. They also state that field performance for the gap-graded mixes
may be better than the laboratory results indicate, as the pavement is only unconfined along the outside
edges.

The issue of unconfined creep may aso affect this study’s evaluation of rutting resistance, because
AAMAS estimates rutting potential from plots of creep modulus versus loading time. This approach
indicated that all the mixes including the Type D dense-graded control had low or moderate rutting
potential. The fine CRM dry process mixes were the most rut resistant and the gap-graded wet process
18% coarse CRM were the least rut resistant (Rebala and Estakhri 1995).

The AAMAS approach estimates fatigue potential based on logarithmic plots of tensile strain at failure
versus total resilient modulus, and relationship to a standard FHWA fatigue curve. According to this
method, the wet process mixes indicated better fatigue resistance, with the 18% fine CRM ranked highest.

The CRM mixes had lower resilient modulus values compared to the control. According to the AASHTO
structural pavement design method this would require a thicker section compared to DGAC when
designing a CRM new pavement or overlay. This may be another case where laboratory testing does not
accurately reflect field performance. Caltrans experience has shown that RAC-G performs well at
resisting reflective cracking at half the thickness of conventional DGAC (Van Kirk 1992). Furthermore,
both TXDOT and ADOT have been assigning the same structural coefficients to their wet process high
viscosity gap-graded mixes as they do to DGAC (October 15, 2004 RACTG meeting) without apparent
problems.

Caltrans and ADOT acknowledge the fact that CRM gap-graded (wet process, high viscosity) typically
have lower modulus than conventional DGAC. Caltrans specifies areduced minimum Hveem stability of
23 for RAC-G (SSP 39-400) compared to 1999 Standard Specifications of minimum stability of 37 and
35 for Types A and B DGAC, respectively, and 30 for conventiona 9.5 and 4.75 mm mixes. ADOT does
not include any minimum Marshall stability requirement for gap-graded asphalt rubber asphalt concrete
(ADOT Standard Specifications 2000). The characteristically high CRM binder contents of these mixes
reduce stiffness but also make them more resistant to fatigue and reflective cracking (Shathawi 1997,
RACTG Mesting October 15, 2004).

TxDOT is conducting an in-depth evaluation of their CMHB mix design procedure to propose a method
for accurately determining critical mix design properties. The research will focus on specifications that
address how mixes should be handled in the laboratory to replicate field created mixes. The study will
assess the ability of proposed testing methods to characterize and predict the performance of CMHB (now
called SMAR) mixes (Texas Department of Transportation 2003).

As of 2001, TXxDOT had constructed five open-graded porous friction course (PFC) projects with wet
process high viscosity binders that were reportedly in excellent condition and performing well. One of
these projects (Lufkin District, SH 146) included a control section without CRM which illustrated a major
contrast in performance between the CRM-modified PFC, in which reflective cracking was not
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distinguishable, and the control which exhibited extensive reflective cracking (Tahmoressi 2001).
TxDOT designates CRM-modified PFC pavements as “ specialized” materials and targets their use where
reflective cracking is expected to be a problem, including overlays of PCC pavements. TxDOT reported
very good performance with these asphalt rubber PFCs, and is further increasing their use. The mixes are
designed using 50 gyrations of a Superpave Gyratory Compactor (SGC) to provide a minimum of 18% air
voids. The aggregates are primarily nominal 1/2-inch chips. AR PFC mixes are placed at nominal
thicknesses of 1 to 1.5 inches (RACTG meeting October 15, 2004). High viscosity binder contents range
from 8.5 to 9.5% by weight of mix without excessive drain off, which have proved effective in resisting
raveling as well as reflective cracking.

California

As described earlier in this report, Caltrans has been using CRM materials for paving since the 1970s.
Caltrans currently uses RAC-G mixes made with wet process high viscosity binders more frequently than
other CRM paving materials. RAC-O mixes with wet process high viscosity binders have also been used
with some success with asphalt rubber binder contents increased by a factor of 1.2 times the binder
content of mixes made with AR-4000. RAC-O (HB) high-binder content mixes use 1.6 times the binder
content of mixes made with AR-4000 (similar range as ADOT AR ACFC). These have been used on a
very limited basis. Caltrans also has SSPs for Type G MB and Type D MB made with wet process no
agitation binders. These materials are currently used only for experimental and pilot projects pending
results of HVS (Heavy Vehicle Simulator) testing by the University of California and continuing field
performance evaluations of in-place pavements. Caltrans has not been using dry process CRM
modification but is re-evaluating this method on the Firebaugh project along with wet process mixes
made with respective high viscosity and no agitation CRM-modified binders.

The Firebaugh project was constructed in June 2004 on Highway 33 near the town of Firebaugh. The
purpose is to provide adjacent test sections for performance evaluation of RAC-G, Type G MB, Type D
MB, and RUMAC (gap-graded, dry process CRM mix), and a control DGAC. No open-graded mixes are
included in this project. Each mix type was placed at two thicknesses, 45 and 90 mm. Caltrans obtained
samples of the component materials and mixes for evaluation. Mix tests may include beam fatigue and
shear testing. The 2004 Firebaugh project is near the location of a Pilot RAC Warranty project using
RAC-G that was constructed as an overlay on Highway 33 (06-343531 Fre-33-100.0/111.7) in August
2003. Another RAC Warranty project was constructed in 2004 in District 2, Lassen County which used a
Type G MB mix. It isanticipated that these additional field studies will aid in refining specifications for
design and construction of CRM pavements, and in improving guidelines for materials selection and use.

SUmmar

Review of the various studies of RAC mixes shows that a wide range of combinations of CRM gradations
and concentrations, types of modification (wet or dry), grades of asphalt cement, and aggregate gradation
(dense-, gap-, and open-graded) have been evaluated. The materials utilized and tested have been
dependent upon the desires of the agency sponsoring the research. A number of approaches have been
tried with varying success, of which more than one has been successful.

The current primary users of CRM modification are Arizona, California, Florida and Texas. There are

some common factors among the respective DOTSs that have resulted in successful use of CRM, and also
some fundamental differences in approaches and practices, as follows.
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Common Factors

e All four of the primary user DOTSs use wet process crumb rubber modification routinely, but
rarely if ever use dry process modification.

e Each agency has specifications for wet process high viscosity binders and for wet process no
agitation binders. Arizona, Florida and Texas consider the no agitation binders to be very
different materials than the high viscosity binders (or polymer-modified binders) and use the
two types of wet process binders differently. Caltrans is currently re-evaluating appropriate
applications of each type of wet process binder.

e Coarser CRM gradations (passing the 2.0 mm (No. 10) sieve) may be used more effectively
in high viscosity binders than in no agitation binders, which typicaly require nearly 100% of
CRM particles finer than the 600 um (No. 30) sieve.

e High viscosity wet process binders are suitable for use and seem to provide the best
performance in gap- and open-graded mixes where their high viscosity and corresponding
resistance to drain-down allow increased binder contents of up to 2% greater by weight of
mix than can be accommodated in dense-graded mixes. The high binder contents promote
durability and resistance to fatigue and reflective cracking. Caltrans, ADOT, and TXDOT use
such binders in gap- and open-graded mixes, primarily in the top 2 to 3 inches of the
pavement structure, but not in dense-graded mixes. Florida uses high viscosity wet process
binders only for SAMIs, and not in hot mixes. High viscosity binders are generally not
suitable for use in dense-graded mixes.

e No agitation CRM binders are suitable for use in dense-graded mixes. TxDOT allows such
binders as substitutes for SHRP Performance graded asphalt cement, and FDOT uses them
routinely. Caltrans has an SSP for Type D MB which is currently under evaluation.

e No agitation CRM binders may be used in gap- or open-graded mixes, but caution must be
used to minimize drain-down. Such binders do not have sufficient viscosity to permit
significant increases in binder content from the optimum content for un-modified asphalt
cement. FDOT routinely uses such binders in open-graded mixes. TxDOT requires that
fibers and lime be added to reduce drain-down when no-agitation binders are used in PFCs
(open-graded). ADOT has alowed substitution of no agitation binders for high viscosity
binders in gap-graded mixes for low tonnage projects and patching of CRM-modified
pavements, but treats the mixes differently and requires evaluation of drain-down. ADOT
does not allow the use of no agitation binders in open-graded mixes.

Differences

e Only Caltrans requires use of extender oil and high natura rubber content CRM in high
viscosity wet process binders for paving mixes.

e MB specifications are based on completely different physical properties than no agitation
CRM binders used in Arizona, Florida and Texas. The differences in properties provide no
basis for direct comparison (See Section 2.4 more detailed information on specifications).

2.3.4 Sructural Design

In addition to materials, i.e. CRM versus conventiona paving materials, adequate structural design is a
critical factor in long-term pavement performance. The limited studies on the topic of structural design
reflect the use of traditional empirical or mechanistic-empirical approaches. They are described in the
following narrative.
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Arizona DOT

To minimize reflective cracking, ADOT developed a mechanistic-empirical approach for overlay design.
Based upon finite element modeling, laboratory testing, and field performance monitoring of pavement
sections, the research produced a spreadsheet tool that allows the designer to input a user-defined level of
acceptable cracking, pavement layer thickness and corresponding elastic modulus. The output is overlay
thickness for either a conventional dense-graded asphalt pavement or a gap-graded asphalt rubber
pavement (Chen, DiVito and Morris, 1982).

This design tool has been calibrated only for the two surface types mentioned and is based upon the use of
wet-process high viscosity binders containing a minimum 20 percent CRM by weight of the asphalt
cement (17% by total weight of binder). Although calibrated specifically for ADOT, Chen, DiVito and
Morris believe that the approach is applicable for Southern California and western Texas where there are
similar environments and materials. Good correlation between the reflective cracking selected in the
design stage and that observed in the as-built pavements was observed (Sousa 2002).

California

In terms of structural design issues related to Caltrans, there are two primary strategies for the overlay of
flexible pavements: overlay with dense-graded asphalt concrete (DGAC) and overlay with asphalt rubber
hot mix gap graded (ARHM-GG). (Note: Caltrans now refers to ARHM-GG as RAC-G and this report
uses the new terminology, RAC-G.) In cases where additional structure is required, alift of DGAC might
be placed and then overlaid with RAC-G. To design the overlay thickness for a DGAC, Caltrans uses an
empirical relationship between surface deflection and thickness of the existing pavement where the
overlay thickness is that needed to retard fatigue cracking. Also, the design procedure makes use of
empirical relationships to determine the overlay thickness needed to retard reflective cracking. Caltrans
then uses equivalence ratios (1.5 to 2.0 if fatigue cracking is the expected distress mode or 1.5 to 2.33 if
reflection cracking is the expected distress mode) to determine the appropriate RAC-G thickness.
However, use of these equivaencies is based on a 10-year design life for overlays, assuming that the
existing pavement is structurally adequate. Caltrans also specifies a minimum thickness of 30 mm and a
maximum thickness of 60 mm (Caltrans Flexible Pavement Rehabilitation Manual, June 2001).

The current deflection-based method has not yet been extensively validated for overlay design of RAC-G
materials. However, some work has been conducted. Caltrans evaluated the performance of both DGAC
and RAC-G using 8-meter test sections and the Heavy Vehicle Simulator (HVS). Results from the
trafficked test sections revea ed that the DGAC accumulated more rutting than the sections with the RAC-
G overlay. Also back-calculated moduli (using data from the multi-depth deflectometer) indicated that
the DGAC overlays had higher moduli than the RAC-G overlay. A review of the digital crack maps
showed that the half-thickness RAC overlays performed approximately as well as the DGAC overlays.
Using the Caltrans specified cracking failure criterion of 2.5 meters per square meter, neither overlay type
showed a clear trend indicating that one type is a superior performer. Therefore, the use of the half
thickness RAC overlay appearsto be a reasonable method for designing the pavement to handle reflection
cracking (Harvey and Bejarano 2001).

In another study of fatigue performance Caltrans DGAC and RAC-G mixes were evaluated. Laboratory
testing of beam specimens extracted from the field projects indicated that the “remaining life’ of the
RAC-G pavements exceeded that of the DGAC pavements. The difference in remaining fatigue life is
directly proportional to thickness and underlying support and inversely proportiona to initial degree of
fatigue cracking.

From the fatigue analysis, equivalent thicknesses of each mix were determined based upon assumed base
and subgrade moduli. The analysisyielded a RAC-G thickness that was less than half the thickness of the
DGAC mix. The analysis also revealed that the reduction in RAC-G thickness was very sensitive to
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underlying support. The researchers concluded that the RAC-G material is a very effective overlay
approach for an existing section with substantial underlying support (Raad, Saboundjian, and Corcoran
1993). This is reflected in the equivalencies presented in the 2001 Caltrans Flexible Pavement
Rehabilitation manual.

The University of California Berkeley Pavement Research Center (UCB/PRC) has a study underway to
evaluate the performance of various CRM binders in overlay strategies using the HVS and companion
laboratory testing. The overlay test sections include the following: a full-thickness (90 mm) DGAC; a
half thickness (45 mm) RAC-G; a half-thickness MB-4 Type-G; a full-thickness MB-4 Type-G; a half-
thickness MB 15% CRM Type-G; and a half-thickness MAC-15% CRM Type-G. It is anticipated that
the results of this study will provide additional data to improve Caltrans overlay design methodology for
RAC.

Cdltrans uses two types of SAMIs: SAMI-R which is a rubberized stress absorbing membrane interlayer
and SAMI-F which is fabric stress absorbing membrane interlayer. Depending upon the design purpose
and underlying pavement structure, the SAMI-R may be given credit for some structural strength,
equivalent to 0.05 ft (15 mm) of RAC-G. The same 15 mm equivalency may be applied for reflective
crack retardation (Caltrans Flexible Pavement Rehabilitation Manual, June 2001).

Kansas DOT

An important component of the AASHTO design procedure is the use of structural layer coefficients. To
generate realistic layer coefficients for CRM materials, a study was conducted by the Kansas Department
of Transportation using both the AASHTO Design Method and the Equal Mechanistic Approach. The
Equal Mechanistic Approach makes use of a comparison between the compressive strain on the top of the
subgrade of a control section (i.e., conventional materials with known layer properties) to that of the
experimental section. For the Kansas study, identical pavement structures (i.e., one with a conventional
asphalt layer and one with a CRM asphalt layer) were compared using an elastic layer program. The
thicknesses of the pavement layers needed to obtain equal vertical compressive strain on the subgrade are
determined. A ratio of the thickness of the CRM layer to the conventional asphalt layer providesthe layer
thickness equivalency. From this value, the structural layer coefficient of the material with the unknown
layer properties can be determined by multiplying the structural layer coefficient of the known material
by the inverse of the layer thickness equivalency (Hossain and Habib 1997).

Five CRM pavement sections were analyzed. Back-calculated moduli and structural layer coefficients
were computed for the test sections. The analysis yielded large variability in the computed structural
layer coefficients. Values using the AASHTO method were consistently lower than those determined
from the Equal Mechanistic Approach. The researchers attributed the variability to the rubblized asphalt
base material and the use of very thin overlays on jointed reinforced concrete pavements. Overall, the
computed structural layer coefficients were lower than those used in the initial design of the pavement
structures.

Due to the high variability in the coefficients developed with the AASHTO approach, the researchers
suggest using the Equal Mechanistic Approach to generate layer coefficients for new materials. The
Equal Mechanistic Approach resulted in coefficients of 0.11 to 0.46 with the majority of values falling
around 0.30 for CRM overlays. Vaues ranged from 0.25 to 0.48 for the layer coefficient for newly
constructed CRM asphalt mix overlays with an average value around 0.35. From the analysis an equation
was derived to estimate the structural layer coefficient value for the CRM mixes based upon a modulus
value. However, due to the variability in the data, the researchers suggest further study to consider factors
such as layer thickness, material type, layer location, traffic level and failure criterion in the development
of this equation prior to its use (Hossain and Habib 1997).
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Louisiana DOT

Tests conducted at the Louisiana Accelerated Loading Facility (ALF) site were also used to develop
structural layer coefficients for use in structural design of CRM pavements. Three full scale test sections
were constructed to compare the performance of a CRM surface course and a CRM base course with
conventional materials (Roberts et al. 2003).

The resilient modulus and indirect tensile strength test data showed no difference between the
conventional mixes and the CRM mixes. Indirect tensile creep test results suggest that the CRM base was
more rut resistant than the conventional base. However, there was no statistical difference in rutting
resistance between the CRM and conventional surface mixes. Furthermore, there was no statistically
significant difference between the CRM and the conventional mixes as measured by dynamic shear
modulus, shear phase angle or the repetitive shear at a constant height. The observed rutting in the test
sections was consistent with the laboratory test results. The surface course mixes performed similarly,
whereas the CRM base course mix performed better than the conventional base course mix.

The researchers reported that the addition of CRM passing the 300 um (No. 50) sieve to the surface
course mix reduced performance leading to a structural coefficient of 0.25 compared to a structural
coefficient for the conventional mix of 0.35. However, the addition of CRM passing 300 um (No. 50)
sieve (at a rate of 10 percent by weight of asphalt) to the base course mix improved performance leading
to a structural coefficient ranging from 0.40 to 0.45, which is within the range suggested by AASHTO
and used by a number of state DOTs for AC surface course mixes. Addition of the CRM was estimated
to increase the total cost by 10 percent making it cost effective (Roberts et al. 2003). Aswas the case in
other studies, the variable results preclude definitive statements about structural coefficients. Recall that
another Louisiana study described previously in section 2.3.5 (Huang et al 2002) indicated that the lower
moduli and Marshall stability values of CRM mixes were not reflected in field performance (i.e., field
performance was better than that anticipated by these test parameters).

Other Agencies

Other agencies have different methods for handling the structural design of CRM mixes. For example,
FDOT assigns a structural coefficient of 0.44 to its dense-graded 9.5 and 12.5 mm CRM mixes. The
extent of modification is low and these mixes are considered structurally commensurate with
conventional DGAC. TxDOT treats CRM-modified gap-graded asphalt concrete mixes as conventional
DGAC for new construction rehabilitation and maintenance. ADOT’s structural design methodology for
gap-graded CRM mixes is the same as that its conventional dense-graded mixes regardless of application.
None of the agencies (AZ, FL or TX) assigns any structural credit for open-graded mixes or SAMIs.
Caltrans does not consider any structural value for OGAC.

Summar

The literature review indicates that several methods have been used in an attempt to establish structural
design parameters for RAC mixtures, including:
o ADOT's mechanistic-empirical- method based on the finite element modeling, laboratory
testing and field performance data
e Cadltrans thickness reduction method on surface deflection, traffic index, and existing
pavement structure
e AASHTO structural layer coefficient approach attempted by several agencies based on layer
properties.

The results of the literature review indicate that there is no consensus on design methodology for CRM
materials. The experience of the four primary user-agencies indicates that assigning a structural
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coefficient for CRM hot mix asphalt concrete equivalent to that of dense-graded asphalt concrete is
reasonable.

Arizona, Florida and Texas DOTs do not assign any structural value to OGAC.

Caltrans considers the structural contribution of SAMIs during pavement rehabilitation design.

2.3.5 Performance

A magor concern with the use of any new materia is its expected performance. Many states have
documented the performance of their trial test sections of rubber modified asphalt materials, but some did
not have resources for long-term performance monitoring. The materials tested and their performance
varied widely among and within respective agencies. There are a number of reasons for the observed
variability in the performance of the CRM-modified materials studied, including but not limited to the
following:

Differences among specifications

Differences among the processes of rubber-modification used

Differences among binder and mix design procedures

Appropriateness of the application for the intended use

Changes in materials from those used in the original design

Experience of contractors and paving crew with highly modified paving materials
Willingness to modify production, handling, and/or construction procedures to accommodate
modified materials

e Level of quality control exercised during material production (modified binders and mixes)
e Temperature control of paving mixesfor placement and compaction
e Quality of construction, including placement and compaction equipment and procedures

A summary of the performance documented by the various states is described in this section. Several of
the projects that documented performance of the CRM mixes involved laboratory testing of the materials.

Maryland

A study conducted in Maryland involved the laboratory assessment of field cores from 13 different CRM
mixes and one control mix (conventional DGAC with AC-20 asphalt cement) (Ayres and Witczak, 1995).
The mixes were placed in test sections on two different highways. Six of the 13 mixes used wet process
binders that were field-blended at the HMA plant. Although the properties of the CRM-modified binders
were not listed in the report, the CRM contents indicate that both high viscosity and no agitation-type
binders were used. Five of the mixes were dry process, and two were no agitation wet process mixes
using Neste SAR 10/10 and Bitumar (Ecoflex) binders respectively. Within the wet field-blended mixes
three levels each of CRM content and of extender oil content were used with two asphalt cements (AC-10
and AC-20). Extender oil content varied with CRM content by weight of asphalt cement: 1% extender
with 10% CRM; 3% extender with 15% CRM; 7% extender with 20% CRM. The five dry process mixes
were PlusRide (No. 12 and No. 16 mixes with 3% CRM by weight of aggregate and three generic dry
mixes with respective CRM contents of 0.75, 1.5, and 2.25% by weight of aggregate. The mixes, except
for the SAR 10/10, Ecoflex, and one control section, were placed at two different thicknesses, 1.5 and 3
inches.

Using five different approaches, the resilient modulus (M;) was determined for all fourteen mixes. The

testing results show that with only afew exceptions the control mix had the highest M, of all test sections,
i.e., was the stiffest mix. The other mixes had M; ratios to the control of approximately 0.8 to 0.9. For
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the wet process mixes, the amount of CRM used in the mix did not result in any specific trends in the M,
results. However, the mixes with AC-20 tended to have dlightly higher M, values than the AC-10 blends
due to the stiffer binder. For the dry process asphalts, the M, decreased with increasing CRM content in
the mix. The M, results indicated that the CRM mixes were less temperature susceptible. This is
evidenced by the fact that the overall M, values of the CRM mixes were lower with respect to the control
section (lower ratio) at the lowest test temperature of 4.4°C (40°F) and ratios of CRM mixes were higher
with respect to the control at the higher test temperatures of 21.2°C (70°F) and 37.8°C (100°F). This
means that the CRM mixes had lower moduli at low temperatures and higher moduli at high temperatures
than the DGAC control mix (Ayres and Witczak 1995).

Field performance evaluations of these test sections conducted in 1995 consisted of visual condition
surveys according to the PAVER method used by the American Public Works Association (APWA) and
the US Army Corps of Engineers (Witczak and Qi, 1995). The data were analyzed and converted to
Pavement Condition Index values within a range of O (failed) to 100 (excellent). Two years after
construction, PCl values for each section were 95 or better indicating excellent initial performance.
Distress types observed included spot occurrences of low severity bleeding, raveling, transverse cracking
and polished aggregate. Rutting of less than 5 mm occurred on each section, and was slightly greater in
the conventional DGAC control sections. Preliminary evaluation indicated that increasing the CRM
content decreased rutting, but longer term evaluation would be required to confirm this with time.

Minnesota

Other studies incorporated both laboratory and field testing of materials. For example, a study was
conducted in Babbitt, Minnesota to compare the properties of the CRM and control section mixes and to
evaluate the construction processes (Stroup-Gardiner, Chadbourn, and Newcomb 1996). A total of seven
test sections were constructed with five CRM sections and two control sections. CRM was added using a
dry process at 1% for the various pavement layers. In some cases, the CRM was pretreated with a light
oil petroleum product added at 10% of the weight of the rubber. In other cases, the CRM was untreated.

Marshall Mix design was used to determine the optimum binder content. Compaction effort of 20 blows-
per-face was used to prepare the samples for testing. A lower value (compared to a 50 blow per face
specimen) was chosen to increase the air void content to the anticipated field level of 6 to 8%. The
control mix consisted of a blend of 20% coarse and 80% fine aggregate with optimum binder content of
5.0%. Aggregate gradations with 35% coarse/65% fine and 50% coarse/50% fine were used for the CRM
mixes. Optimum asphalt contents were 6.5% by dry weight of aggregate for the pretreated rubber and 6%
for the untreated rubber.

Resilient modulus testing of laboratory and behind-the-paver mixes show little difference between
untreated and treated CRM mixes. Low temperature indirect tensile testing showed that the CRM mixes
increased strain from 35 to 42% indicating greater resistance to thermal cracking. Creep test results
revealed that the control mix had the highest modulus. Moisture sensitivity indicated that the CRM mixes
may be susceptible to stripping. FWD testing of the as-built sections yielded moduli comparable to the
laboratory obtained values (Stroup-Gardiner, Chadbourn, and Newcomb 1996).

Louisiana

A study conducted by the Louisiana Department of Transportation and Development evaluated the mix
characteristics and field performance of eight asphalt pavement sections constructed with wet and dry
process CRM versus conventional DGAC control mixes (Huang et a 2002). The study included two
asphalt cements (AC-30 and a polymer modified), three aggregates (limestone, sandstone, and crushed
gravel), and five CRM materials. The CRM materials consisted of the following: passing the 2.36 mm
(No. 8) sieve; passing the 2.00 mm (No. 10) sieve; passing the 300 um (No. 50) sieve; passing the 850 um
(No. 20) sieve; and a PlusRide passing the 6.3 mm (1/4-inch) sieve. Dense-, gap- and open-graded CRM
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mixes were evaluated, including a 3-layer CRM system with SAMI. The mixes were evaluated in terms
of indirect tensile strength and resilient modulus, as well as Marshall stability and flow.

Optimum asphalt content was determined for the eight experimental CRM pavements using the Marshall
design procedure. The respective mix designs yielded generally higher binder contents for the CRM-
modified mixes than the DGAC controls. Results of the Marshall stability and flow tests revealed that the
conventional mixes had higher or equal values of Marshall stability and lower flow numbers than the
CRM mixes. The dense-graded CRM mixes had higher Marshall stabilities than did the gap-graded
mixes.

The majority of CRM sections had higher strain values (as measured in the indirect tensile mode) than the
conventional wearing course mixes indicating that the CRM mixes are more ductile and resistant to
fatigue cracking. Resilient modulus testing showed the magjority of the control sections to have
significantly higher values than the CRM mixes. However the lower laboratory Marshall stability and M,
results for the wet process mixes were not reflected in field performance.

Based upon FWD tests conducted shortly after paving, structural numbers were determined for the
various pavement sections. Compared to the control sections, the wet-processed CRM pavements
exhibited higher structural numbers while the dry-processed CRM pavement exhibited lower structural
numbers than the control sections, likely a function of the substitution of CRM for aggregate. Except for
the wet process OGFC and the gap-graded dry process PlusRide, pavement sections constructed with
CRM had higher in-place modulus values than the control sections according to Dynaflect results,
although laboratory M, tests yielded lower modulus values. This is another case where laboratory testing
did not accurately predict field performance. Field testing also revealed that after 5 to 7 years of service,
the majority of CRM sections exhibited similar or lower IRl numbers and rut depths than the control
sections. One gap-graded mix did show higher rut depths than the corresponding control section. In
terms of cracking, the CRM pavement sections had less cracking than the control sections (Huang et al
2002).

Illinois

The lllinois Department of Transportation (IDOT) constructed six demonstration test sections using the
generic dry process method (RUMAC). The projects evaluated the use of the following amounts of CRM
added to each ton of hot mix: Y2, 1, 1-%, 2 or 20 pounds, equivalent to 0.025 to 1.0% CRM per ton. IDOT
used two terms to define the various quantities of CRM added to HMA: variable rate and fixed rate.
Variable rate defines a small quantity of no more than 5 Ib (0.25%) of CRM added per ton of HMA.. Fixed
rate defines alarger quantity of CRM added which is ho less than 20 b (1.0%) of CRM per ton of HMA.
The segments containing 2 Ib or less of CRM per ton of hot mix did not show a significant difference in
performance as compared to the control sections. Tests of the use of the nuclear density gauge and the
nuclear AC content gauge showed that the low addition of CRM did not affect accuracy. In fact, it was
determined that at such a low addition rate no special mix design, laydown procedures, or equipment is
needed for CRM mixes. Also the addition of the CRM at the low rate does not affect the mix properties
(Marshall voids, stability, flow density, split tensile strengths).

Sections containing 20 Ib of CRM per ton of hot mix presented more problems. The 20 |b mixes were
difficult to compact. The researcher noted that these mixes could not be compacted with a pneumatic
roller. Once placed, it was determined that evaluation with the nuclear density gauge was effective.
However, measuring binder content of dry process mixes was problematic because hydrogen in the CRM
was counted as part of the asphalt cement rather than part of the aggregate (Trepanier 1995). Thisis not
an issue when wet process binders are used.

The problems with the 1.0% CRM content mixes illustrate some of the major issues with the various
experiments, which included lack of understanding in how best to incorporate dry and/or wet process
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CRM into asphalt concrete paving mixes. Dense-graded mixes do not have sufficient void space to
accommodate such a relatively large volume of rubber particles, and modification to the aggregate
gradation is necessary to provide appropriate mix volumetrics. Mixes that cannot be compacted in the lab
cannot be compacted in the field and thus will not perform well. The authors noted that mixes having
volumetric deficiencies should be remedied in the laboratory design phase prior to attempting full-scale
production and placement.

IDOT built atotal of 11 CRM-modified projects from 1991 through 1995, one of which assessed the use
of wet process CRM mixes. Based on visua survey data from the 11 projects through 1999, the wet
process fixed rate mixes performed the best and the dry process fixed rate mixes the worst (Volle 2000).
Overall performance of the dry process variable and fixed rate mixes was not as good as that of the
control sections. All rubberized asphalt projects were within the acceptable range of friction numbers and
rut depth, with little difference from the DGAC control. The ride values for the rubberized asphalt
sections were in a range of 63 to 184 inches per mile and showed no substantia difference compared to
the control sections. The wet process fixed rate mix performed better than the control section in resisting
reflective cracking through 1999, but cost more than twice that of conventional DGAC.

Because the dry process mixes did not perform as well as standard DGAC and cost an average of 17%
more, IDOT did not consider dry process modification to be a viable option. To consider any type of
crumb rubber modification economically viable, IDOT concluded that the material would have to be
mass-produced at the local level and perform better than standard DGAC. Aninvestment in the necessary
equipment by local industry would be needed but would not be accomplished without increased demand
for CRM materials (Volle 2000).

Colorado

The Colorado Department of Transportation (CDOT) conducted a study to assess the use of minimal
amounts of crumb rubber in a dry process asphalt mix. The PlusRide and generic dry processes were
evaluated. Three of the PlusRide projects exhibited early raveling and one performed well.  The study
conducted was similar to that conducted by IDOT. After selecting a low volume road, CDOT
incorporated crumb rubber at three addition rates of respectively 1, 3, and 20 pounds of crumb rubber per
ton. The mix created with 1 pound of CRM per ton of mix did not require any change to the aggregate
gradation. However, adjustments to the aggregate gradation were necessary when adding 5 pounds (or
more) of CRM per ton of mix. This result is the same as the findings of the IDOT study. No problems
were noted with the construction of the test sections other than some reduced production for the 20 pound
CRM mixes. After five years, performance data showed the control and test sections were performing
equally. However, the cost increase of 21% made the incorporation of even small amounts of CRM
uneconomical for CDOT (Harmelink 1999).

Florida

The field performance of three CRM asphalt test pavements constructed by FDOT was evaluated ten
years after construction. The three projects included test sections of both wet and dry processed CRM.
Each section’s performance was determined in terms of rideability, rutting, cracking and patching, and
skid resistance. The performance results indicated that the wet process mixes performed significantly
better than the control and dry process CRM sections. Observations of cracking accumulation plots
indicate that the wet process test sections with 10 to 15% CRM have basically no occurrence of cracking,
which indicates this as a potential optimum rubber content range. Higher ride qualities were determined
on the wet process section for rubber contents up to 15%. The dry process mixes had the lowest ride
quality along with the highest rut depths. There were no observable differences in skid resistance for the
various sections (Choubane 1999).
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Oregon

An early study conducted by ODOT investigated the use of various additives to increase the life of an
asphalt overlay. Of the nine mixes evaluated, two involved the use of CRM. In 1985, sections of
PlusRide (dry process) and Arm-R-Shield (wet process) along with dense- and open-graded mixes and a
control section were constructed. Performance was subsequently monitored for ten years. Results
showed the Arm-R-Shield performed best in terms of resistance to fatigue cracking, block cracking, and
raveling. The PlusRide mix had very low resistance to fatigue cracking, block cracking, and raveling and
performed worse than the control section (Edgar 1995).

A total of seventeen CRM-modified test sections (13 projects) were constructed throughout the state of
Oregon from 1985 to 1994. The test sections included wet process and dry process open-graded and
dense-graded mixes. Control sections were built to correspond to the test sections. The test sections and
corresponding control sections were evaluated in terms of visual distress, rut depth, and frictional
characteristics (Hunt 2002).

Field cores were evaluated for in-place void content and stripping. Dense-graded CRM pavements with
in-place void contents closer to the design exhibited less distress than sections with higher voids. Void
contents of the open-graded CRM mixes met the post-construction void content criterion. Stripping did
not appear to be a problem in any of the mixes evaluated (Hunt 2002). Visual condition surveys showed
that the dense-graded control sections were in better condition than the dense-graded CRM-modified
mixes. Performance of the open-graded test sections was more variable. Some CRM-modified open-
graded mixes performed as well or better than the control sections while others did not.

A review of friction test results indicated that friction measurements of the CRM-modified test sections
were consistent with those of the control sections. Ride values showed that the dense-graded CRM mixes
consistently had higher roughness values than the control sections. However, data for the open-graded
mixes did not show a distinct roughness trend.

Hunt’s 2002 ODOT report also compared and contrasted ODOT’ s experience with that of the Washington
State Department of Transportation (WSDOT). WSDOT reported rutting within six years of construction
on two of its five asphalt rubber concrete projects that utilized wet process high viscosity CRM binder.
ODQT did not have this problem on similar wet process high viscosity binder sections, and suggested the
difference in rutting performance might be attributed to the lower traffic levels on the ODOT sections. In
addition, both ODOT and WSDOT had projects that were constructed with different asphalt rubber mixes
that were performing as well as control sections. Dry process projects, including the PlusRide process,
generaly performed well for WSDOT but not for ODOT. It was thought that the good performance of the
dry process projects in Washington might also be the result of lower traffic levels. Again, comparison of
test sections does not provide consistent results. This may be due to a number of factors, including lack
of consistent bases for comparisons between these small independent studies (Hunt 2002).

Kansas

From 1990 to 1995, the Kansas Department of Transportation (KDOT) constructed 13 projects with CRM
products, five with modified dry process with fine CRM (passing the 300 um (No. 50) sieve) and eight
wet process, with a number of variations among the respective projects. A total of approximately 2,637
tons of CRM was used. Dense-, gap- and open-gradations were tried, along with an experiment in
recycling conventional reclaimed asphalt pavement (RAP) in adry process CRM mix, thick RAC-G type
sections of 180 and 225 mm on rubblized PCC, and 360 mm full-depth RAC on lime stabilized subgrade.
Some hoise testing was also conducted. Performance was mixed, although the gap-graded mixes
generally seemed to perform best. Rankings assigned by KDOT indicate that three of the projects
performed well, three were average, four performed poorly, and three failed catastrophically. KDOT
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found that for large projects; CRM HMA may be cost-competitive with PCC. To compete with
conventional HMA, CRM-modified materials would have to provide significantly longer performance life
and/or reduced thickness. Based on its experience, KDOT determined that the use of CRM in bituminous
mixes was not economically feasible. (Fager 2001)

Arizona

The performance of CRM in flexible paving materials has been very good, but more recently has been
evaluated as a rehabilitation technique for concrete pavements (Way 2000). Within the state a non-
reinforced concrete pavement was chosen as a candidate for placement of an asphalt rubber overlay along
with sections in the Strategic Highway Research Program (SHRP) SPS-6 (special pavement studies) test
sections. The asphalt overlay was designed for a 10-year life. However, those involved in the project
believed that due to the very poor condition of the underlying concrete pavement the best life expectancy
of the overlay would be 6 years.

The final design of the pavement rehabilitation was to instal edge drains, crack and seat the concrete
pavement, overlay with 3 inches of conventional dense-graded HMA and 2 inches of gap-graded asphalt
rubber mix (AR-AC). Lastly, a one-haf inch thick asphalt rubber open graded friction course (AR-
ACFC) was placed as the final wearing course.

The construction cost of the asphalt rubber mix was $45 per ton versus $23 per ton for the HMA.
Immediately following construction minor roughness was noted and attributed to the problems in the
seating process. After nine years of service, the section was evaluated and considered to performing
satisfactorily. No reflective cracking had occurred and the ride values indicated a very smooth ride.
Rutting was basically non-existent and the skid resistance was reported to be adequate.

The ADOT study concluded that although the CRM mixes cost nearly twice as much as conventional
HMA, they can normally be placed half as thick. Furthermore, the CRM mixes crack at a rate of
approximately one-fourth that of a conventional mix, making them a better rehabilitation choice for the
roadway characteristics experienced in Arizona (Way 2000).

California

Besides extensive field performance studies, other studies have made use of large-scale test sections to
evaluate the performance of CRM mixes. Although gap-graded mixes did not meet the Caltrans
requirements for Hveem stabilometer values; however, field performance data have shown the mixes to
provide adequate rut resistance. Experimental large-scale test sections of both dense- and gap-graded
mixes were constructed and tested using the HV'S to evaluate rutting behavior. Test results show that,
overal, the 62 mm gap-graded asphalt rubber and the 50 to 75 mm dense-graded overlays had similar
performance (Harvey and Popescu 2000).

The research did note that the gap-graded asphalt rubber cools very quickly after placement requiring
attention to detail during construction. The researcher also noted that inadegquate compaction of the gap-
graded mixes may result in considerable shear flow (Harvey and Popescu 2000).

Summary of Field Performance Sudies

The field performance studies reviewed showed the variable experience that states have had with CRM in
asphalt paving materials. Studies conducted by the Illinois, Colorado, and Kansas Departments of
Transportation showed crumb rubber modification to be feasible in certain circumstances but not a
significant enough improvement over unmodified mixes to make it a wise economic investment. Many
other agencies share that experience and therefore are not using CRM as an asphalt modifier. However,
the positive performance of CRM used in Arizona, California, Florida, and Texas has reinforced its use as
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aroutine strategy in a variety of applications. Thus, only these four states routinely use these materials.
Improved resistance to common modes of pavement distress improves the overall durability of the
resulting pavements, and Arizona and Texas have reported some corresponding reductions in
maintenance and repairs of CRM-modified AC pavements.

Most studies have documented the behavior of test sections through laboratory or field testing. The
majority of these studies have proven effective at helping agencies determine their specific approach to
the use of CRM in various paving applications. Nevertheless, the wide variety of materials, methods of
testing, and varied test results make it difficult to compare and contrast the mgjority of the studies to draw
some standard conclusions. Conclusions that can be drawn are as follows.

e Although some dry process mixes have performed very well under traffic in a variety of
environments, their overall performance is generally more variable and thus less reliable than
that of wet process mixes.

o Use of rdatively fine CRM (passing the 2.0 mm, No. 10 sieve) or very fine (passing the 300
pum, No. 50 sieve) seems to improve the overall performance of dry process mixes. Coarser
CRM seemsto make dry process mixes more susceptible to raveling, cracking, and pop-outs.

e Gap-graded and open-graded CRM mixes can perform well in both wet and dry processes.

e Although laboratory tests indicate that wet process mixes are not as stiff as conventional
DGAC (i.e. typicaly have lower modulus and stability values), a number of field
performance tests show that such mixes (when properly designed) exhibit increased
resistance to rutting and cracking. This may be a function of higher recoverable strain due to
CRM modification.

e Mixes with high viscosity CRM binders seem to be more effective in resisting rutting,
raveling, fatigue and reflective cracking than mixes with no agitation binders or conventional
DGAC, in part because of the higher binder contents that are used. Performance is further
enhanced when relatively high contents of high viscosity binder can be accommodated in the
mix.

e High viscosity binders are not well-suited for use in dense-graded mixes.

A number of studies are underway by various agencies to further evaluate and improve the performance
of CRM pavements. Caltrans is one of these agencies. Caltrans is currently building test sections and
pursuing HV S studies to provide up-to-date information on the use and effectiveness of high viscosity and
no agitation binders, as well as the dry process, in improving the performance of asphalt pavements.
ADQT is sponsoring a study to refine and improve their Marshall mix design method for gap-graded
asphalt rubber asphalt concrete. The Nebraska Department of Roads (NDOR) has constructed CRM
asphalt overlays in the past and is now undertaking a study to evaluate the costs and performance of the
sections relative to nearby conventional pavement sections (Nebraska Department of Roads 2003).
NDOR is also building new CRM test sections. Such studies will continue to contribute to the literature
and provide amore solid basis for CRM product evaluation in the years to come.

In summary, the performance of CRM mixes, particularly dry process mixes, has been variable. Those
states and local agencies with good experiences have continued to develop and use these products. Those
that have experienced mixed or poor performance or high costs have chosen to use other modifiers to
improve the properties of their binders and HMA.

2.3.6 Cost

Costs are often the factor given the greatest consideration in the selection of rehabilitation strategies as
well as for new construction. Decisions regarding when and where to use asphalt rubber should be based
on cost and expected performance for the proposed application. There are typically two types of costs
that should be taken into consideration: initial costs and life cycle costs.
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Initial Costs

Initial costs are the total costs to construct a rehabilitation alternative or new pavement. Initial costs
should include design or engineering costs, as well as all construction costs. If the design costs of
multiple aternatives are approximately the same, then those costs can be ignored and only construction
costs or material costs should be considered.

A discussion of findings of various state studies related to initial costs of using CRM HMA versus
conventional HMA follows. The studies indicate that initial unit costs for CRM-modified paving
materials were consistently higher than for conventional materials. The increased cost is due to two
primary factors:

e Field trials and/or respective studies conducted by the various agencies were generally small,
i.e. low tonnage projects.

e Equipment and materials needed were new (and sometimes proprietary) technology not
locally available to most agencies and contractors, and costly long distance mobilization was
often required.

Washington

In the early 1990s, the Washington State Department of Transportation had already had up to 15 years of
experience with the use of CRM in asphalt paving materials. The review of the performance and cost of
the variety of projects showed the use of SAMs and SAMIs not to be cost effective. In fact, the cost of
unmodified asphalt binders was approximately one-third of the cost of CRM binders.

Ontario, Canada

A study conducted in Ontario also assessed the economic benefits/drawbacks of the CRM projects. In
doing so, Ontario assessed equipment requirements, serviceability factors, performance factors, societal
concerns, and material costs. The economic analysisis detailed and resulted in the finding that regardless
of the incentive selected for disposal savings of the tires (societal concerns), RUMAC (generic dry
process) mixes are 15 to 20% more costly than conventional HMA mixes when incentives are utilized and
32 to 39% higher when incentives are not included in the analysis of initial costs (Emery 1995).

lllinois

Studies in Illinois showed that addition of 2 pounds or less of CRM per ton of hot mix (<0.1% by mix
weight) using the dry process increased the cost of the mix by approximately 20%. The addition of 20
pounds of CRM per ton of hot mix (1.0% by mix weight) increased the cost of the mix by approximately
28% (Trepanier 1995). Subsequent studies by IDOT resulted in various conclusions relating to CRM
asphalt performance and cost compared to conventional asphalt pavements. For example, considering all
CRM asphalt projects, the cost averaged 30% higher than the conventional asphalt pavement.
Specifically, one wet process CRM asphalt pavement cost 101% more than the conventional mix, which
in turn means that the pavement would have to last twice as long to make it cost effective (Volle 2002).

Louisiana
The Louisiana Department of Transportation and Development determined the cost of a 10% CRM wet

process mix (passing the 300um (No. 50) sieve) to be similar to the control section cost. However, the
remainder of the sections that they evaluated (wet process high viscosity binder, CRM passing the 1.18
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mm (No. 16) sieve; no agitation terminal blend, CRM passing the 850 um (No. 20) sieve; and a PlusRide
shredded rubber) cost 118 to 360% of the conventional mixes (Huang et al 2002).

Nevada

Nevada Department of Transportation (NDOT) evaluated a total of six CRM experimental projects. |f
CRM mixtures had not been used on the sections, each of the test sections would have received a 2-inch
dense-graded conventional HMA layer with a ¥=inch open-graded friction course. However, due to the
increased cost of the CRM mixes the thicknesses of the CRM overlays were reduced. Two of the six
projects utilized very thin CRM overlays (¥+inch) with and without the use of a stress absorbing
membrane interlayer (SAMI). The SAMI proved ineffective in helping control reflective cracking.
Instead the sections ended up with very unsatisfactory performance, with cracking showing up one year
after construction.

Based upon the poor performance of the 3/4-inch CRM overlays, 1-1/2 inch overlays combined with the
use of SAMI were analyzed. Both test sections had useful lives of approximately 5 years. However,
conventional HMA placed under the same environmental and traffic loading conditions yielded more than
eight years of service.

Lastly, two CRM sections (one with and the other without open-graded friction course) with cross
sections equivalent to the standard NDOT HMA overlay were constructed. The section with the open-
graded friction course performed appropriately but the section without the OGFC again did not perform
as well as the control section. Based upon the results of the study, the cost of the CRM section with a
cross section equivalent to the conventiona HMA pavement was determined too costly for further
construction consideration (Sebaaly, Bazi, and Vivekanathan 2003).

Mississi ppi

Mississippi DOT conducted “proof of concept-type” field evaluation using both CRM binder course and
surface course materials. Also, the agency evaluated the recyclability of the CRM paving materials. An
evaluation of the difference in costs of al the contractor bid prices for the various bituminous surfaces
used in the project was conducted during the study. The costs show that the CRM surface and binder
courses were approximately 25 to 50% more expensive than the conventional HMA pavement (Albritton,
Barstis, and Gatlin 1999).

California

Caltrans publishes the Contract Item Cost Data book annually (Contract Cost Data, 2003). Based on the
2003 cost data, Caltrans has used roughly 1.8 million tons of conventional HMA (including Type A and B
of various grading and OGAC) and nearly a 250,000 tons of RAC (including RAC-G and RAC-O) for
highway construction projects. The weighted average cost for the conventional AC mixes is $52.43 per
ton and the weighted average cost for the RAC mixes is $60.80 per ton. The data indicate that the
weighted average cost of RAC mixesis about 16% higher than that of the conventional mixes.

Initial costs also depend on the size of the project, i.e. the amount of tonnage of CRM materia to be
produced. For large projects, mobilization costs can be spread over enough tonnage so that they can
generally be offset by increased service life, lower maintenance costs, and/or reduced thickness.
However, the mobilization of wet process high viscosity production equipment costs just as much for a
small project as for a large one, which increases unit cost. For small projects, the increase in unit costs
may not be fully offset.

In 1998, Caltrans conducted an analysis of RAC and DGAC unit prices versus mix quantity using data
from 1996 and 1997 Caltrans projects. The results were reported in a July 7, 1998 memorandum that

39



Use of Scrap Tire Rubber — State of the Technology and Best Practices February 8, 2005
Caltrang/CIWMB Partnered Research

indicated that units costs of CRM modification increased considerably for jobs using less than 2,250
tonnes (2,500 tons) of RAC. The memo suggests that smaller RAC projects may not be cost effective due
to initial high unit costs. The “break-even” quantity may have changed since 1998. However projects
with three days of paving or less are likely to have significantly higher unit costs than larger projects, and
initial costs should be evaluated with respect to the expected benefits of using CRM-modified materials
(Caltrans Asphalt Rubber Usage Guide, 2002).

Life Cycle Costs

Initial costs are often used to compare and select rehabilitation treatment strategies or pavement type for
new construction. However, using only the initial costs for comparison of different strategies may not be
appropriate. For example, one design strategy may cost more but it may last longer; another design
strategy may cost less but it may not perform as well as the other one. Without using the same basis
(time) for comparing the alternates, it would be difficult to tell which strategy is more economical and
cost effective.

Life cycle costs account not only for the initial construction cost, but for all of the costs that are associated
with the selected strategy over itslife. In thelife cycle costing, costs that occur at different times (such as
regular maintenance and repairs during service life, subsequent rehabilitation or reconstruction) in a
specified analysis period are converted to a common basis for comparison purposes; therefore, costs
incurred at different pointsin time can be compared with one another on an equivalent basis.

The FHWA and severa state highway agencies advocate the use of life cycle cost analysis (LCCA) to aid
in determining the most appropriate rehabilitation and maintenance strategies for a given situation.
FHWA has developed a training course titled “Life Cycle Cost Anaysis in Pavement Design” to train
agencies in the importance and use of sound procedures to aid in the selection of alternate designs or
rehabilitation strategies (FHWA 1998). The FHWA position on LCCA is defined in its Fina Policy
Statement published in the September 18, 1996, Federal Register (Walls J. and Smith M.R., 1998).
FHWA policy indicates that LCCA is a decision support tool. The 1986 AASHTO Guide for the Design
of Pavement Structures and subsequent editions encouraged the use of LCCA and laid out a process to
evaluate the cost effectiveness of aternative designs (AASHTO, 1993). Information on LCCA
techniquesisincluded in the Appendix C.

Current research is also being undertaken to provide a life-cycle analysis model and supporting tool that
would allow agencies to assess the use of recycled materials in highway construction. The tool would
provide a fast systematic way to determine which recycled methods are cost-effective. While the tool will
have many applications, one use would be to determine if CRM is cost-effective for a particular
application (Recycled Materials Resource Center 2001).

Descriptions of life cycle cost analysis along with an example were presented in a paper by Hicks and
Epps in 2000. The example used data collected from Arizona, California, and Texas. Various design
strategies and typical lives and costs for these strategies exp