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DISCLAIMER STATEMENT

This document is disseminated in the interest of information exchange. The contents of this
report reflect the views of the authors who are responsible for the facts and accuracy of the data
presented herein. The contents do not necessarily reflect the official views or policies of the State
of California or the Federal Highway Administration. This publication does not constitute a
standard, specification, or regulation. This report does not constitute an endorsement by the

Department of any product described herein.

For individuals with sensory disabilities, this document is available in alternate formats. For
information, call (916) 654-8899, TTY 711, or write to California Department of Transportation,
Division of Research, Innovation and System Information, MS-83, P.O. Box 942873, Sacramento,

CA 94273-0001.

PROJECT OBIJECTIVES

The objective of this project is to provide the information needed for Caltrans to decide whether
and how to move forward with each of four approaches for adding small amounts of crumb
rubber modifier (CRM) to dense-graded hot-mix asphalt, and the technologies required to follow
these approaches. This goal will be achieved through completion of the following tasks:

1. Identification of various types of materials that may fall within each of the four categories.

2. Review of available literature regarding past or present technologies identified, including
specifications, reports, and any other information (written or oral) that can be gathered.

3. Identification of any issues regarding specification testing.
Testing and analysis of example materials to determine their capability of meeting
Superpave performance grading (PG) specifications; comparison with currently specified
materials in terms of expected performance; and, if a material cannot meet all
specifications, information regarding the likely effect on performance. This will include
asphalt binder and mix testing.

5. Evaluation of effects of mix properties on pavement performance in different thicknesses
of overlays and new/reconstructed asphalt pavements using CalME software for different
levels of traffic and different climate regions.
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A life cycle cost analysis (LCCA) that includes identification of cost and performance data,
and analysis of net present value, with sensitivity analysis, for materials within each
category (not funded in this phase of the study).

A life cycle analysis (LCA) that includes development of environmental flow data,
calculation of impacts, and interpretation and reporting of the results (not funded in this
phase of the study).

Assistance with development of test methods, methods of determining CRM content,
specification language, and guidelines (not funded in this phase of the study).

Reporting of all results.

This report covers Tasks 1 through 5.
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EXECUTIVE SUMMARY

In 2015, Caltrans expressed interest in studying the addition of small amounts of crumb rubber
(CRM) in dense-graded asphalt mixes to increase the total amount of recycled tire rubber used.
Small amounts were defined as 5% to 10% CRM by weight of the binder or approximately 0.25%
to 0.5% CRM by weight of the aggregate. In this report, the terms “CRM binder” and “CRM mix”

are used to denote the modified mixes.

The following four approaches for adding the rubber were proposed:

1. Approach-1: Addition of 5% to 10% CRM particles smaller than 250 um to the asphalt
binder by weight of the binder, not resulting in a change to the PG of the base binder,
achieved by blending softer base binders and/or polymers with the rubber at the
refinery/terminal.

2. Approach-2: Addition of 5% to 10% CRM particles smaller than 2.36 mm to the asphalt
binder, with allowable changes to the PG of the base binder, and produced using a field-
blending process similar to that used for producing asphalt rubber binders with between
18% and 22% CRM by weight of the binder. Two gradations (passing a 2.36 mm [#8] and
a 1.18 mm [#16] sieve) were assessed in this study.

3. Approach-3: Adding 0.25% to 0.5% CRM by weight of the aggregate directly into the mix
using a dry-process. Particles passing a 2.36 mm (#8) sieve were used in this study;
however, most dry process mixes in the United States use particles smaller than 500 um
(passing the #30 sieve).

4. Approach-4: Addition of 5% to 10% CRM with particles smaller than 250 um to the asphalt
binder, with allowable changes to the PG of the base binder, and produced using a field-
blending process.

This project included a literature review, development of a comprehensive workplan, laboratory
testing based on a partial factorial experimental design, and a series of mechanistic-empirical

performance simulations.

A total of 26 binders (6 control [base] binders, 18 CRM binders, and 2 styrene-butadiene-styrene
[SBS] binders) and 19 mixes (5 control mixes and 14 CRM mixes) were tested. Binder tests
included performance grading, multiple stress creep recovery, stiffness frequency sweeps,
solubility, ductility, viscosity, and Fourier-Transform Infrared Spectroscopy. Mix tests included

dynamic and flexural modulus to assess stiffness, repeated load triaxial to assess rutting
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performance, Hamburg wheel track to assess moisture resistance, flexural beam fatigue to assess
fatigue and reflective cracking resistance, semicircular bending to assess fracture cracking
resistance, and uniaxial thermal stress and strain tests to assess low temperature cracking

resistance.

Since laboratory tests only reveal material performance under a specific set of controlled testing
conditions and may not be representative of actual field performance where layer thicknesses,
climate, traffic loading, and other factors all play a role, particularly for bottom-up fatigue
cracking performance, laboratory test results were used as inputs in mechanistic-empirical
simulations, using CalME software, to predict likely field responses for several typical application

scenarios.

Test Result Summary

Laboratory binder and mix test results revealed that CRM binders and CRM mixes had equal or
better performance to their control (base) binders and mixes in terms of potential rutting and
cracking performance in most cases, based on the following observations:

e Approach-1 binders met project specific performance grading criteria, including solubility.

e Approach-2 binders had higher high-temperature performance gradings than their base
binders in the unaged- and rolling thin film oven (RTFO)-aged conditions, and lower
intermediate-temperature performance gradings after pressure vessel aging. Bending
beam rheometer (BBR) tests indicated that these CRM binders had the same low-
temperature performance grade as their base binders, with decreasing creep stiffness with
increasing CRM content. Adding CRM also lowered the non-recoverable creep compliance
and increased the percentage recovery in the multiple stress creep recovery (MSCR) test.

e Approach-4 CRM binders showed performance grade changes that were proportional to
the CRM content. These binders met the Caltrans PG-M specification criteria, except for
solubility, and showed better performance than their base binders at high, intermediate,
and low temperatures.

e Binder test results indicate that CRM binders will potentially be more resistant to rutting
and to low-temperature cracking. CRM binders generally developed fewer carbonyl
components than the control binders after PAV-aging, indicating that they will potentially
age at a slower rate than their base binders.

e The Approach-1, Approach-2, and Approach-4 CRM binders were found to be suitable for
use in dense-graded mixes. Mixes produced with binders containing CRM particles smaller
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than 250 um met volumetric design criteria at the same binder content as the control base
binder. Mixes produced with binders containing larger CRM particles (up to 2.36 mm)
required higher optimum binder contents than the control mix to meet volumetric criteria.
Dry process mixes produced with 0.25% and 0.5% coarse CRM (<2.36 mm) by weight of the
aggregate also needed higher optimum binder contents than the control mix to account for
the CRM. Although no adjustments were made to aggregate gradations to accommodate
the CRM, the mixes with wet-process binders (Approaches-1, 2 and 4) and the mix with
0.25% dry-process CRM all passed the volumetric criteria for Caltrans Type-A HMA. The dry
process mix with 0.5% CRM failed some of the voids in mineral aggregate (VMA) criteria.

e Approach-1 and Approach-4 mixes had higher stiffnesses (determined with dynamic and
flexural modulus tests) at high temperatures than the control mixes, indicating potentially
better rutting performance, but only a marginal stiffness difference at intermediate
temperatures, indicating potentially similar cracking resistance at a given tensile strain
(fatigue performance in the field depends on the structure type and is an interaction of
stiffness and fatigue at a given strain). They also showed the potential for equal or better
rutting and moisture resistance than the control mixes in repeated load triaxial and
Hamburg wheel track tests, and potentially longer fatigue lives than the control mixes in
beam fatigue tests at strain levels below 400 pstrain. Mixes produced with binders
containing 5% CRM showed potential for better low-temperature cracking performance in
the uniaxial thermal stress and strain test.

e Approach-2 CRM mixes had higher stiffnesses (dynamic and flexural modulus) and better
rutting and moisture resistance (repeated load triaxial and Hamburg wheel track) than the
control mix. Fatigue results were inconsistent across the range of strains, with the control
mix performance generally falling between the 5% CRM content mix (longer fatigue life
than the control) and the 10% CRM content mix (shorter fatigue life than the control). Low-
temperature cracking resistance tests were not conducted on these mixes.

e Approach-3 mixes had poorer rutting, moisture and thermal cracking resistance than the
control mix, but better fatigue performance at strains higher than 600 pstrain. It should be
noted that most dry mixes produced in the United States are now prepared with CRM
particles smaller than 500 um (passing the #30 sieve), considerably smaller than the
2.36 mm maximum size tested in this study. Poor performance in this round of testing was
mostly attributed to the relatively large CRM particles used, which were not satisfactorily
accommodated in the dense gradation.

e Semicircular bend (SCB) test results had high variability between replicate specimens.
Taking this into consideration, SCB test results indicated that the CRM mixes had similar
fracture resistance to their control mixes.
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Mechanistic-empirical performance simulation results indicated that field performance of the
CRM mixes in different pavement structures varied on a case-by-case basis, depending on the
scenario. As with any other pavement design, appropriate applications of CRM mixes need to be
determined based on an analysis of project-specific mix properties, pavement structure, traffic,
and climate. However, general trends indicated that mixes produced with Approach-1,
Approach-2, and Approach-4 binders had similar or better performance than their control
binders in most of the scenarios that were assessed. The dry process mixes did not perform well,
as expected, because of the larger CRM particles used in the study. Different results are expected

if finer CRM gradations are used.

Conclusions

Laboratory test results and mechanistic-empirical performance simulations both indicate that
dense-graded mixes produced with binders containing between 5% and 10% CRM by weight of
the binder will generally have equal or better performance to dense-graded mixes produced with
unmodified binders. Finer CRM gradations (i.e., smaller than 250 um, used in Approach-1 and
Approach-4 binders) allow binder testing with standard Superpave performance grading tests
and appear to provide more consistent results. Based on literature reviews, adding between
0.25% and 0.5% CRM with particles sizes smaller than 500 um in dry process mixes will also
provide equal or better performance to mixes that contain no CRM. If any of the approaches are

adopted, more scrap tires would be recycled into pavement applications.

Recommendations

The following recommendations are proposed based on the findings from this study:

e Laboratory test results and mechanistic-empirical performance simulations support the use
of small quantities of CRM in dense-graded mixes, both as a means of recycling more waste
tires, and for improving pavement layer performance under a given set of conditions. Pilot
studies should be considered to confirm these findings, to better quantify the benefits, and
to expand the CalME materials library.

e Preliminary mechanistic-empirical performance simulation results indicate that dense-
graded mixes produced with rubber-modified binders meeting the current Caltrans PG-M
specification could be beneficially used in a wide range of pavement layer applications.
These findings are supported by literature from other state departments of transportation
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that have implemented similar specifications. Additional mechanistic-empirical
performance simulations should be carried out to confirm these findings and to identify the
most appropriate applications in pavement structures in the different California climate
zones.

Some relaxation of the solubility requirements in the PG-M specification should be
considered to allow more use of Approach-4 binders. Laboratory test results and
performance simulations did not indicate that a relaxation in solubility requirements would
have a detrimental effect on performance.

Given that dry process approaches are the simplest and cheapest method of incorporating
CRM into mixes, limited additional testing with finer CRM particles, along with performance
simulations, should be conducted to confirm that findings from research conducted in
other states and countries are applicable to California applications.
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* Sl is the abbreviation for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised April 2021)

UCPRC-RR-2020-06 XXVii




Blank page

XXviii UCPRC-RR-2020-06



1. INTRODUCTION

1.1 Background to the Study

California continues to face the challenge of diverting more than 40 million scrap tires from
landfills annually. The California Department of Resources Recycling and Recovery (CalRecycle) is
responsible for finding new uses for waste tires. In recent years, CalRecycle has estimated that
about 33 million (81%) of the approximately 40 million waste tires generated each year were

diverted through various alternatives, including reuse, retreading, and combustion.

In 2005, the California Legislature passed, and the governor signed, Assembly Bill 338, which
requires the California Department of Transportation (Caltrans) to use a specific percentage of
crumb rubber per metric ton of the total amount of asphalt paving materials placed. As of 2013,
Caltrans has been required to use, on an annual average, 11.58 Ib. (5.2 kg) of crumb rubber per
metric ton of the total amount of asphalt paving materials used in construction, maintenance,

and rehabilitation of the state highway system.

In 2006, the Federal Highway Administration (FHWA) Recycled Materials Policy was established.
This policy states that recycled materials should get first consideration in materials selection. The
determination of the use of recycled materials should include an initial review of engineering and
environmental suitability, followed by an assessment of economic benefit. Any restriction that
prohibits the use of recycled materials without a technical basis should be removed from

specifications.

In 2015, Caltrans changed its mission statement to include sustainability, with the goal of
sustainability and stewardship to preserve and enhance California’s resources and assets. As part
of this mission, Caltrans initiated an investigation into the potential for further reducing landfill
disposal of scrap tires by requiring that, in addition to the use of gap- and open-graded rubberized
hot-mix asphalt overlays, consideration be given to using a relatively small amount of crumb
rubber modifier (CRM) in dense-graded mixes. Small amounts are defined as between 5% and
10% by weight of the asphalt binder or between 0.25% and 0.5% by weight of the aggregate if

dry CRM is used. This proposed expanded use of CRM was driven primarily by environmental
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considerations and not enhanced performance, as has been the historical approach when
considering new materials. The terms “CRM binder” and “CRM mix” are used in this report to

describe binders and mixes modified with these small amounts of rubber.

1.2 Proposed Approaches

In 2015, Caltrans and industry identified the following four approaches for using small amounts

of CRM in dense-graded asphalt concrete meeting current Caltrans specifications:

Approach-1: Wet Process with No Agitation, Complete Digestion
CRM binders meeting all current Superpave (SUperior PERforming asphalt
PAVEments) performance grade (PG) specifications, with the addition of 5% to
10% CRM combined with other adjustments to the binder as needed so that there
is no change to the project-specified PG of the unmodified binder (i.e., if the
project specifications called for a PG 64-16 binder, the PG of the CRM binder
needed to be PG 64-16). This could be achieved by blending softer base binders
and/or polymers. It was anticipated that binders that already meet the current
Caltrans modified performance grade specification (PG-M) would fall into this

category.

Approach-2: Wet Process with Agitation, Incomplete Digestion
CRM binders meeting anticipated performance grade specifications for asphalt
rubber binders (PG-AR) with changes to some components of the specification
(e.g., solubility). It was anticipated that binders prepared using the same approach
currently being used to prepare asphalt rubber binders used in gap- and open-
graded mixes (i.e., CRM particles <2.36 mm [passing the #8 sieve]) and in chip seals
(i.e., CRM particles <1.41 mm [passing the #14 sieve]), but with lower CRM
contents (5% to 10% by weight of the binder) and potentially smaller CRM
particles, would fall into this category. Some positive changes to the project-
specified PG of the unmodified binder would be permitted (e.g., a CRM binder
graded as PG 70-16, if the project specifications called for a PG 64-16 binder,
would be acceptable, but a CRM binder graded as PG 70-10 or PG 58-16 would not

be acceptable).
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Approach-3: Dry process

Addition of between 0.25% and 0.5% CRM per ton of the aggregate (=5 to
10 Ib./ton [2.3 to 4.5 kg/ton]) using a dry process. Mixes containing this CRM
would still need to meet all Caltrans specifications. The PG of the binder should

not change if this approach is followed.

Approach-4: Wet Process with Agitation, Complete Digestion

13

Same as Approach-2, but using other recycled tire rubber formulations, typically
with a finer CRM particle size, such as ground devulcanized tire rubber, which can
be field-blended to achieve a binder containing between 5% and 10% CRM (by
weight of the binder) that still meets PG specifications, but with potentially some
relaxation (e.g., solubility and/or separation). Positive changes to the project-

specified PG of the unmodified binder would be permitted.

Problem Statements

The following problem statements were identified in preparation for conducting the CRM binder

study:

e In 2015, Caltrans did not have a clear identification of all materials, past and current, that

1.4

may fall into each of the four categories listed in Section 1.2.

The literature had not been reviewed to gather information regarding properties,
performance, variability, and potential issues with specific reference to these four
approaches.

Apart from mixes produced with binders meeting the Caltrans PGM specification for
modified binders, Caltrans had limited performance-related laboratory test results and
field performance data covering binders and dense-graded mixes containing small amounts
of CRM.

Apart from mixes produced with binders meeting the Caltrans PGM specification, Caltrans
had limited field construction experience with these specific approaches but did have
extensive experience in all aspects of using CRM in gap- and open-graded mixes.

Study Objective/Goal

In 2015, Caltrans requested the University of California Pavement Research Center (UCPRC)

evaluate the technical feasibility, life cycle cost analysis (LCCA), and environmental life cycle
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assessment (LCA) of each of the four potential CRM binder/CRM mix approaches. The goal of the

project was to provide the information needed for Caltrans to decide whether and how to move

forward with each of the approaches and the technologies that fall within them. This goal was

anticipated to be achieved through the completion of the following tasks:

1.
2.

Identification of various types of materials that may fall within each of the four categories.
Review of available literature regarding past or present technologies identified, including
specifications, reports, and any other information (written or oral).

Testing and analysis of example materials to determine their capability of meeting current
Superpave PG specifications, including comparison with currently specified materials in
terms of expected performance. This includes binder and mix testing. It should be noted
that the primary focus of laboratory testing was on accommodating additional CRM in
binder/mixes and not on improving performance of the binder and mix, in line with the
terms of reference provided to the UCPRC.

Mechanistic simulation/evaluation, using CalME mechanistic-empirical design software,
of the effects of CRM mix properties on pavement performance in overlays with different
thicknesses and new/reconstructed asphalt pavements for different levels of traffic in
different climate regions.

An LCCA that includes identification of cost and performance data, and analysis of net
present value, with sensitivity analysis, for materials within each category (not funded in
this phase of the study).

An LCA that includes the development of environmental flow data, calculation of impacts,
and interpretation and reporting of the results (not funded in this phase of the study).
Performance monitoring of pilot studies (not funded in this phase of the study).
Assistance with the development of test methods, methods of determining CRM content,
specification language, and guidelines (not funded in this phase of the study).

Reporting of all results.

This report provides an update on work completed to date in Task 1 through Task 4.

1.5

Report Structure

This report includes the following chapters and appendices, which address the tasks discussed in

Section 1.4:

Chapter 2 covers materials and processes for CRM binder and CRM mix Approaches,
addressing Task 1.
Chapter 3 summarizes the literature relevant to CRM binder and CRM mix initiatives,
addressing Task 2.
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e Chapter 4 details the material sampling and preparation procedures and experimental
designs that were followed to address Task 3.

e Chapters 5 through 8 discuss the evaluation of each approach in terms of binder and mix
performance, addressing Task 3.

e Chapter9 covers the CalME simulations using the results presented in Chapters5
through 8, addressing Task 4.

e Chapter 10 provides conclusions and recommendations.

e Appendix A through Appendix E include testing and simulation results, supporting
Chapters 5 through 8.

1.6 Measurement Units

Although Caltrans recently returned to the use of US standard measurement units, metric units
have always been used by the UCPRC for laboratory, Heavy Vehicle Simulator, and field
measurements and data storage. In this report, both English and metric units (provided in
parentheses after the English units) are provided in general discussion. In keeping with
convention, metric units are used in laboratory data analyses and reporting. Note that Superpave
asphalt binder performance grading procedures all use metric units as standard. A conversion

table is provided on page xxvii.
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2. MATERIALS AND PROCESSES FOR CRM BINDER AND MIX APPROACHES

2.1 Introduction

This chapter addresses Task 1 of the study focusing on identification of various types of materials

that may fall within each of the four CRM binder and CRM mix approaches.

2.2 Materials and Processes for Approach-1

Based on the California Asphalt Rubber Usage Guideline (1), a CRM binder for Approach-1 would
be produced using a “wet process with no agitation” method. In this process, hot asphalt binder
and crumb rubber modifier (CRM, typically passing the #60 [250 um] or finer sieve) would be
blended in the refinery or at an asphalt binder terminal. No subsequent agitation with a special
auger or paddles would be required to disperse the CRM particles in the binder phase because
CRM particles are usually digested or dispersed uniformly by circulation of the binder within the
storage tank. This approach typically requires that the CRM particles be smaller than 250 um and
fully digested in the binder to be able to pass the solubility test at the 99% minimum. Approach-1
materials would be subject to meeting both performance grade binder and dense-graded mix

design testing specifications.

PG tests can be performed on this type of binder following the specified procedure in the AASHTO
or ASTM standards for conventional asphalt binder without any modification of testing

equipment, methods, or grading criteria.

2.3 Materials and Processes for Approach-2

According to the California Asphalt Rubber Usage Guideline, Approach-2 CRM binders would be
categorized as “wet process, field-blended binder with agitation.” This binder would be produced
following the same methods used to produce asphalt rubber binders that are currently used in
gap- and open-graded rubberized asphalt concrete mixes and in rubberized chip seals. The
apparent main difference from current asphalt rubber binder specifications would be that the
CRM content is between 5% and 10% by weight of the binder, instead of the currently specified
18% to 22%. Approach-2 materials would be subject to meeting both performance grade binder

(with the possible relaxation of solubility requirements) and dense-graded mix design testing
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specifications. Any proposed PG binder-type grading specifications would need to factor in the
presence of larger, incompletely digested CRM particles and higher mix production
temperatures, which will require adjustments to dynamic shear rheometer (DSR), rolling thin film
oven (RTFO), pressure-aging vessel (PAV), and bending beam rheometer (BBR) testing

procedures.

Performance grading tests and procedures for testing asphalt rubber binders with particle sizes
up to 2.36 mm in size (i.e., passing the #8 sieve) are currently being finalized at the UCPRC (2)

and were used for this study.

24 Materials and Processes for Approach-3

Based on the California Asphalt Binder Usage Guideline, CRM used in this approach would act as
a portion of the aggregate structure when used in the dry process. The CRM content in the
standard dry process is normally between 1% and 3% by total weight of the mix; however, CRM
mixes would typically only contain between 0.25% and 0.5% CRM by total weight of the mix.
Consequently, the need to alter the gradation of the mix to accommodate the CRM particles,
which have significantly lower densities than the granular aggregates, is unlikely. Different sizes
of CRM can be used. Given that the CRM is not being used to modify the binder, Approach-3

materials would be subject to meeting dense-graded mix design testing specifications only.

2.4.1 Materials and Processes for Approach-4

According to the California Asphalt Rubber Usage Guideline, Approach-4 CRM binders would also
be categorized as “wet process, field-blended binder with agitation.” However, these binders
would differ from Approach-2 binders in that finer gradation CRM particles would be used to
reduce reaction time and to provide a more homogenous binder with full digestion of the
particles. Devulcanized and other commercially available recycled tire products were considered
in this study as Approach-4 materials. Approach-4 materials would be subject to meeting both
performance grade binder and dense-graded mix design testing specifications but with some

relaxation for certain attributes (e.g., solubility in binder tests).
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3. LITERATURE REVIEW

3.1 Introduction

This literature review, addressing Task 2 of the project workplan, is based on a search of relevant
available reports, journals, specifications, and other written documentation identified through
search engines and information databases, and in the older paper documents available in the

UCPRC library.

Although there is considerable published information on the modification of asphalt binders and
mixes using recycled tire rubber, the literature review found very limited information specifically
relevant to the goals of the CRM initiative (i.e., adding small amounts of CRM to asphalt binder).
Key issues that may be relevant in terms of identifying testing procedures and interpreting test

results are summarized below.

3.2 Background

Recycled tire rubber modifier used in pavement applications is known as either crumb rubber
modifier (CRM, used in this report) or ground tire rubber (GTR), which is produced from scrap
tires and some other waste rubber materials. Rubber modifiers have been widely used in the

pavement industry because of their engineering and environmental benefits.

In California, binder used in rubberized hot-mix asphalt (RHMA) must contain between 18% and
22% CRM by weight of the binder. RHMA generally has a longer service life than conventional
hot-mix asphalt (HMA) in thin overlays (i.e., <0.2 ft. [60 mm]), which is credited to its improved
resistance to the initiation and propagation of fatigue and reflective cracks. RHMA typically
requires less maintenance during its service life cycle, which usually results in lower life cycle

costs than conventional HMA in thin overlay applications.

Using RHMA also has environmental benefits. In California, the use of CRM in RHMA diverted
more than 5.5 million waste tires from landfills or tire stockpiles in 2018 (3). Open-graded RHMA
(RHMA-O) surface layers also generate less traffic noise than surfaces paved with conventional

HMA and retain the noise reduction longer than conventional open-graded mixes (OGFC) (4-6).
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Several states use rubberized asphalt in pavements, including Arizona, Arkansas, California,
Florida, Georgia, Kansas, Louisiana, Michigan, Mississippi, New Jersey, Texas, and Wisconsin.
According to the US Environmental Protection Agency, California and Arizona were the leaders
in CRM use in 2016, followed by Florida. Approximately 12 million tires are recycled and used in

paving applications annually in the United States (7).

In California, typical applications of CRM in pavement engineering include chip seals, stress
absorbing membrane interlayers, gap-graded rubberized hot-mix asphalt (RHMA-G), and open-
graded rubberized hot-mix asphalt (RHMA-O). Field observations on pavement experiments
starting in the late 1970s followed by comprehensive laboratory and accelerated pavement
testing by the UCPRC starting in the early 1990s (8) showed that the use of RHMA significantly
prolonged service life and improved reflective cracking resistance. RHMA-O provided good
surface friction and better durability than conventional OGFC (5,6). RHMA-G was found to be a
cost-effective overlay, allowing for a 50% thickness reduction compared to conventional HMA
overlays with respect to reflective cracking (9,10). Later laboratory and field studies showed that
newly paved RHMA-G and RHMA-O could reduce traffic noise by 1.0dBA and 1.9 dBA,

respectively, over a 10-year service life compared to conventional HMA (5,6).

Given these benefits, Caltrans expressed interest in 2015 in investigating potential additional
applications to increase CRM use to help meet legislative requirements. According to the
California Public Resource Code section 42703(a), Caltrans must use an average of 11.58 Ib. of
CRM per metric ton of asphalt concrete placed, which equates to about 35% of the total amount
of asphalt concrete placed by the agency (3). Figure 3.1 illustrates this rubber use objective and

actual use up to 2018 (3). Usage in 2018 was 46.4%, notably higher than the 35% target.

33 States Permitting the Use of Recycled Tire Rubber in Binder Modification

Published information documenting research on the use of recycled tire rubber in asphalt binders
and mixes was sourced from numerous states, including Arizona, Arkansas, California, Florida,
Georgia, Kansas, Louisiana, Massachusetts, Michigan, Mississippi, New Jersey, Texas, and
Wisconsin. Most recent research has focused on mixes prepared with terminal blend (i.e.,

Approach-1) binders.
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Figure 3.1: CRM application by Caltrans (3).

The experience of transportation departments in Florida and Louisiana that are applicable to
Approach-1 and potentially applicable to Approach-4 CRM binders are summarized as follows:

e The Florida Department of Transportation (DOT) started using rubber-modified binders in
the late 1990s. Up to 5% CRM with particles smaller than 300 um (passing the #50 sieve) is
permitted in binders used in dense-graded mixes, and up to 12% CRM with particles smaller
than 600 um (passing the #30 sieve) is permitted in binders used in open-graded mixes.
Long-term monitoring of pavement sections showed that these mixes produced with tire
rubber-modified binders exhibited a better friction index, better rutting resistance, and
better durability (11,10). In 2015, Florida DOT published a PG 76-22 asphalt rubber binder
(ARB) specification, which required a minimum of 7% CRM by weight of the binder. This
PG 76-22 binder is required to meet all criteria specified in AASHTO M 320 except for
solubility, which has been removed as a requirement. Laboratory and accelerated wheel
load test results indicated that dense-graded mixes containing this PG 76-22 ARB binder
provided similar rutting and cracking resistance to the same mix produced with PG 76-22
modified with styrene-butadiene-styrene (SBS) modified binder (9,12).

e The Louisiana DOT investigated adding up to 9% CRM in unmodified PG 64-22 binders using
a terminal-blending process to produce PG 76-22 rubber-modified binders. Laboratory and
accelerated wheel load test results indicated that this rubber-modified binder provided
comparable performance to PG 76-22 SBS-modified binders (13). The Louisiana DOT does
not have a solubility requirement for rubber-modified binders.
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34 Factors Effecting Binder Rheology Specific to CRM Binders

3.4.1 Effect of Rubber Grinding Method
All states using recycled tire rubber as an asphalt modifier appear to require ambient-ground

CRM.

3.4.2 Effect of CRM Content on Binder Properties

Considerable published research has been conducted on the effect of CRM content on binder
properties. However, only the literature focusing on CRM contents below 10% by weight of the
binder was reviewed (14-26). All of these studies noted clear changes in binder rheology after
the addition of as little as 3% CRM by weight of the binder, with the degree of change increasing
with increasing CRM content. Key rheological properties affected include higher viscosity,
increased stiffness, reduced phase angle, lower creep stiffness, and reduced storage stability
when compared to the unmodified control base binder. The low-temperature m-value property

did not appear to be influenced by increasing the CRM content by up to 10%.

3.4.3 Effect of CRM Particle Size on Binder Properties

The surface area of CRM particles increases with decreasing particle size. Consequently, smaller
particles are likely to interact with the base binder more effectively than larger particles, leading
to potentially shorter reaction times at lower blending temperatures, and to improve storage
stability (i.e., the period before separation of the CRM particles from the asphalt begins). Larger
particle surface areas also facilitate absorption of the light oils in the base binder, which promotes
digestion of the CRM. Several published studies have focused on evaluating the impact of CRM
particle size on the properties of asphalt rubber binders (27-33). Unfortunately, there was little
standardization of the sizes of CRM particles assessed (passing the #200 [75 um] up to #8
[2.36 mm] sieves) with no clear distinction of the boundary between what was considered to be
fine and coarse. However, the studies generally concluded that digestion times, phase angle, and
fatigue cracking resistance decreased with decreasing particle size, while stability, viscosity,
stiffness, and rutting resistance all increased with decreasing particle size. Low-temperature
creep stiffness did not appear to be significantly influenced by CRM particle size. Binder contents
in mixes also tended to decrease with decreasing CRM particle size used in the binder given that

gaps in the aggregate gradation can be smaller.
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3.5 Dry Process Rubberized Asphalt Mixes

Most published research on dry process rubberized asphalt mixes has focused on comparisons
of performance between dry and wet processes, based on expectations of performance
improvement rather than initiatives that use small amounts of CRM primarily as a means of using
more waste tires. Most studies used higher percentages of CRM than those proposed by Caltrans
for this study (i.e., typically higher than an equivalent of 0.5% by weight of the mix). Key findings
that were documented in studies (15,26,34-39) comparing dry and wet processes are
summarized below. It should be noted that comprehensive research to improve dry process
rubberized asphalt mix performance is currently being undertaken in a number of states and that
some of the issues identified below may have been addressed through improved asphalt plant
production procedures.

e The dry CRM did not effectively react with the asphalt binder.

e Dry process mixes had poorer compaction (i.e., higher air void contents).

e Dry process mixes had poor distribution of the CRM through the mix.

e Dry process mixes exhibited poorer cohesion between the binder and the aggregate leading
to increased moisture sensitivity.

e Dry process mixes generally had poorer rutting and fatigue cracking resistance, and higher
variability in performance parameters.

e The differences in performance between the two processes lessened in significance with
decreasing CRM content and decreasing CRM particle size.

e Dry process mixes were considerably cheaper to produce than wet process mixes given the
ease of adding it to the mix and the absence of a need for any significant plant
modifications.

One study (40) investigated adding 0.5% CRM by total weight of the mix in a dry process to a mix
produced with terminal blend rubber-modified binder with the objective of increasing total CRM
content. The CRM particles used in the tests were smaller than 1.18 mm (i.e., passing the #16
sieve) and were treated with extender oils before being added to the mix. Tests were carried out
to compare rutting and cracking performance of the mixes with and without addition of the dry
process CRM. The results indicated that the rutting performance of the dry process mix

diminished but the fatigue cracking resistance improved.
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3.6 Engineered Rubber Products

Engineered rubber projects include devulcanized tire rubber as well as a number of proprietary
formulations made from waste tires that can be used to modify asphalt. Simplification of the
blending process is usually the primary reason for their use (41-43). A number of published
studies have compared devulcanized rubber-modified binders with conventional asphalt rubber
binders and with SBS-modified binders (44—46). Findings from these studies indicate that
devulcanized rubber-modified binders can be prepared at lower temperatures than conventional
binders and that they generally have lower high-temperature viscosities. No differences in rutting

and cracking performance or in moisture resistance were noted between the three binder types.

3.7 Binder Testing Issues

The overall rubber-binder interaction in the rubber-modified binder is complex. It is generally
accepted that the evaluation criteria of rubber-modified binders should focus on physical

properties rather than on chemical properties (15).

The UCPRC is currently finalizing the development of a Superpave-type performance grading
testing procedure for asphalt rubber binders (2). The standard AASHTO M 320 procedure is not
considered appropriate given that the maximum CRM particle size permitted in the Caltrans
specifications (i.e., 100% passing the #8 [2.36 mm] sieve) exceeds by a considerable margin the
maximum recommended size for testing with a 25 mm diameter parallel plate with 1 or 2 mm
gap geometry in a DSR. The gap size should be a minimum of four times the size of the maximum
particle size (47,48). Removal of larger incompletely digested CRM particles (i.e., >500 um) to
allow testing with 2 mm gap parallel plate geometry, and testing in a concentric cylinder
geometry with a 6 mm gap, based on initial work by the FHWA (49), are currently being
investigated. Modified procedures for RTFO- and PAV-aging, and modified BBR specimen
preparation procedures, are also being developed to better represent plant production and field

conditions.

A parallel study by a Caltrans task group investigated using 25 mm parallel plate geometry with

a 3 mm gap (50). However, this study focused primarily on asphalt rubber binders used in chip
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seals, where the maximum CRM particle size is limited to 1.0 mm (i.e., passing the #14 [1.4 mm]

sieve) to prevent spray nozzle blockages. The study did not compare other procedures.

In this study, the standard Superpave PG method was used to test Approach-1 and Approach-4
CRM binders containing CRM particles smaller than 250 um. The modified Superpave PG method
discussed in the UCPRC report (2) was used to grade Approach-2 CRM binders containing CRM

particles smaller than 2.36 mm.

3.8 Mix Testing Issues

No references to any significant potential issues with regard to testing mixes prepared using any
of the proposed CRM binder and CRM mix approaches were found during the literature review
and none were anticipated. However, based on a general discussion in the literature, the
following factors would need to be taken into consideration during any future mix testing:

e A hold time, as used for RHMA-G mixes, may still be required after compacting specimens
(gyratory or rolling wheel) prepared with rubber-modified binders with smaller rubber
contents, given the tendency of the CRM in the specimens to continue swelling while still
hot. A similar hold time to that listed in the current Caltrans specifications for RHMA-G was
proposed as an interim measure.

e At least three replicates should be tested in any procedure given that the very small
amounts of CRM being added may have little to no effect on some test results. Test results
and comparisons of results of control and modified specimens need to be interpreted with
care given that the variation in results may be within the precision and bias range of a given
test (i.e., what appears to be a difference in performance between a control specimen and
a specimen prepared with a rubber-modified binder may be attributable to the expected
variability in results for that test).

e Adding between 0.25% and 0.5% dry CRM by total weight of the mix to the dry mix
ingredients prepared for compacting laboratory test specifications may not be
representative of production-scale mixes. Between 18 and 37 g of CRM is added to the
7.0 kg of aggregate typically required to prepare gyratory-compacted specimens. The very
small amount of dry rubber, small specimen sizes, and random CRM distribution in the
specimen may result in some variability in laboratory test results.

3.9 Pavement Performance Simulation Issues

Incorporation of CRM into asphalt binder changes the rheological properties, which in turn can

influence mix stiffness. Over the service life, rubber-modified mixes appear to age more slowly
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than conventional asphalt mixes, which also affects mix stiffness. These changes in mix stiffness

influence pavement performance over time.

Recent studies showed that oxidative aging might occur deeper than the top 20 mm (0.75 in.) of
the pavement surface (51,52), which in turn can have a greater effect on pavement performance.
The aged binder is stiffer than the original unaged binder, which can have either a positive or
negative affect on performance depending on layer thickness and location of the layer in the
pavement structure (53), given that traffic loading, mix stiffness, and relationships between
stiffness, fatigue life, and tensile strain all affect bottom-up fatigue cracking. Although stiffer
mixes are generally better for thicker pavements and softer mixes are generally better for thinner
pavements, mechanistic analyses are required to determine the optimal application for mixes
with different stiffness and fatigue properties at different strain scenarios. This concept is

illustrated in Figure 3.2 (54).
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Figure 3.2: General rules of fatigue resistance and stiffness (54).

In general, a relatively thin pavement layer (i.e., 0.2 ft. [60 mm)]) is strain controlled. Stiffening
of the binder generates more dissipated energy in the mix caused by strains from traffic and

environmental loading (i.e., daily temperature fluctuations cause thermal stresses), but because

16 UCPRC-RR-2020-06



the layer is thin the increased stiffness does not decrease the strains from traffic. This decreases
the time to failure for reflective cracking and bottom-up fatigue cracking. Stiffer mixes also have
a lower strain-at-break caused by extreme cold temperatures resulting in top-down thermal-
cracking. Conversely, thicker asphalt layers (i.e., >0.2 ft. [60 mm]) are primarily stress-controlled.
Stiffening of the binder can reduce layer bending and associated tensile strains, which have a
greater influence than the decreased fatigue life at a given strain, with the net effect of reducing

the risk of reflective and fatigue cracking.

Rubber-modified binders appear to have a slower rate of aging than unmodified binders,
indicating that rubber-modified mixes will have a slower increase in stiffening caused by
oxidation. In Figure 3.2, rubber-modified binder performance after long-term oxidative aging is
plotted as the solid line and conventional unmodified binder is plotted as a dashed line, which is

beneficial when used in thin layers (13,55).

The performance of rubber-modified mixes in other pavement structures, such as thick surface
layers, is not well understood and will require project-specific mechanistic-empirical simulations

to identify suitable applications.

3.10 Literature Review Summary

Many states have specifications that allow tire rubber as a substitution for SBS modification (e.g.,
California [PG-M], Florida [PG-ARB], and Louisiana [PG-CRM]), and their properties are similar to
Approach-1 discussed in this study. Limited published research on Approach-2, Approach-3, and

Approach-4 modification was found.

Although considerable research has been undertaken to understand the advantages and
disadvantages of using recycled tire rubber to modify asphalt binders, no published information
was found on initiatives focusing on adding small amounts of CRM to hot-mix asphalt as a means

of disposing of scrap tires rather than for binder modification to improve performance.

Preliminary indications from this literature review include the following:

e Binders modified using Approach-1, Approach-2, and Approach-4 will be influenced by the
CRM content and CRM particle size. Mix properties prepared using Approach-3 are also
likely to be influenced by CRM content and particle size.
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e It is unlikely that the performance grade of CRM binders prepared using Approach-2 and
Approach-4 will be the same as that of the base binder. A one-grade bump in the high-
temperature grade can be expected if 5% CRM by weight of the binder is added, and a two-
grade bump is likely when between 5% and 10% CRM is added.

e The use of smaller CRM particles (i.e., less than 1.4 mm) in Approach-2 and Approach-3
binders will probably have less effect on the binder and mix properties than larger CRM
particles (i.e., up to 2.36 mm).

e Although the objective of this investigation is to use more recycled tire rubber in asphalt
pavement, some benefits, including improved moisture resistance and improved rutting
and fatigue cracking resistance, are still likely despite the small quantities of CRM used.
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4. MATERIAL PREPARATION AND EXPERIMENTAL DESIGN

4.1 Introduction

This chapter discusses the material collection and experimental design for addressing the study
objectives. The selected CRM technologies were commercially available, and there was
agreement with Caltrans on which ones to include in the study as examples for their group before
any testing was started. Industry suppliers were asked to review the study plan and agree to it
prior to providing their technologies for testing. All binder samples provided to the UCPRC were
guaranteed by the suppliers to meet the requirements for the respective approach. The UCPRC

did not witness the preparation of any of the CRM binders.

4.2 Materials

Binders for the study were received from six different sources. Where applicable, the unmodified
base binders were also obtained for control purposes. All binders were stored at the UCPRC in a

temperature-controlled room maintained at 25°C (=77°F).

4.2.1 Approach-1Binders

Approach-1 binders were supplied by two refineries (Refinery-A and Refinery-B in this report),
and both met the Caltrans PG-M specification. Refinery-B provided an incomplete set of binders,
which prevented any detailed comparisons between binders. Binder test results for this supplier

are included for informational purposes. No mixes were produced with Refinery-B binders.

During binder production, unmodified base binders were blended with CRM particles, reported
by both suppliers to be smaller than 250 um (passing the #60 sieve), into a 25% concentrate by
weight of the binder. Base binder performance grade (PG) was selected by the supplier to ensure
that the CRM binder met the target PG. The concentrated rubber-modified binders were then
blended with additional softer binders (PG 58-28) and/or additives (e.g., styrene-butadiene-
styrene [SBS] and/or other polymers) to achieve the final 5% and 10% CRM content by weight of
the binder.

Samples of the base binders were supplied for use as control binders in the study. The PG 64-16

control binder from Refinery-A was also used in Approach-3 mixes with dry-process CRM.
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4.2.2 Approach-2 Binders

Approach-2 binders were produced at two Sacramento asphalt plants (Supplier-D and Supplier-F
in this report) following standard asphalt rubber field-blending procedures, but with target CRM
contents of 5% and 10% that are lower than the 18% to 22% used in standard asphalt rubber

binders.

Supplier-D provided two modified binders, one produced with a maximum CRM particle size of
2.0 mm (i.e., passing the 2.36 mm [#8] sieve] and one produced with a maximum CRM particle

size of 1.0 mm (i.e., passing the 1.18 mm [#16] sieve]). A PG 64-22 base binder was used for both.

Supplier-F provided one modified binder produced with the coarser (i.e., passing 2.36 mm) CRM

and an unmodified PG 64-22 binder from a different source to that used by Supplier-D.

Both suppliers reported that they did not use extender oils and that blending temperature was

190°C (=375°F). CRM gradations from Supplier-D are shown in Figure 4.1.
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Figure 4.1: Sieve analyses of the CRM samples from Supplier-D.

4.2.3 Approach-4 Binders

Approach-4 binders were provided by two suppliers (Supplier-C and Supplier-D in this report).
The unmodified PG 64-22 base binder sourced from Refinery-A and used as the control for the
Approach-1 binders and mixes from that refinery was provided to both suppliers to produce their

binders.
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Supplier-C produced a concentrated binder with 25% devulcanized rubber by weight of the
binder. CRM particles used were <250 um (passing the #60 sieve) and were supplied in a soluble
pellet form. This concentrated binder was then diluted at the UCPRC using the same PG 64-22

base binder to achieve the target 5% and 10% CRM content.

Supplier-D followed a similar process to Supplier-C, but used untreated but finer, ambient-ground

CRM particles (passing a 180 um [#80] sieve).

4.2.4 Aggregates

All mixes were prepared using a single aggregate source (crushed alluvial) sampled from an
asphalt plant in Sacramento. Reclaimed asphalt pavement (RAP) was sampled from the same
plant. Mix designs were based on a Caltrans-approved Type-A hot-mix asphalt (HMA) job mix

formula (JMF) provided by the asphalt plant.

The virgin aggregates included five bins: 3/4in., 1/2in., 3/8 in., 1/4 in. dust, and natural sand.
RAP was added at a rate of 15% by weight of the virgin aggregate. Bin gradations and percentage

of each bin used in the mix provided by the aggregate supplier are provided in Table 4.1.

Table 4.1: Aggregate Gradation Distribution

Sieve Size 3/4in. 1/2in. 3/8in. 1/4” Dust Sand 3/8” RAP

(mm [in./#]) (% passing) | (% passing) | (% passing) | (% passing) | (% passing) | (% passing)
25 (1) 100.0 100.0 100.0 100.0 100.0 100.0
19 (3/4) 95.3 100.0 100.0 100.0 100.0 100.0
12.5(1/2) 41.7 86.7 100.0 100.0 100.0 99.9
9.5 (3/8) 20.2 31.7 96.4 100.0 100.0 97.2
4.75 (#4) 7.5 1.1 29.0 95.7 99.8 64.9
2.36 (#8) 4.1 1.0 7.8 66.1 89.8 40.6
1.18 (#16) 2.8 1.0 4.9 46.3 76.8 28.0
0.60 (#30) 2.1 1.0 4.2 34.6 50.0 20.2
0.30 (#50) 1.7 1.0 3.5 25.7 20.0 12.8
0.15 (#100) 1.3 1.0 3.0 18.8 8.2 6.8
0.075 (#200) 1.3 0.7 2.8 12.9 2.8 2.3
% of mix gradation 15 12 27 22 9 15

Sampled aggregates and RAP were dried at 110°C (230°F) and 60°C (140°F), respectively for
24 hours and then stored in sealed buckets until batching. Batched samples were prepared using

the same bin percentages listed in the supplied JMF.
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The bulk specific gravity (Gmb) and the absorption of aggregates were calculated by the
saturated-surface-dry method following AASHTO T 84 and T 85. Table 4.2 summarizes the bulk

specific gravities of the coarse, fine, and combined portions of the batched aggregates.

Table 4.2: Aggregate Bulk Specific Gravity

Bulk Specific Gravity
Virgin Aggregate RAP Aggregate Combined
Coarse Fine Combined Coarse Fine Combined Virgin & RAP
2.76 2.65 2.71 2.70 2.63 2.65 2.70

Table 4.3 and Figure 4.2 show that both the original mix design gradation from the supplier and
the laboratory gradation produced by the UCPRC met the Caltrans 3/4 in. nominal maximum
aggregate size (NMAS) gradation specifications for Type-A HMA. The UCPRC laboratory gradation

was slightly finer than the supplier’s JMF gradation.

Table 4.3: Aggregate Gradations

. Aggregate Gradation (% passing)
Testing . :
Laboratory 3/4in. 1/2in. #Ha #8 #30 #200
(19 mm) (12.5 mm) (4.75 mm) (2.36 mm) (0.6 mm) (0.075 mm)
Supplier 98.5 84.1 46.2 30.6 16.3 4.2
UCPRC 99.3 89.6 48.8 31.5 16.6 4.5
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Figure 4.2: Plot of aggregate gradation.

Binder content in the RAP was determined by chemical extraction (AASHTO T 164) in accordance

with Caltrans specifications. The test results indicated a binder content of 4.0% by dry weight of
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the aggregate (DWA), which is close to the value (4.39%) listed in the supplied JMF. The aggregate
gradation in the RAP was determined after ignition of the RAP binder (AASHTO T 308).

An optimum binder content (OBC) was determined for each CRM mix following the Superpave
mix design method to account for any differences in the supplied binders. Mix designs are

discussed separately for each approach in Chapters 5 through 8.

4.3 Experiment Design

All of the binders prepared for each Approach were tested. However, due to time and funding
constraints, mix testing was carried out following a partial factorial that tested at least one group
of mixes (control, 5% CRM and 10% CRM) in each approach. Table 4.4 summarizes the binders
and mixes that were tested in each Approach. Binder identification codes include the following
information:

Source_Base binder PG_CRM content_CRM size_(SBS content if applicable)

4.4  Asphalt Binder Testing Experimental Design

The following binder tests were conducted to evaluate and characterize the properties of the
CRM binders:

e Performance grading of the binders.

e Multiple stress creep and recovery (MSCR) tests on Approach-1, Approach-2, and
Approach-4 binders to characterize permanent deformation resistance.

e Frequency sweep (FS) tests on Approach-1, Approach-2, and Approach-4 binders to
evaluate binder stiffness.

e Solubility and ductility tests on Approach-1 and Approach-4 binders to evaluate CRM
particle digestion and binder ductility.

e Fourier Transform Infrared (FTIR) spectroscopy tests on Approach-1, Approach-2, and
Approach-4 binders to track any changes in binder chemistry after aging.

Table 4.5 through Table 4.7 summarize the binder test factors and factor levels used in this study.

4.4.1 Performance-Grading
A dynamic shear rheometer (DSR) was used to determine the binder PG following AASHTO T 315.
The standard Superpave PG method was used to evaluate the control and the Approach-1 and

Approach-4 CRM binders (CRM size <250 um). A modified Superpave PG method (concentric
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cylinder geometry) currently being developed by the UCPRC (2) for asphalt rubber binders (PG-
AR) was used to evaluate the Approach-2 CRM binders (CRM size <2.36 mm). All Approach-2
binders were tested as-produced (i.e., incompletely digested CRM particles >500 pum were not
removed prior to testing) and consequently the results may have been influenced by the

presence of these particles given that asphalt binder and CRM particles age differently.

Table 4.4: Summary of Binder and Mix Testing

Approach | Refinery/ Blending CRM Maximum SBS Binder Identification Mix
Supplier Method Content CRM Size | Content Code? ID
Code (%) (mm) (%)

Control 0 N/A 0 A_64-16 A

Terminal 5 0.25 N/A A_64-16_5_0.25 B

A Terminal 10 0.25 N/A A_64-16_10_0.25 C

Control 0 N/A 0 A_70-10 D

Terminal 5 0.25 N/A A_70-10_5_0.25 E

Terminal 10 0.25 N/A A_70-10_10_0.25 F

1 Control 0 N/A 0 B_64-16 -
Terminal 5 0.25 0 B_64-22_5_0.25 -

Terminal 10 0.25 0 B_70-16_10 0.25 -

B Terminal 5 0.25 3.5 B_64-28_5_0.25_3.5SBS -

Terminal 10 0.25 3.5 B_70-22_10_0.25_3.5SBS | -

Terminal 0 N/A 3.5 B_64-22_3.5SBS -

Terminal 0 N/A 35 B_70-22_3.5SBS -

Control 0 N/A 0 D_64-22 S

Field 5 2.36 0 D_64-22 5 2.36 T

D Field 10 2.36 0 D_64-22_10 _2.36 U

5 Field 5 1.18 0 D_64-22 5 1.18 Vv
Field 10 1.18 0 D_64-22_10 1.18 w

Control 0 N/A 0 F_64-22 P

F Field 5 2.36 0 F 64-22_5 2.36 Q

Field 10 2.36 0 F_64-22_10 2.36 R

3 A Dry 5 2.36 0 A_64-16_5_2.36_DRY G
Dry 10 2.36 0 A_64-16_10_2.36_DRY H

Control 0 N/A 0 A _64-22 J

C Field 5 0.25 0 C_64-22_5_0.25 K

4 Field 10 0.25 0 C_64-22_10_0.25 L
Control 0 N/A 0 A_64-22 J

D Field 5 0.18 0 D_64-22_5 0.18 -

Field 10 0.18 0 D_64-22_10 0.18 -

2 Binder ID format: binder source_PG_CRM content in percentage_maximum CRM particle size in mm.
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Table 4.5: Approach-1 Binders: Factors and Factorial Levels

Factor Factorial Details
Levels
Binder source 2 Two refineries, one from California
Modified binder PG 2 PG 64-16 and PG 70-10
CRM content 3 0%, 5%, and 10% by total weight of the binder
CRM size 1 <250 pum (passing #60 sieve)
SBS polymer content 2 0% and 3.5% by total weight of the binder in select binders

Total number of binders tested: 13

Table 4.6: Approach-2 Binders: Factors and Factorial Levels

Factor Factorial Details
Levels
Binder source 2 Supplier-D and Supplier-F
Base binder PG 1 64-22
CRM content 3 0%, 5%, and 10% by total weight of the binder
CRM size 2 <2.36 mm (passing #8 sieve) & <1.18 mm (passing #16 sieve)

Total number of binders: 8

Table 4.7: Approach-4 Binders: Factors and Factorial Levels

Factor Factorial Details
Levels

Base binder source 1 Refinery-A
Base binder PG 1 64-22
CRM source 2 Supplier-C and Supplier-D
CRM content 3 0%, 5%, and 10 % by total weight of the binder
CRM size 2 <250 um (passing #60 sieve) and <180 um (passing #80 sieve)
Total number of binders: 5

Short-term aging of the binders was simulated by RTFO-aging following AASHTO T 240. For the
control and the Approach-1 and Approach-4 CRM binders, the RTFO-aging was conducted at the
standard 163°C with 35 g of binder in each RTFO bottle. Approach-2 binders were RTFO-aged at
190°C using 37 g and 39 g specimens for 5% and 10% CRM contents respectively, in line with the

proposed PG-AR testing procedures (2).

Long-term aging of the binder was simulated by PAV-aging following AASHTO R 28. Specimen
weight for the control and the Approach-1 and Approach-4 CRM binders was 50 g per pan.
Specimen weights were increased to 53 g and 56 g for Approach-2 binders with 5% and 10% CRM

contents, respectively, in line with the proposed PG-AR testing procedures (2).

The low-temperature PGs were determined on PAV-aged binders using a bending beam
rheometer (BBR) following AASHTO T 313. Specimens of the control and the Approach-1 and

Approach-4 binders were prepared using a standard BBR mold. Approach-2 binder specimens
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were prepared using the proposed PG-AR modified BBR mold (2), which allows pouring of the

binder in the width-dimension instead of the thickness-dimension.

4.4.2 Multiple-Stress Creep Recovery

Multiple-stress creep recovery tests were performed on RTFO-aged binders following
AASHTO T 350. The test temperature was universally set to 64°C based on the high temperature
PG of the control (base) binders. Parallel plate geometry was used for testing the control and the
Approach-1 and Approach-4 binders, and concentric cylinder geometry was used for Approach-
2 binders. The non-recoverable creep compliance was calculated as an indicator of the rutting
resistance, and the average percent recovery was used to evaluate the effects of rubber

modification.

4.4.3 Frequency Sweep

Frequency sweep tests were performed on RTFO-aged control and the Appoach-1 and
Approach-4 binders using an 8 mm parallel plate geometry in a DSR at temperatures of 4, 20, and
40°C, and frequencies between 25.1 and 0.1 radians/second. A constant 0.1% strain was applied

to prevent any nonlinear viscoelastic behavior in the binder.

Frequency sweep tests on Approach-2 binders were conducted with a concentric cylinder
geometry with a 10 mm bob and 9.5 mm gap at intermediate temperatures of 20, 40, and 50°C.
Tests could not be run at 4°C because the concentric cylinder geometry used has not been
calibrated at this low temperature (2). The test strain was maintained at 0.01% to avoid any non-

linear viscoelastic behavior in the binder.

A symmetric sigmoidal fit function was used to convert the frequency sweep data into a master
curve at the reference temperature using the fit function in Equation 4.1 (56). The midpoint of
the temperature testing range was selected as the reference temperature (i.e., 20°C for

Approach-1 and Approach-4 binders and 40°C for Approach-2 binders):

a
1+eB+vlogwfr

log|lE*| =6 + (4.1)

Where:
| E*|: magnitude of complex modulus (kPa)

a: fitting parameter (the high asymptote of the master curve)
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6: fitting parameter (the lower asymptote of the master curve)

8, y: fitting parameters (the slope of the transition region of the master curve)

w:  frequency (Hz)

fr reduced frequency, which is the shifted frequency at the reference temperature from the
frequency at the test temperature (Hz)

Equation 4.1 can be used to generate a binder master curve by substituting the complex modulus
(E*) with the shear complex modulus (G*). The reduced frequency can be calculated using the

Arrhenius equations (Equations 4.2 and 4.3), which are based on the time-temperature

superposition (56):

logf, = logf + logar (4.2)
Eq 1 1

logar = Rn10) (; — T—r) (4.3)

Where:

f: frequency sweep test loading frequency (Hz)

ar: shift factor as a function of temperature in Kelvin (°K)

E,: activation energy (Jol/Molar)

T: test temperature (°K)

T.: reference temperature (°K)

R: ideal gas constant, 8.314 J/ (°K molar)
Measured dynamic moduli can be horizontally shifted into a single master curve at the reference
temperature using the above equations. The shift factor (ar) can be determined using the solver

function by minimizing the sum of squares error between the predicted and measured dynamic

moduli in Microsoft Excel®. Figure 4.3 and Figure 4.4 show examples of the fitting procedure.

4.4.4 Solubility and Ductility
The solubility test was conducted on unaged binders following AASHTO T 44, and the ductility
test was run on RTFO-aged binders following AASHTO T 51. These two tests were completed by

a contract testing laboratory, with binders provided by the UCPRC.

4.4.5 Viscosity
Rotational viscometer tests were used to determine the mixing and compaction temperatures

for field-blended CRM binders (Approach-2 and Approach-4) following AASHTO T 316. The mixing
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and compaction temperatures for Approach-1 binders were reported by the suppliers based on

results using the same test procedure.
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Figure 4.3: Example of modulus master curves: Plotted by frequency at tested temperature.
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Figure 4.4: Example of modulus master curves: Plotted by shifted frequency.

Tests were conducted at 135°C and 165°C. A viscosity chart was plotted based on the measured
binder viscosities at these two temperatures to determine the mixing and compaction

temperatures where the viscosities were 0.17 and 0.28 Pa s, respectively.

4.4.6 Fourier-Transform Infrared Spectroscopy
Chemical component changes in the unaged, RTFO-aged, and PAV-aged binders were evaluated

using Fourier-transform infrared spectroscopy with attenuated total reflection (FTIR-ATR).
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The spectra measured by the FTIR are recorded in a reflective mode, from 4,000 to 400 cm™, at
a resolution of 4 cm™. Each measurement entails 24 scans, and an average value is recorded.
Nine replicate measurements were taken to ensure that representative measurements of each
binder sample were collected. The carbonyl and sulfoxide components were used to track
oxidative aging, which are usually defined by the peaks at 1,680 cm™ and 1,030 cm™ (52,57-59).
The tangential integration of the component area index was calculated between the upper and

lower wavenumbers. Table 4.8 lists the wavenumbers used in this study.

Table 4.8: FTIR Wavenumber Limits of Chemical Area Indices

Component Index Lower Wave Number (cm™) | Upper Wave Number (cm™)
Carbonyl 1,675 1,750
Sulfoxide 982 1,050

The spectra were normalized using the aliphatic band at 2,923 cm™ to eliminate any variability
introduced by the operator and any background impacts between repeat measurements. This
aliphatic band structure is not affected by aging over time (59,60). The chemical component area
index was then integrated from the normalized spectra using Equation 4.4 (59). Figure 4.5 shows

an example of a spectrum and the respective component.

I = 2 a(wydw — Ll oy (4.9)
Where:

Ii: index of area i

w;i:  lower wavenumber integral limit of area i

wyi: upper wave number integral limit of area i
a(w): absorbance as a function of wavenumber

4.5  Asphalt Mix Testing Experimental Design

The following asphalt mix tests were conducted to evaluate the laboratory performance of CRM
mixes:

e Volumetric mix design of CRM mixes following Caltrans specifications.

e Asphalt mixture performance tester (AMPT) dynamic modulus (DM) and flexural modulus
frequency sweep (FS) testing to evaluate mix stiffness at various temperatures and
frequencies.

e AMPT repeated load triaxial (RLT) testing to evaluate permanent deformation resistance.

e Hamburg wheel track testing (HWTT) to evaluate moisture damage resistance.
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Figure 4.5: Example of normalized FTIR absorbance spectrum.
Plot shows tangential integration with carbonyl and sulfoxide areas.

e Flexural beam fatigue (FAT) testing to characterize fatigue performance under strain-
controlled conditions.

e Semicircular bending (SCB) testing to evaluate fracture cracking resistance.

e Uniaxial thermal stress and strain testing (UTSST) to evaluate low-temperature cracking
resistance. This test was not conducted on Approach-2 CRM mixes. All testing was
performed at the University of Nevada, Reno.

Table 4.9 through Table 4.12 summarize the mix test factors and factor levels used in this study.

Table 4.9: Approach-1 Mixes: Factors and Factorial Levels

Factor Factorial Details
Levels

Binder source 1 Refinery-A
Modified binder PG 2 PG 64-16 and PG 70-10
CRM content 3 0%, 5%, and 10% by total weight of the binder
CRM size 1 <250 um (passing #60 sieve)
Aggregate source 1 Crushed alluvial with 15% RAP
Total number of mixes: 6

Table 4.10: Approach-2 Mixes: Factors and Factorial Levels

Factor Factorial Details
Levels

Binder source 2 Supplier-D and Supplier-F
Base binder PG 64-22
CRM content 3 0%,5%, and 10% by total weight of the binder
CRM size 2 <2.36 mm (passing #8 sieve) and <1.18 mm (passing #16 sieve)
Aggregate source 1 Crushed alluvial with 15% RAP
Total number of mixes: 8
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Table 4.11: Approach-3 Mixes: Factors and Factorial Levels

Factor Factorial Details
Levels

Binder source 1 Refinery-A
Binder PG 1 64-16
CRM content 2 0.25% and 0.5% by total weight of the aggregate
CRM size 1 <2.36 mm (passing #8 sieve)
Aggregate source 1 Crushed alluvial with 15% RAP
Total number of mixes: 2

Table 4.12: Approach-4 Mixes: Factors and Factorial Levels

Factor Factorial Details
Levels

Base binder source 1 Refinery A
Base binder PG 1 PG 64-22
CRM source 1 Supplier-C
CRM content 3 0%, 5% and 10% by total weight of the binder
CRM size 1 <250 um (#60 sieve)
Aggregate source 1 Crushed alluvial with 15% RAP

Total number of mixes: 3

4,51 Volumetric Mix Design
A Superpave mix design was completed for each binder following AASHTO M 323 using the job
mix formula provided by the asphalt plant (aggregate supplier) as a baseline. Mix designs are

discussed for each Approach in Chapters 5 through 8.

After determining the optimum binder content, mix testing specimens were produced at the
target air-void contents. Table 4.13 summarizes the factors for these tests. The air-void contents
of the HWTT, beam, and SCB specimens were determined according to AASHTO T 166 (saturated
surface-dry [SSD] method). The air-void contents of AMPT and UTSST specimens were
determined according to AASHTO T 331 (CoreLok). Theoretical maximum specific gravity (Gmm)

was determined according to AASHTO T 209.

After completing the mix design, specimens were prepared for testing according to

AASHTO T 312 (AMPT, HWTT, SCB, and UTSST) or AASHTO PP 3 (beam fatigue).

4.5.2 Dynamic Modulus
Dynamic modulus testing followed AASHTO T 378 using an AMPT with specimens prepared in a

gyratory compactor.
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Specimens were tested at 4, 21, 38, and 54°C at frequencies between 25 and 0.1 Hz. Measured
dynamic moduli and phase angles were horizontally shifted into a master curve at 20°C using

Equations 4.2, 4.3, and the Williams-Landel-Ferry shift function (61) in Equation 4.5.

Table 4.13: Summary of Mix Test Factors

Test | Air-Void Content Temperature Testing Parameters Replicates
(%) (%)
DM 7.0+0.5 4,21, 38,54 Strain controlled (100 pstrain) at 0.1-25 Hz 3
FS 7.0+1.0 10, 20, 30 Strain controlled (100 pstrain) at 0.01-15 Hz 3
RLT 7.0£0.5 50 Unconfined specimen 4
HWTT 7.0+1.0 50 Submerged specimen 4
FAT 7.0+1.0 20 3 strain levels (200, 300, 400 pstrain) at 10 Hz | 3/strain level
SCB 7.0+1.0 25 Loading rate of 50 mm/min 4
UTSST 7.0+1.0 -A10/hour Unconfined specimen 4
log(ar) = G- Ty) (4.5)
Co+(T-Ty)
Where:

ar: shift factor as a function of temperature T
T: test temperature in Kelvin (°K)
T.: reference temperature in Kelvin (°K)
C1 and C2: fitting parameters
4.5.3 Flexural Modulus

Flexural beam frequency sweep testing followed AASHTO T 321 using a beam fatigue apparatus

and beams prepared using a rolling wheel compactor.

Specimens were tested at 10, 20, and 30°C at frequencies between 15 and 0.01 Hz. A sinewave
frequency was applied to produce a tensile strain of 100 pstrain on the longitudinal surface of
the beam. The measured stiffnesses and phase angles were horizontally shifted into master
curves at 20°C using Equations 4.2 and 4.5. Flexural stiffnesses were used in the CalME

simulations discussed in Chapter 9.

4.5.4 Rutting Resistance (AMPT)

Permanent deformation resistance testing followed AASHTO T 378 using an AMPT with
specimens prepared in a gyratory compactor. The repeated load triaxial parameters assessed
included flow number and the number of cycles to reach 5% permanent axial strain (PAS).

Specimens were tested with no confinement under a deviator stress of 483 kPa (62—64).
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4.5.5 Rutting and Moisture Resistance (HWTT)
Rutting and moisture resistance testing was done using a Hamburg wheel tracking (HWT) device
following AASHTO T 324 with specimens prepared in a gyratory compactor. Water temperatures

were maintained at 50°C.

4.5.6 Fatigue Cracking Resistance

Fatigue cracking resistance testing followed AASHTO T 321 on beams prepared using a rolling
wheel compactor. Beam specimens are subjected to four-point bending by applying sinusoidal
loading at three different strain levels (high, intermediate, and low) at a frequency of 10 Hz and
temperature of 20°C. The fatigue life for each strain level was selected as the maximum value of

the product of stiffness at each number of cycles multiplied by the number of cycles.

In this study, the testing approach currently specified in AASHTO T 321 was modified to optimize
the quantity and quality of the data collected. Replicate specimens were first tested at high and
medium strain levels to develop an initial regression relationship between fatigue life and strain
(Equation 4.6). Strain levels were selected, based on experience, to achieve fatigue lives between
10,000 and 100,000 load cycles and between 300,000 and 500,000 load cycles for high and
medium strains, respectively. Additional specimens were then tested at lower strain levels
estimated to achieve a fatigue life of about 1 million load repetitions based on linear
extrapolation of the log-log relationship between strain and fatigue lives from the first two strain
levels. The final linear regression relationship between fatigue life and strain was then updated

using the measured fatigue life at the lowest strain level.

InN=A+Bxe (4.6)

Where:
N: fatigue life (number of cycles)

€: strain level (ustrain)

Aand B: model parameters
Test results were also used to generate the material fatigue response in the CalME simulations,
discussed in Chapter 9, taking into consideration that ranking of mixes for fatigue life based on
controlled-strain laboratory test results will generally correspond with field fatigue or reflective

cracking performance for overlays thinner than about 75 mm (0.25 ft.) but may not correspond
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with expected field performance for thicker layers of asphalt. For thicker layers, the interaction
of the pavement structure, traffic loading, temperature, and mix stiffness with the controlled-
strain beam fatigue results needs to be simulated using mechanistic analysis to rank mixes for

expected field performance.

4.5.7 Fracture Cracking Resistance (SCB)
Fracture cracking resistance was assessed in terms of fracture energy, strength, and flexibility
index (FI) determined from the semicircular bending test following AASHTO TP 124 on gyratory-

compacted specimens.

Tests were run at 25°C with four replicates. Fracture energy, strength, and flexibility index were
determined using Equations 4.7 through 4.9, respectively. Potential differences in notch
properties in the specimen (i.e., notch ending in the mastic, fine aggregate matrix, against a large
aggregate, or within a large aggregate) were taken into consideration when assessing variability

between replicate test results (65).

Wy

— 6
- Areajig- x 10 (4'7)
I
o== (4.8)
Gf
FI = Ax—L (4.9)
|Spp|
Where:
Gr. fracture energy (Joule/m?)
Wr:  work of fracture (Joule)

Areag: ligament area (mm?)

o: strength of the SCB specimen

Lp: peak load applied during the test

r: radius of the SCB specimen

t: thickness of the SCB specimen

Fl: flexibility index

A: correlation parameter, a typical value is 0.01

Spp:  post-peak slope

4.5.8 Low-Temperature Cracking Resistance (UTSST)
Low-temperature cracking resistance testing followed ASTM D8303 on gyratory compacted

specimens. Compacted specimens were oven-aged according to AASHTO R 30 at 85°C for
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120 hours to simulate long-term aging. Specimens were prepared at the UCPRC and testing was

done at the University of Nevada, Reno.

Aged specimens were conditioned at 20°C. An initial tensile load of 20+10 N was applied,
followed by cooling at a rate of 10°C per hour until the restrained specimen failed. The fracture
temperature was defined as the temperature at which the applied loading reduced by 25%, or a
global fracture was observed. Behavior was evaluated in terms of the cracking resistance index

(CRIeny) and environmental adjustment factor (Feny), determined with Equations 4.10 and 4.11,

respectively (66).
A A
Ay+a; (1L
CRIpny = V2 % Py (4.10)
( 9 /U'f)
Fony = 2L (4.12)
vgt—crit
Where:
AV: area of viscous behavior
Ai: area of crack initiation
AP: area of crack propagation
ovgt: thermal stress at viscous glassy transition (kPa)
of: thermal stress at fracture (kPa)

Avgt-F: area under the thermal stress-strain plot between the viscous glassy transition
temperature and the fracture temperature of the restrained UTSST specimen

Avgt-crit: area under the thermal stress-strain plot between the viscous glassy transition
temperature and the required environmental temperature at a given location

4.6 Pavement Performance Simulations Using CalME Software

In addition to the laboratory evaluation, expected performance of CRM mixes was simulated

under a range of pavement structures, climate conditions, and traffic using the CalME software.

CalME uses incremental-recursive functions to account for fatigue damage using the entire
damage curve. The cracking effect is described as a layer stiffness reduction during the
simulation. The damage rate is correlated to the strain energy in the material throughout the
simulation period, which changes continuously with changes in loading frequency and
temperature gradient. The simulation result is obtained from an empirical function based on field

observations of the correlation between visual surface cracks and mix stiffness. The critical
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location for fatigue damage is calculated at the bottom of the asphalt layer(s) based on tensile
strains under the vehicle loading stress, temperature gradient stress, and material stiffnesses

determined from the frequency sweep test.

CalME simulations were used to predict likely CRM mix performance in the field and to compare
it to that of conventional dense-graded mixes. This simulation was expected to provide

information for identifying where CRM materials can be effectively used.

Simulation results are presented in terms of reflective cracking in overlays on asphalt concrete

and portland cement concrete. No rutting simulations were conducted in this phase of the study.
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5. EVALUATION OF APPROACH-1 BINDERS AND MIXES

5.1 Introduction

This chapter discusses the test results for Approach-1 CRM binders and mixes. Binder test results
are presented first, followed by mix test results. Summary plots are presented in the text, while
more detailed, tabulated results are provided in Appendix A. Details on the binders tested and

the binder and mix testing details are discussed in Chapter 4 and are not repeated in this chapter.

Approach-1 binders (i.e., control, and with 5% and 10% CRM) provided by the two refineries were
prepared to meet target performance grades. To do this, suppliers needed to adjust base binders,
blend binders, and/or use additives. Consequently, direct comparisons between the control and
modified binders and between binders modified with 5% and 10% CRM should be done with
caution, given that the adjustments and/or additives may have also influenced behavior beyond
that of the CRM content alone. Refinery-B did not supply a complete set of binders, and

consequently detailed comparisons between these binders were not feasible.

5.2  Approach-1 Binder Test Results

5.2.1 Introduction

Unmodified and CRM binders were grouped by binder performance grade (PG) as follows.
Performance parameters evaluated included binder PG at high, intermediate, and low
temperatures; multiple stress creep recovery (MSCR); stiffness master curves from frequency
sweeps; solubility; ductility; and aging resistance potential. The control and CRM binders are
compared within each PG group, but not between groups:

e Refinery-A binders were grouped into PG 64-16 and PG 70-10 sets with each set containing
an unmodified control, binder with 5% CRM, and binder with 10% CRM.

e Refinery-B binders were grouped into similar PG 64-XX and PG 70-XX sets but with only a
PG 64-16 control binder. Note that Refinery-B did not provide a complete set of binders.

5.2.2 High-Temperature Grading
High-temperature grading results are listed in Table A.1 (unaged) and Table A.2 (RTFO-aged) in
Appendix A. Figure 5.1 through Figure 5.4 show the average high temperature testing results for

the unaged and RTFO-aged binders from both refineries. Dashed lines on the plot indicate the
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1.00 kPa and 2.20 kPa test thresholds for unaged binders and RTFO-aged binders, respectively.

The results show that:

e All Refinery-A binders met the PG requirements (>1.0 kPa for unaged binders and >2.20 kPa

for RTFO-aged binders) at their respective grading temperatures.

e All Refinery-B PG 64 binders passed the high-temperature criteria under unaged and RTFO-

aged conditions. All PG 70 binders passed in the unaged condition, while two of the three
passed under RTFO-aged conditions. The B_70-22_10_0.25_3.5SBS binder failed marginally
at 0.04 kPa lower than the required minimum. This indicates that some part of the hybrid
modification of the binder using 10% CRM and 3.5% SBS likely decreased the rate of age-
hardening during RTFO-aging.

Figure 5.5 through Figure 5.8 show the phase angles for the unaged and RTFO-aged binders from

both refineries. The results show that:

e The phase angles of the RTFO-aged binders were lower than those of the unaged binders,

as expected, indicating that RTFO-aging stiffened the binder.

e Adding 5% and 10% CRM had limited effect on phase angle but adding SBS had a significant
effect, indicating that this additive changed the elastic properties of the binder.

Table 5.1 summarizes the continuous grades for the binders. The continuous grade is defined as

the temperature where the unaged binder’s G*/sin(68) value equals 1.00 kPa and the RTFO-aged

binder’s G*/sin(68) value equals 2.20 kPa.

Table 5.1: App-1: Continuous Grades

Refinery Binder ID Unaged Binder (°C) RTFO-Aged Binder (°C) Hardening Ratio
G*/sin(6) Grade G*/sin(8) Grade G*/sin(8)(RTFO) /
=1.00 kPa change =2.20 kPa change G*/sin(6)

(Unaged) at 64°C
A_64-16 67.1 N/A 66.5 N/A 2.07
A_64-16_5_0.25 67.0 -0.1 67.6 +1.1 2.44
A A_64-16_10_0.25 68.3 +1.2 68.5 +2.0 2.33
A_70-10 71.4 N/A 70.8 N/A 2.11
A_70-10_5_0.25 71.9 +0.5 72.2 +1.4 2.49
A_70-10_10_0.25 72.7 +1.3 72.6 +1.6 2.30
B_64-16 69.8 N/A 69.8 N/A 2.27
B_64-22_5_0.25 67.0 -2.8 66.5 -3.3 2.11
B_64-22_3.5SBS 69.4 -0.4 66.7 -3.1 1.77
B B_64-28 5 0.25_3.5SBS 66.2 3.6 64.5 5.3 1.94
B_70-16_10_0.25 70.9 +1.1 72.2 +2.4 2.77
B_70-22_3.5SBS 74.5 +4.7 72.7 +2.9 2.00
B_70-22_10_0.25_3.5SBS 72.5 +2.7 69.8 +0.0 1.85
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PG 70 binders at 70°C.
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The results show that:

¢ In the unaged condition, the continuous grades of the control and the CRM binders were
similar, while the SBS-modified binders had notably higher grades.

e After RTFO aging, the continuous grades of the Refinery-A CRM binders were marginally
higher than the control, while those of the Refinery-B CRM binders were lower. These
differences indicate that the binder formulations used by different suppliers to meet PG
requirements may have influenced some properties of the binder. Adding SBS led to a
notable reduction in the continuous grade of the PG 64 binders, but a notable increase for
the PG 70 binders, with differences dominated by differences in phase angle.

The G*/sin(68) values of the RTFO-aged binders were divided by the corresponding values of the
unaged binders to determine an age-hardening ratio. Although this ratio is not considered to be
a performance indicator, it is a useful parameter for further assessing the effects of short-term
aging on binder properties. A hardening ratio of 2.2 implies that the unaged and RTFO-aged
binders would have the same high-PG. The results show that:

e The hardening ratios of the control binders were less than 2.2 with the exception of the
Refinery-B PG 64 control, which was marginally higher with a ratio of 2.27.

e All of the CRM binders had hardening ratios higher than 2.2.

e The four Refinery-B binders containing SBS had notably lower hardening ratios than the
other binders, with ratios ranging between 1.77 and 2.00.

5.2.3 Intermediate-Temperature Grading

Intermediate-temperature grading results are listed in Table A.3 in Appendix A. Figure 5.9 and
Figure 5.10 respectively show the average intermediate temperature test results for Refinery-A
and Refinery-B PAV-aged binders. In the figures, the histograms represent the G*xsin(8) values
at 25°C, and the dot points show the continuous grades at the temperature where the binder
G*xsin(8) values equal 5,000 kPa, as specified in AASHTO M 320. The results show that:

e The CRM binders were softer than their control binders in each PG group after PAV-aging,
which indicated potentially better fatigue cracking resistance in a thin overlay application
where cracking behavior would be strain-controlled.

e CRM binders with 10% CRM were stiffer than those with 5% CRM in the same PG group.

e The Refinery-B binders had lower intermediate temperatures and lower stiffnesses at 25°C
than the Refinery-A binders, supporting the observation that different binder and additive
formulations had been used to meet the PG targets.

e Binders with SBS had the lowest continuous grades and stiffnesses of all the binders tested.
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Figure 5.9: App-1/Ref-A: G*xsin(8) of PAV-aged binders at 25°C.
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Figure 5.10: App-1/Ref-B: G*xsin(8) of PAV-aged binders at 25°C.

5.2.4 Low-Temperature Grading

Bending beam rheometer test results are listed in Table A.4 in Appendix A. Figure 5.11 and
Figure 5.12 show selected average bending beam rheometer results for the Refinery-A and
Refinery-B PAV-aged binders. Only one test temperature is shown for each binder (i.e., -6°C for
PG 64-16, -12°C for PG 64-22, -18°C for PG 64-28, and 0°C for PG 70-10). The maximum allowable

creep stiffness (300 MPa) and lowest minimum allowable m-value (0.300) limits at the selected

measuring temperature are shown as dashed lines on the plots.
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Figure 5.12: App-1/Ref-B: Low-temperature creep stiffness and m-value.

The results show that:

e All binders passed the low-temperature stiffness and m-value criteria at the minimum
measuring temperatures.

e When comparing results in the same PG group, Refinery-A CRM binders had lower creep
stiffnesses and m-values that were equal to or greater than the corresponding control
binders. This implies that the CRM binders would likely have better low-temperature
cracking performance than the control binders.

e Refinery-A CRM binders with 5% CRM had better low-temperature performance than
binders with 10% CRM.
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e The results for the Refinery-B binders are inconclusive given that an incomplete set of
binders was provided for testing.

Additional BBR tests were run at lower temperatures (i.e., -18°C and -24°C) to calculate critical
temperatures for the binders (i.e., where stiffness equals 300 MPa or m-value equals 0.300). The
results are summarized in Table 5.2. The difference between the critical temperatures calculated
by stiffness and m-value (delta T. or AT.) is an indicator of the binder stress relaxation (67). Less
negative or positive differences in AT, indicate better resistance to thermal cracking. Less
negative or positive differences in AT. occur when the critical parameter for meeting the
specification is the m-value, or if the critical value is stiffness then the m-value temperature is

similar.

Table 5.2: App-1: Low-Temperature Test Results

Refinery Binder ID Te-stiffness Te-mvalue AT,
(kQ) (*Q) (°q)

A_64-16 -11.0 -14.5 34

A_64-16_5_0.25 -15.1 -15.3 0.3

A A_64-16_10_0.25 -12.9 -17.2 4.3
A_70-10 -10.0 -21.9 11.9

A_70-10_5_0.25 -10.3 -9.7 -0.6
A_70-10_10_0.25 -8.1 -10.6 2.6

B_64-16 -13.7 -12.3 -1.3

B_64-22_5_0.25 -16.7 -15.6 -1.1
B_64-22_3.5SBS -20.1 -17.3 -2.8

B B_64-28 5 0.25_3.5SBS -25.4 -23.9 -1.5
B_70-16_10_0.25 -13.1 -7.9 -5.2
B_70-22_3.55BS -18.2 -13.2 -5.0
B_70-22_10_0.25_3.5SBS -21.1 -17.9 -3.1

The results show that:

e The critical temperatures of the Refinery-A binders were dominated by m-value, while
those of the Refinery-B binders were dominated by creep stiffness.

e All but one of the Refinery-A binders had a positive AT. value, while all of the Refinery-B
binders had negative AT values.

e Adding 5% CRM to Refinery-A binders had little impact on AT, while adding 10% CRM
showed a distinct increase in AT..

e Adding SBS to the Refinery-B binders had a notable effect on AT..
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5.2.5 Multiple Stress Creep Recovery

Multiple stress creep recovery test results are listed in Table A.5 in Appendix A. Figure 5.13
through Figure 5.16 respectively show the average MSCR test results at 64°C for the RTFO-aged
binders from Refinery-A and Refinery-B. The results show that:

e Adding CRM to the Refinery-A PG 64 binders lowered the non-recoverable creep
compliance (Jnr), with 10% CRM having a larger effect than 5% CRM. The opposite was
observed for the PG 70 binders, with CRM binders showing higher Jnr values, and lower
CRM contents having a larger effect than higher contents. This is attributed in part to the
supplier having to adjust the constituents of the CRM binders to meet the target PG. The
results from the PG 64 binders were consistent with MSCR tests on asphalt rubber binders,
which typically show lower Jnr values than the corresponding base binder from which it
was produced.

e Adding CRM to binders, regardless of source, increased the percent recovery of the binder,
as expected, with increasing CRM content having a corresponding increase in percent
recovery.

e Adding 3.5% SBS to select Refinery-B binders resulted in a significant decrease in Jnr values
and a significant increase in elastic recoveries, indicating that SBS had a different influence
on binder properties compared to CRM. This implies that SBS modification would
potentially result in better rutting performance than modification with CRM, despite the
lower age-hardening of the SBS modified binders after RTFO-aging as shown in Table 5.1.

e The results for the Refinery-B binders were inconclusive given that an incomplete set of
binders was provided for testing.

5.2.6 Frequency Sweep

Figure 5.17 and Figure 5.19 show the master curves for Refinery-A and Refinery-B RTFO-aged
binders, and Figure 5.18 and Figure 5.20 show the curves normalized to the control binders to
facilitate comparison. The master curves were developed at 20°C using measured dynamic
moduli and phase angles from the frequency sweep tests. The following observations were made:

e The results for Refinery-A show that the master curves for binders within the same PG
group were not significantly different. The results for the Refinery-B binders are
inconclusive given that an incomplete set of binders was provided for testing.

e At 20°Cand 1E-05 Hz, which corresponds to 64°C and 10 Hz on a trafficked pavement based
on the time-temperature superposition principle, the normalized moduli of the CRM
binders were between 0.3 and 1.8 times those of the control binders.
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Figure 5.17: App-1/Ref-A: RTFO-aged binder master curves at 20°C.

Figure 5.18: App-1/Ref-A: Normalized RTFO-aged binder master
curves at 20°C.
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Figure 5.19: App-1/Ref-B: RTFO-aged binder master curves at 20°C.
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Figure 5.20: App-1/Ref-B: Normalized RTFO-aged binder master
curves at 20°C.
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e At 20°C and 10 Hz, at which binder fatigue tests were conducted, the CRM binders had
lower dynamic moduli than their control binders in the same PG group (except for the
Refinery-B PG 70-10 CRM binder with 10% CRM), indicating that most CRM binders were
softer than the control binders and would therefore be expected to have better fatigue
performance in strain-controlled fatigue tests.

e Dynamic modulus at higher frequencies (>1E+04 Hz at 20°C) can be used as an indicator of
low-temperature performance. However, the master curve regression model is often not
precise at these higher frequencies, as previous studies have suggested (68,69), and
consequently the BBR test is considered to be a more appropriate indicator of low-
temperature performance than the master curve.

5.2.7 Solubility
Figure 5.21 and Figure 5.22 show the solubility test results for the unaged Refinery-A and
Refinery-B binders, respectively. The results show that:

e All binders passed the Caltrans PG-M specification requirement for solubility (i.e., 297.5%).
e The small CRM particles were well digested.

e Solubility decreased with increasing CRM.

e Adding SBS to Refinery-B binders did not change the solubility.

5.2.8 Ductility

Figure 5.23 and Figure 5.24 show the ductility test results at 25°C for the RTFO-aged Refinery-A
and Refinery-B binders, respectively. Caltrans specifications (Section 92) specify a minimum
ductility of 75 cm for unmodified binders but do not specify any requirements for modified
binders. The results of tests on the CRM binders (the control binders were not tested) show that:

e The Refinery-A CRM binders all exceeded the test limit of 150 cm, indicating good tensile
properties.

e The Refinery-B CRM binders with no SBS modifiers exceeded the 75 cm ductility limit for
unmodified binders. The two CRM binders with SBS modifiers had ductilities lower than
75 cm. Given that an incomplete set of binders was provided for testing, the effects of
potential key influencing factors (i.e., PG and CRM content) on ductility could not be
determined.

5.2.9 FTIR Testing
Binders were tested in unaged, RTFO-aged, and PAV-aged condition. Given that suppliers needed
to make adjustments to base binders and/or used additives to meet the target PG, and that an

incomplete set of binders was provided by Refinery-B, direct comparisons of carbonyl (CA) and
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sulfoxide (SUL) indices between the different binders cannot be made. However, a preliminary

analysis was made based on the information provided by the suppliers.

Figure 5.25 and Figure 5.26 show the CA indices of the Refinery-A and Refinery-B binders. The

results show that:

CAindicesincreased after RTFO-aging and again after PAV-aging, confirming that CA indices
are sensitive to the level of aging and can be used to track oxidative aging in the binder.
Unaged Refinery-A binders had negative CA indices attributed to the concave curve over
the CA peakin the FTIR spectra. This concave curve resulted in a negative integration of the
CA index, indicating that no carbonyl components were identified.

Unaged Refinery-B binders all indicated CA indices, which implies that some aging had
occurred during the blending process at the refinery.

Increasing the CRM content from 5% to 10% in the Refinery-A CRM binders decreased the
CA indices after RTFO- and PAV-aging, with the exception of the PG 70-10 binders after
PAV-aging, where the binder with 10% CRM had a marginally higher index. These
inconsistencies are attributed in part to the supplier having to adjust the constituents of
the CRM binders to meet the target PG.

Results for the Refinery-B binders were inconclusive, as expected, given that a complete
set of binders was not compared.

Figure 5.27 and Figure 5.28 show the SUL indices for the Refinery-A and Refinery-B binders. The

results show that:

SUL indices increased after RTFO- and PAV-aging, as expected.

Adding CRM did not result in a consistent increase or decrease in the SUL indices at the
same aging condition. This is again attributed to the suppliers having to adjust the
constituents of the binders containing CRM to meet the target PG. However, adding 10%
CRM appeared to resultin a reduction in SUL in the Refinery-A binders compared to binders
with 5% CRM.

Results for the Refinery-B binders were inconclusive, as expected, given that a complete
set of binders could not be compared.
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Figure 5.24: App-1/Ref-B: Ductility of RTFO-aged binders at 25°C.
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Figure 5.26: App-1/Ref-B: Carbonyl area index changes after aging.
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Figure 5.27: App-1/Ref-A: Sulfoxide area index changes after aging.
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Figure 5.28: App-1/Ref-B: Sulfoxide area index changes after aging.
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5.3  Approach-1 Mix Test Results

Mix testing was done on specimens prepared with binders from Refinery-A only. Note that direct
comparisons between the control mix and mixes with CRM were not possible given that the
supplier needed to make adjustments to the base binder and/or use additives to meet the target

PG of the CRM binders.

5.3.1 Volumetric Mix Design

The Superpave volumetric mix design method (AASHTO M 323) was followed to select the
optimum binder content (OBC) to meet Caltrans Type-A HMA specifications. Key parameters of
the mix design included the following:

e Target air-void (AV) content at Ngesign (85 gyrations) of 4%+0.5%

e Voids in mineral aggregate (VMA) between 13.5% and 16.5% for 3/4 in. nominal maximum
aggregate size (NMAS) mixes

e Dust proportion (DP) between 0.6 and 1.3

e Although not specified, voids filled with asphalt (VFA) was also calculated (the
recommended VFA range is between 65% and 75%)

Mix-A, produced with the unmodified base binder supplied by Refinery-A, was used for the mix
design confirmation. Once completed, the remaining mixes (B through F) were verified at the
design optimum binder content and adjustments were made where necessary if the volumetric

parameters did not meet the above stated requirements.

Table 5.3 summarizes the mixing and compaction temperatures and the gyratory compaction
pressures. The mixing and compaction temperatures followed the binder profiles provided by
Refinery-A. Table 5.4 summarizes the mix design results for Mix-A. Total binder content is by

percent of the dry weight of the aggregate and includes both virgin and RAP binder.

Table 5.3: App-1/Ref-A: Mixing and Compaction Settings

Mix ID Binder ID Mixing Temp. Compact Temp. Compact Pressure Hold Time
(°C) (°C) (kPa) (Minutes)

A A_64-16 150/165 140 600 0

B A _64-16_5 0.25 150/165 140 600 0

C A_64-16_10_0.25 150/165 140 600 0

D A_70-10 170/185 155 600 0

E A_70-10_5_0.25 170/185 155 600 0

F A_70-10_10_0.25 170/185 155 600 0
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Table 5.4: App-1/Ref-A: Mix-A Mix Design Summary

Binder Max. Specific Air-Void Content VMA DP VFA
Content (%) | Gravity (g/cm?3) (%) (%) (%)
4.3 2.612 7.9 14.6 1.6 46.2

4.8 2.580 5.5 13.9 13 60.8

5.2 2.558 4.1 13.7 1.1 70.0

5.3 (OBC) 2.556 4.0 13.7 1.1 71.1
5.7 2.535 3.0 13.9 1.0 78.7

Figure 5.29 through Figure 5.32 plot air-void content, VMA, dust proportion, and VFA for Mix-A.
The optimum binder content of 5.3% by dry weight of the aggregate was determined through
interpolation using the air-void content plot. VMA, DP, and VFA were verified at this binder
content. After verification, Mix-B through Mix-F were all verified at the 5.3% binder content. The
results from these verifications are summarized in Table 5.5. All mixes met the specification

requirements at this optimum binder content.

Table 5.5: App-1/Ref-A: Summary of Superpave Mix Design Parameters

Mix ID | Optimum Binder | Air-Void Content VMA DP VFA
Content (%) at Naesign (%) (%) (%)

A 5.3 4.0 13.7 1.1 71.1

B 5.3 4.2 139 1.1 70.1

C 53 4.3 14.1 1.1 69.5

D 53 4.4 14.3 1.1 69.3

E 53 3.9 13.7 1.1 71.3

F 53 4.3 14.2 1.1 69.3

Using a fixed binder content of 5.3% for all mixes implies that adding 5% and 10% CRM would
have decreased the actual base asphalt binder content in those mixes. However, the results in
Table 5.5 show that this slight reduction in the actual base binder content did not appear to have

any notable effect on the mix volumetric parameters.

5.3.2 Mix Stiffness: Dynamic and Flexural Modulus

Dynamic and flexural modulus test results are listed in Table A.4 and Table A.5 in Appendix A.
Dynamic and flexural modulus master curves for the six mixes at a 20°C reference temperature
are shown in Figure 5.17 and Figure 5.19, respectively. Master curves normalized to the
unmodified base binder are shown in Figure 5.18 and Figure 5.20, respectively. Dynamic modulus
master curves were developed from frequency sweep testing in an AMPT at 4, 21, 38, and 54°C,

while flexural frequency sweep testing was done in a beam fatigue apparatus at 10, 20, and 30°C.
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Figure 5.31: App-1/Mix-A: Dust proportion vs. asphalt binder

content.

Figure 5.32: App-1/Mix-A: VFA vs. asphalt binder content.
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Figure 5.33: App-1/Ref-A: Dynamic modulus master curves at 20°C.

Figure 5.34: App-1/Ref-A: Normalized dynamic modulus master
curves at 20°C.
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Figure 5.35: App-1/Ref-A: Flexural modulus master curves at 20°C.
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Figure 5.36: App-1/Ref-A: Normalized flexural modulus master
curves at 20°C.
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The plots show that:

e The dynamic and flexural modulus master curves showed similar trends to each other and
to the binder master curves, as expected.

e The PG 70-10 mixes were stiffer than the PG 64-16 mixes at low- and mid-range
frequencies, as expected.

e On the standard master curves, the PG 64-16 mixes all appear to have similar dynamic and
flexural moduli across the full range of frequencies tested. However, the normalized plots
indicate that the CRM mixes had marginally lower stiffnesses than the control mixes in the
mid- and upper range of frequencies, indicating that the CRM affected stiffness, consistent
with published experience. Flexural moduli of the CRM mixes were marginally higher than
the control mix at the lower frequencies. However, it should be noted that direct
comparisons between the control and CRM mixes are not possible given that the supplier
needed to make adjustments to the base binder and/or use additives to meet the target
PG of the CRM binders.

e At lower frequencies, the PG 70-10 CRM mixes had lower stiffnesses than the control mix,
with stiffness decreasing with increasing CRM content, indicating that the CRM would likely
have some influence on these mixes at higher pavement temperatures. At mid- and upper-
frequency ranges, the CRM mixes had marginally lower stiffnesses with little difference
between the two CRM contents. Any comparisons between the control and CRM mixes
need to considered with caution.

Figure 5.37 and Figure 5.38 show black diagrams (complex modulus versus phase angle) derived
from the dynamic and flexural modulus test results. These black diagrams show that there were
no significant differences between the control mixes and mixes with CRM. These observations
and the results from the dynamic and flexural modulus tests imply that mixes produced with
these CRM binders should have similar, or marginally better, rutting and cracking performance

to the control mixes.

5.3.3 Rutting Resistance: Unconfined Repeated Load Triaxial Test

Repeated load triaxial test results are listed in Table A.6 in Appendix A. Figure 5.39 and
Figure 5.40 respectively plot the average unconfined RLT and average permanent strain against
load cycle test results at 50°C. Whiskers on the data indicate the lowest and highest flow numbers

of the five replicates in each mix.
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Figure 5.37: App-1/Ref-A: Black diagram of dynamic modulus results.

Figure 5.38: App-1/Ref-A: Black diagram of flexural modulus results.
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Figure 5.39: App-1/Ref-A: Flow number at 50°C. Figure 5.40: App-1/Ref-A: Average permanent strain vs. load cycle at

50°C.
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The results show that:

There was considerable variability across the replicate test results. However, the
AASHTO T 378 maximum coefficient of variation for a single operator testing 19 mm
(3/4 in.) NMAS mixes of 58.5% was not exceeded for any of the mixes.

Taking the variability into consideration, the PG 70-10 binders, with and without CRM,
showed better rutting resistance than the PG 64-16 binders, as expected.

CRM binders had better rutting resistance than the unmodified control binders. Increasing
the CRM content from 5% to 10% further improved the rutting resistance.

Trends observed for the number of cycles to 1%, 3%, and 5% permanent axial strain were
similar to those observed for the flow number results. At lower strain levels, the difference
in the number of cycles required to reach the selected strain level was much closer between
the mixes, with the rankings of some of the mixes different from those for the higher strain
levels.

Although the mix master curves discussed in Section 5.3.2 suggest that the PG 70-10 CRM
mixes were less stiff than the control mix at low frequencies (corresponding to high
temperatures based on the time-temperature superposition principle), the RLT test results
indicate equal or better rutting resistance. This is supported by the binder MSCR test results
discussed in Section 5.2.5, which suggests a higher percentage recovery of the CRM binders
when the load is removed.

5.3.4 Rutting and Moisture Resistance: Hamburg Wheel Track Test

Hamburg wheel track test results are listed in Table A.7 in Appendix A. Figure 5.41 shows the

HWTT results for all mixes at 50°C. The rut depth shown is the average of the left and right wheel

track.
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Figure 5.41: App-1/Ref-A: Hamburg Wheel Track rutting at 50°C.

UCPRC-RR-2020-06



The results indicate that:

All mixes performed well within the specified limits (average maximum rut depth may not
exceed 0.5 in. [=12.5 mm] at 15,000 load cycles) and indicate that no mixes were moisture
sensitive. Inflection points indicating stripping were not observed for any of the mixes.

An embedment phase was observed in the first 5,000 load repetitions for all mixes, after
which the rate of rut-depth increase slowed considerably.

The PG 64-16 control mix had the deepest rut at the end of the test (35,000 load
repetitions) and the fastest rate of rut-depth increase.

The PG 64-16 CRM mixes were notably more rut and moisture resistant than the control
mix. There was essentially no difference in rut depth between the mix with 5% CRM and
the mix with 10% CRM.

There was essentially no difference in rut depth between the three PG 70-10 mixes, and
they were all marginally more rut resistant than the PG 64-16 mixes with CRM.

5.3.5 Fatigue/Reflective Cracking Resistance: Four-Point Beam Test

Four-point beam test results are listed in Table A.8 in Appendix A. Figure 5.42 and Figure 5.43

respectively show the flexural beam fatigue test results for the PG 64-16 and PG 70-10 mixes at

20°C and 10 Hz. The plots show the regression results from the data for predicted fatigue life

against the applied peak-to-peak strain in a log-log plot. Calculated fatigue lives at 200, 300, 400,

and 600 pustrain are compared in Figure 5.44 and Figure 5.45. The results show that:

The models were generally appropriate based on the high R-squared values of the model
fitting and the repeatability of the test results at each strain level.

CRM mixes had longer fatigue lives than their control mixes, with the mixes with 5% CRM
showing better performance than the mixes with 10% CRM. The exception was the
PG 64-16 mix with 10% CRM, which appeared to have a shorter fatigue life than the control
mix at high strain levels.

The performance differences between mixes reduced with increasing strain level.

The CRM mixes were more strain-sensitive than their control mixes, which may influence
how they are best used in pavement applications. The potential implications of this are
discussed in Chapter 9.
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Figure 5.44: App-1/Ref-A: Calculated fatigue life of PG 64 mixes.

Figure 5.45: App-1/Ref-A: Calculated fatigue life of PG 70 mixes.
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5.3.6 Fracture Cracking Resistance: Semicircular Bend Test

Semicircular bend test results are listed in Table A.9 in Appendix A. Figure 5.46 and Figure 5.47
respectively show the average fracture energy and strength, and flexibility index results.
Whiskers on the data show the lowest and highest fracture energies and flexibility indices for the

four replicates tested for each mix.
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Figure 5.46: App-1/Ref-A: SCB fracture energy and tensile strength at 25°C.

10
| =Flexibility Index _m Std Dev |
9
8
7
X
3
£ 6
£s
2
% 4
°
3
2
. | I
0 B B B
Mix-A (A_64-Mix-B (A_64-Mix-C (A_64-Mix-D (A_70- Mix-E (A_70- Mix-F (A_70-
16) 16 _5.0.25) 16 _10_0.25)  10) 10 _5_0.25) 10 _10_0.25)

Figure 5.47: App-1/Ref-A: SCB flexibility index at 25°C.

The results show that:

e Fracture energy and flexibility index results had similar trends, as expected.
e Adding CRM resulted in a marginal strength increase over the control mixes. The PG 70
mixes had slightly higher strengths than the PG 64 mixes.
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There was considerable variability in the results of the replicate tests for each mix. This
observation is consistent with previous studies and reports in the literature (70). Table 5.6
provides a statistical analysis of the SCB test results. The coefficients of variation (CoV) of
the flexibility index values were notably higher than the fracture energy values and
strength. This should be taken into consideration when interpreting the results.

Table 5.6: App-1: Semicircular Bend Test Results

Mix Binder ID Fracture CoV? Flexibility CoV Strength CoV

ID Energy (%) Index (%) (MPa) (%)
(Jol/m?)

A A_64-16 1,714 22.7 3.27 58.8 0.60 10.8
B A_64-16_5_0.25 2,226 28.0 4.34 52.6 0.65 14.9
C A_64-16_10_0.25 2,781 19.0 5.81 47.1 0.70 9.7
D A_70-10 1,305 11.8 0.88 60.1 0.74 5.9
E A_70-10_5_0.25 1,689 2.8 0.87 11.4 0.81 0.5
F A_70-10_10_0.25 1,739 18.5 0.80 60.6 0.83 4.5

@ CoV: coefficient of variation

5.3.7

The PG 64-16 mixes had significantly higher fracture energies and flexibility index values
than the PG 70-10 mixes.

Results were consistent with the binder intermediate temperature PG results at 25°C
(shown in Figure 5.9 and Figure 5.10), indicating that using softer binders can improve the
fracture cracking resistance, as expected.

The CRM mixes provided better cracking resistance than the control mixes. This was less
evident in the PG 70-10 mixes, which was attributed in part to supplier-made adjustments
to the base binder and/or the use of additives to meet the target PG of the CRM binders.
Fracture cracking resistance increased with increasing CRM content.

The ranking of flexibility index results matched the ranking of flexural fatigue life at low
strain levels (<400 pstrain). However, the SCB results did not correlate well with fatigue life,
confirming observations from other studies (70).

Low-Temperature Cracking: Uniaxial Thermal Stress and Strain Test

Uniaxial thermal stress and strain test (UTSST) results are listed in Table A.10 in Appendix A and

summarized in Figure 5.48. The results show that:
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The CRM mixes had equivalent or better thermal cracking resistance than the control
mixes.

Mixes with 5% CRM had higher cracking resistance (CRlgn) values and lower fracture
temperatures than those with 10% CRM.
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e The UTSST results were consistent with the binder low-temperature test results discussed
in Section 5.2.4, where the binders with 5% CRM had the lowest stiffness and the highest
m-value in their PG groups.

e The mixes with 5% CRM exceeded the recommended minimum cracking resistance index
of 17°C (66). All other mixes were below this value.

35 -4
mCRIEnv
¢ Fracture Temp. || 6
30 * h

e« 80
25 <
g
F-10 2
©
2 20 5
g L2 2
"4 L qE>
© 15 . [
F-14 2
2
10 - o
- -16 =

5 7 l l: -18

0 - ; ; ; ; ; - =20

Mix-A Mix-B Mix-C Mix-D Mix-E Mix-F
(A_64-16) (A_64-16 (A_64-16 (A_70-10) (A_70-10 (A_70-10
_5_0.25) _10_0.25) _5_0.25) _10_0.25)

Figure 5.48: App-1/Ref-A: Uniaxial thermal stress and strain.

5.4  Approach-1 Test Result Summary

This chapter covers the evaluation of Approach-1 CRM binders (5% and 10% CRM by weight of
the binder, with CRM particles <250 um) produced using a terminal-blend process. The following

important observations were made from the test results:

e The CRM binders tested in this part of the study met the specified PG, but this required
binder blending and/or the use of additives, which limited the ability to compare properties
and performance between the supplied base binder and the CRM binders, and between
the binders with different CRM contents. Results of the binders from Refinery-B could not
be compared given that an incomplete set of binders was provided by the refinery.

e All of the binders tested met the Caltrans PG-M specifications.

e The multiple stress creep recovery test results indicated that adding CRM decreased the
non-recoverable compliance and increased the percentage recovery at high temperatures
(64°C in this test) when compared to the control binders with the same PG.

e The low-temperature test results indicated that adding CRM resulted in lower creep
stiffnesses at low temperatures (<0°C) than the control binders with the same PG.

e Adding 5% or 10% CRM together with 3.5% SBS resulted in much lower binder stiffnesses
after RTFO- and PAV-aging than those measured on the binders with only CRM.
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Modification with CRM and SBS therefore also resulted in improved intermediate- and low-
temperature performance and multiple stress creep recovery compared to binders with
only CRM.

Approach-1 CRM binders could be accommodated in a dense-graded aggregate structure
at the same binder content as the control mix and still meet all mix design requirements.
Stiffness master curves of the mixes showed that using CRM binders did not result in
significant stiffness changes compared to the control mix.

Mixes produced with CRM binders had equivalent or better rutting and moisture resistance
than their control mixes.

Mixes produced with CRM binders generally had longer fatigue lives than their control
mixes at low strains (<400 ustrain) but shorter fatigue lives at higher strains. Fatigue
performance of the mixes produced with CRM binders were more strain sensitive than the
control mixes.

Mixes produced with CRM binders had better fracture cracking resistance than their control
mixes. Despite high variability between replicate specimens of the same mix, fracture
energies and flexibility indices provided a reasonable indication of expected fatigue
performance at low strain levels (<400 pstrain) and that use of CRM binders would likely
result in improved cracking resistance compared to the control mixes.

Mixes produced with CRM binders had better low-temperature cracking resistance and
lower fracture temperatures than their control mixes. A CRM content of 5% appeared to
provide the best performance of the mixes tested. Results were consistent with the binder
low-temperature test results, indicating that low-temperature performance is dominated
by the binder properties. As noted previously, producers made changes in addition to the
CRM content for their 5% and 10% CRM binders.
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6. EVALUATION OF APPROACH-2 BINDERS AND MIXES

6.1 Introduction

This chapter discusses the performance of Approach-2 CRM binders and mixes. Binder test
results are presented first, followed by mix test results. Summary plots are presented with the
text, while more detailed, tabulated results are provided in Appendix B. Details on the binders

tested and testing details are discussed in Chapter 4 and are not repeated in this chapter.

6.2  Approach-2 Binder Test Results

6.2.1 Introduction

Approach-2 CRM binders were prepared with the same base binders provided by each supplier
for control testing purposes. The base binders were field blended with CRM at the asphalt plant
at 190°C. No additional additives or extender oils were used. Blending of the binders containing

5% and 10% CRM took 30 and 60 minutes, respectively.

Supplier-D and Supplier-F used PG 64-22 base binders from different sources to produce their
CRM binders. In the following analyses, Approach-2 CRM binders and control binders are grouped

and compared by supplier.

6.2.2 High-Temperature Grading

High-temperature grading results are listed in Table B.1 (unaged) and Table B.2 (RTFO-aged) in
Appendix B. Figure 6.1 through Figure 6.4 show the average high temperature testing results at
70°C for the unaged and RTFO-aged binders from both suppliers. Figure 6.5 and Figure 6.6 show
the phase angles for unaged and RTFO-aged binders for Supplier-D and Supplier-G, respectively.
The results show that:

e The base binder used by Supplier-D did not meet the PG requirements for a PG 64-22
unaged binder (i.e., >1.0 kPa, indicated by a dashed line on Figure 6.1 and Figure 6.3) and
only just met the requirement for RTFO-aged binders (i.e., >2.2 kPa, indicated by a dashed
line on Figure 6.2 and Figure 6.4). The binders with CRM all exceeded the minimum
requirements, indicating that adding CRM had a notable stiffening effect.
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Figure 6.1: App-2/Supp-D: G*/sin(8) of unaged binders at 70°C.

Figure 6.2: App-2/Supp-F: G*/sin(8) of unaged binders at 70°C.
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Figure 6.3: App-2/Supp-D: G*/sin(8) of RTFO-aged binders at 70°C.
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Figure 6.4: App-2/Supp-F: G*/sin(6) of RTFO-aged binders at 70°C.
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Figure 6.5: App-2/Supp-D: Phase angles at 70°C.
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Figure 6.6: App-2/Supp-F: Phase angles at 70°C.
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e The base binder used by Supplier-F did not meet the minimum PG requirements for

PG 64-22 unaged or RTFO-aged binders. The binder with 5% CRM did not meet the unaged
requirement but did meet the RTFO-aged requirement. The binder with 10% CRM met all
requirements, but the difference between the base and modified binder was less significant
than that observed in the binders from Supplier-D.

Increasing the maximum CRM particle size from 1.18 mm to 2.36 mm had no observed
effect when 5% CRM was added. However, when 10% CRM was added, the binder with the
larger particles had a higher stiffness than the binder with smaller CRM particles. The
differences were attributed in part to the degree of digestion, with the larger, incompletely
digested particles potentially affecting the results. The issues associated with measuring
the performance properties of binders with incompletely digested rubber particles, which
age differently to the asphalt, are being investigated in a separate UCPRC study (2).

The phase angles of the RTFO-aged binders were lower than those of the unaged binders,
as expected, indicating that RTFO aging increased the elastic behavior and decreased the
viscous behavior of the binder.

Adding CRM resulted in a drop in phase angle. The decrease in phase angle was larger for
higher percentages of CRM for both the unaged and aged binders, indicating that addition
of the CRM influenced the elastic properties of the binder. CRM maximum particle size did
not appear to have a significant effect on phase angle, although the trends observed
between the different binders were consistent with those observed in the high
temperature tests.

Table 6.1 summarizes the continuous grades for the Approach-2 binders. The continuous grade

is defined as the temperature where the unaged binder’s G*/sin(68) value equals 1.00 kPa and the

RTFO-aged binder’s G*/sin(8) value equals 2.20 kPa The results show that:

68

e Adding CRM increased the continuous grades in all instances, as expected, with grade

increasing with increasing CRM content.

Particle size had limited effect on continuous grade when 5% CRM was added, but a more
notable but inconsistent effect when 10% CRM was added. Adding 10% of the smaller CRM
particles resulted in a lower continuous grade in the unaged condition but a higher
continuous grade after RTFO aging, which supports the observation that the smaller
particles digested more effectively in the binder with additional exposure to high
temperatures and agitation.

The age-hardening ratios calculated for each binder were consistent with the above
observations. All binders had an age-hardening ratio greater than 2.2.

Binders from Supplier-G had notably lower age-hardening ratios that those from
Supplier-D. Although the base binder used by Supplier-G had a lower hardening ratio than
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the one used by Supplier-D, the difference in hardening ratios for the CRM binders show a
much greater difference.

Table 6.1: App-2: Continuous Grades

Supplier Binder ID Unaged Binder (°C) RTFO-Aged Binder (°C) Hardening Ratio
G*/sin(6) Grade G*/sin(8) Grade G*/sin(6)(RTFO)
=1.00 Change =2.20 kPa Change / G*/sin(6)
kPa (Unaged) at 70°C
D_64-22 67.7 N/A 70.1 N/A 2.98
D_64-22_ 5 2.36 73.7 +6.0 86.7 +16.6 8.63
D D _64-22_10_2.36 84.4 +16.7 90.9 +20.8 4.06
D_64-22_5 1.18 74.6 +6.9 85.2 +15.1 6.82
D _64-22_10_1.18 80.1 +12.4 93.1 +23.0 8.17
F_64-22 66.8 N/A 68.0 N/A 2.54
F F 64-22 5 2.36 68.9 +2.1 75.8 +7.8 2.42
F_64-22_10_2.36 76.7 +9.9 83.9 +15.9 4.79
6.2.3 Intermediate-Temperature Grading

Intermediate-temperature grading results are listed in Table B.3 in Appendix B. Figure 6.7 and

Figure 6.8 respectively show the average intermediate temperature test results for Supplier-D

and Supplier-G PAV-aged binders. In the figures, the histograms represent the G*xsin(8) values

at 25°C, and the dot points show the continuous grades at the temperature where the binder

G*xsin(8) values equal 5,000 kPa, as specified in AASHTO M 320. The results show that:

The CRM binders were softer than their control binders in each PG group after PAV aging,
which indicated potentially better fatigue cracking resistance in thin overlay applications
where cracking behavior would be strain controlled.

The CRM binders with 10% CRM were marginally stiffer than the binders with 5% CRM with
the exception of the Supplier-D binder with 10% CRM produced with particle sizes up to
2.36 mm, which had the lowest stiffness of all the binders tested.

Binders produced with the smaller CRM particles had higher stiffnesses than those
produced with the larger CRM particles.

The Supplier-G binders had higher intermediate temperatures and higher stiffnesses at
25°C than the equivalent Supplier-D binders with larger rubber particles.

The results imply that mixes produced with the CRM binders should have marginally better
fatigue cracking resistance than mixes produced with the unmodified base binders when
used in thin overlays. The results also indicate that base binder source could be an
important factor in CRM binder performance.
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6.2.4 Low-Temperature Grading
Bending beam rheometer test results are listed in Table B.4 in Appendix B. Figure 6.9 and

Figure 6.10 show selected average results for the Supplier-D and Supplier-G PAV-aged binders.

One test temperature (-12°C) is shown for each binder. The maximum allowable creep stiffness
(300 MPa) and lowest minimum allowable m-value (0.300) limits at the selected measuring
temperature are shown as dashed lines on the plots. The results show that:

e All binders passed the low-temperature stiffness and m-value criteria at the minimum
measuring temperatures. However, three of the Supplier-D CRM binders had m-values that
were close to the minimum limit.

e The CRM binders had lower stiffnesses and lower m-values than their control binders.
Stiffnesses decreased with increasing CRM content. This implies that mixes produced with
Approach-2 CRM binders could have potentially better low-temperature cracking
resistance than mixes produced with the control binders.

e Supplier-D CRM binders produced with smaller CRM particles had higher stiffnesses than
the equivalent binders produced with larger CRM particles. Particle size did not appear to
have a notable effect on m-value.

Additional BBR tests were run at -24°C to calculate the critical temperatures for these binders
(i.e., where stiffness equals 300 MPa or m-value equals 0.300). The results are summarized in
Table 6.2. The difference between the critical temperatures calculated by stiffness and m-value
(ATc) is an indicator of the binder stress relaxation (67). As noted previously, less negative or
positive differences in AT indicate better resistance to thermal cracking. Less negative or positive
differences in AT. occur when the critical parameter for meeting the specification is the m-value,

or if the critical value is stiffness, then the m-value temperature is similar.

Table 6.2: App-2: Low-Temperature Test Results

Supplier Binder ID Tc'(s:ig;e” TC'(T(‘:';'"e (Ao:;;
D_64-22 -17.3 -14.6 -2.6

D 64-22 5 2.36 198 122 75

D D_64-22_10_2.36 -24.7 -12.5 -12.2

D 6422 5 1.18 179 123 56

D_64-22_10_1.18 -22.4 -12.3 -10.1

F_64-22 -17.8 -14.7 -3.1

F F 64-22 5 2.36 185 141 43
F_64-22_10_2.36 20.1 126 7.5
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Figure 6.7: App-2/Supp-D: G*xsin (6) of PAV-aged binders at 25°C.

Figure 6.8: App-2/Supp-F: G*xsin (6) of PAV-aged binders at 25°C.
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Figure 6.10: App-2/Supp-F: Low-temperature creep stiffness and
m-value.
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The results show that:

The critical temperatures of the binders from both suppliers were dominated by creep
stiffness, with all binders having negative ATc values. However, the differences between
the binders from Supplier-F were less significant than the differences between the binders
from Supplier-D, indicating that the base binder source potentially influenced the results.
Adding CRM had a notable effect on the AT¢ values, with increasing CRM content resulting
in increasingly lower values.

For the CRM binders from Supplier-D, binders with smaller rubber particles had higher ATc
values than the equivalent binders with larger rubber particles.

The results show similar trends to testing results from standard asphalt rubber binders (i.e.,
containing between 18% and 22% CRM) (2).

6.2.5 Multiple Stress Creep Recovery

Multiple stress creep recovery test results are listed in Table B.5 in Appendix B. Figure 6.11

through Figure 6.14 show the MSCR test results at 64°C for the RTFO-aged binders. The results

show that:

72

There was a notable difference in the Jnr values for the two base binders, which clearly
influenced the non-recoverable creep compliance (Jnr) values in the CRM binders.

Adding CRM to both base binders lowered the Jnr for the unaged specimens, with 10% CRM
having a larger effect than 5% CRM. The differences in Jnr between the base and CRM
binders from Supplier-F were larger than those from Supplier-D.

The difference in Jnr between 5% and 10% CRM in the Supplier-D binders was negligible,
but more apparent in the Supplier-F binders.

CRM particle size had a negligible effect on the Supplier-D Jnr values, indicating that the
base binder influenced multiple stress creep recovery more than CRM particle size when
small amounts of CRM were added.

The differences in results between tests conducted at 0.1 kPa and 3.2 kPa were small, but
consistent across the different binders.

Adding CRM to binders, regardless of source, increased the percent recovery of the binder,
as expected, with increasing CRM content having a corresponding increase in percent
recovery.

The effect of particle size on percent recovery was inconsistent. The binders with 5% CRM
with larger particles had a higher percentage recovery than the binder produced with
smaller particles. The opposite was observed when 10% CRM was added. These trends are
consistent with the other PG tests discussed in previous sections.
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e The results suggest that mixes produced with these Approach-2 CRM binders would be less
susceptible to permanent deformation than mixes produced with the base binders.

6.2.6 Frequency Sweep
Figure 6.15 and Figure 6.17 show the master curves for Supplier-D and Supplier-F RTFO-aged
binders and Figure 6.16 and Figure 6.18 show the curves normalized to the control binders to

facilitate comparison.

The master curves were developed at 40°C using dynamic moduli and phase angles from
frequency sweep tests (test temperatures of 20°C, 40°C, and 50°C). The results show that:

e The master curves of the CRM binders were flatter than the control binder, indicating that
adding CRM reduced the temperature susceptibility of the binder.

e At frequency ranges below 1E-02 Hz at 40°C, which corresponds to 64°C and 10 Hz on a
trafficked pavement, the normalized moduli of the CRM binders were significantly higher
than the control binders. This further supports previous observations that mixes produced
with the CRM binders would be expected to have better permanent deformation resistance
than mixes produced with the unmodified control binders.

e At frequency ranges around 1E+03 at 40°C, which corresponds to intermediate
temperatures on a trafficked pavement (i.e., 25°C and 10 Hz), the CRM binders had lower
dynamic moduli than their control binders. This observation indicated that Approach-2
CRM binders were softer than the control binders. This further supports previous
observations that mixes produced with the CRM binders would likely have better fatigue
cracking performance in thin overlays (<0.2 ft. [60 mm]) than mixes produced with the
unmodified control binders.

6.2.7 Solubility and Ductility

Approach-2 binders were not tested for solubility and ductility.

6.2.8 FTIR Testing

Binders were tested in unaged, RTFO-aged, and PAV-aged condition. Figure 6.19 and Figure 6.20
show the carbonyl (CA) indices and Figure 6.21 and Figure 6.22 show the sulfoxide (SUL) indices
of the Supplier-D and Supplier-F binders, respectively. The results show that:

e CAindicesincreased after RTFO-aging and again after PAV-aging, confirming that CA indices
are sensitive to the level of aging in these binders and can be used to track oxidative aging.
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Figure 6.11: App-2/Supp-D: Jnr values of RTFO-aged binders at 64°C.

Figure 6.12: App-2/Supp-D: Percentage recovery of RTFO-aged
binders at 64°C.
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Figure 6.14: App-2/Supp-F: Percentage recovery of RTFO-aged
binders at 64°C.
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Figure 6.16: App-2/Supp-D: Normalized RTFO-aged binder master

curves at 40°C.
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Figure 6.18: App-2/Supp-F: Normalized RTFO-aged binder master
curves at 40°C.
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Figure 6.20: App-2/Supp-F: Carbonyl area index changes after aging.
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Figure 6.22: App-2/Supp-F: Sulfoxide area index changes after aging.
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e Adding CRM resulted in higher CA indices after RTFO-aging compared to the base binder.
The amount of CRM added and the CRM particle size did not have notable effects on the
results.

e After PAV aging, the CA indices of the Supplier-D CRM binders were similar to those of the
base binder, while those of the Supplier-F binders were notably lower than the base binder,
indicating that this base binder was more sensitive to aging that the base binder used by
Supplier-D. The amount of CRM added and the CRM particle size did not have notable
effects on the PAV-aged binder results.

e SULindicesincreased after RTFO- and PAV-aging, as expected, with PAV-aging have a larger
effect than RTFO-aging.

e Adding CRM did not appear to have any significant effect on the SUL indices.

6.3  Approach-2 Mix Test Results

Mix testing was done on specimens prepared with binders from both suppliers. However, due to
time and resource constraints, flexural modulus and fatigue/reflective cracking performance
tests were carried out on select mixes produced with Supplier-D binders and coarse (<2.36 mm)

CRM particles only.

6.3.1 Volumetric Mix Design

The Superpave volumetric design method (AASHTO M 323) was followed to select the optimum
binder content (OBC) to meet Caltrans Type-A HMA specifications. Key parameters of the mix
design include the following:

e Target air-void (AV) content at Ngesign (85 gyrations) of 4%+0.5%.

e Voids in mineral aggregate (VMA) between 13.5% and 16.5% for 3/4 in. nominal maximum
aggregate size (NMAS) mixes.

e Dust proportion (DP) between 0.6 and 1.3.

e Although not specified, voids filled with asphalt (VFA) was also calculated. The
recommended VFA range is between 65% and 75%.

Mixing and compaction temperatures were determined from binder temperature-viscosity
curves at 135 and 165°C using a 10-mm diameter spindle. No tests were run above 165°C due to
the limitations of the testing geometry. Since viscosity at higher temperatures (>165°C) is lower
than the minimum viscosity that can be measured using the 10 mm spindle (i.e., approximate

measuring range between 250 and 5,000,000 cPa-s), a larger 15 mm spindle, with an
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approximate measuring range between 50 and 1,000,000 cPa‘s would be required. However,
given that the testing cup diameter is 18 mm and the coarser CRM particles had a maximum size
of about 2 mm, the remaining gap of approximately 1 mm was considered too small to produce

accurate results.

The mixing and compaction temperatures were determined at the temperatures where the
binder viscosity reached 0.17+0.02 Pa:s and 0.28+0.03 Pa's, respectively. Figure 6.23 and
Figure 6.24 show the temperature-viscosity curves for the binders from Supplier-D and

Supplier-F, respectively.
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Table 6.3 summarizes the mixing and compaction temperatures and the gyratory compaction
pressure. The required mixing and compaction temperatures increased with increasing CRM
content and approached the lower boundary of typical mixing temperatures (i.e., 190°C to 200°C)
used for traditional RHMA-G mixes. CRM particle size effected mixing and compaction
temperatures, with CRM binders with 10% smaller particles requiring notably higher
temperatures than the CRM binder produced with larger particles. The gyratory compactor was
set to 600 kPa, which is the standard pressure used for conventional dense-graded mixes and

lower than that used for RHMA-G mixes (i.e., 825 kPa).

Table 6.3: App-2: Mixing and Compaction Settings

Mix ID Binder ID Mixing Temp. Compact Temp. Compact Pressure | Hold Time
(°C) (°C) (kPa) (Minutes)

S D_64-22 160 149 600 0

T D_64-22 5 2.36 178 176 600 0

u D_64-22_10_2.36 180 178 600 0

v D_64-22_5 1.18 175 172 600 0

W D_64-22_10_1.18 192 188 600 0

P F_64-22 160 149 600 0

Q F_64-22_5_2.36 176 172 600 0

R F_64-22_10_2.36 185 182 600 0

The optimum binder content of Mix-A (5.3% binder by dry weight of the aggregate), tested with
the Approach-1 binders and discussed in Chapter 5, was used as the baseline, with air-void
contents at Ngesign (4.0%10.5%), VMA, DP, and VFA all verified at this binder content. The two
control mixes produced with the base binders from Supplier-D and Supplier-F (Mix-P and Mix-S)
both passed the Type-A HMA design requirements using the 5.3% binder content. However, the
mixes produced with CRM binders required higher binder contents, consistent with the higher
CRM contents, to meet the volumetric design criteria. The volumetric plots for the mixes
produced with the CRM binders are presented in Figure B.1 through Figure B.6 in Appendix B.

Table 6.4 summarizes the mix design results.

The optimum binder content increased 0.3% by dry weight of the aggregate when adding 5%
CRM and by 0.6% when adding 10% CRM, which resulted in a similar amount of virgin asphalt to
that used in the control mixes, after the weight of the CRM particles were taken into
consideration. The volumetric design results show that the Approach-2 CRM binders can be used

in dense-graded mixes at these CRM contents, despite the relatively large particle sizes.
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Table 6.4: App-2: Mix Design Summary

Mix ID Binder ID Optimum Air-Void VMA DP VFA
Binder Content at (%) (%)
Content (%) Nesign (%)

S D_64-22 5.3 4.3 14.6 1.0 70.5
T D_64-22_5_2.36 5.6 45 15.0 1.0 69.9
U D_64-22_10_2.36 5.9 3.8 15.2 0.9 74.8
Vv D_64-22 5 1.18 5.6 3.9 14.1 1.0 72.5
W D_64-22_10_1.18 5.6 3.8 14.5 1.0 73.9
P F_64-22 5.3 4.4 14.1 1.1 68.2
Q F 64-22 5 2.36 5.6 4.1 14.8 1.0 72.6
R F_64-22_10_2.36 6.1 4.3 15.8 0.9 72.6

6.3.2 Mix Stiffness: Dynamic and Flexural Modulus

Dynamic and flexural modulus test results are listed in Table B.4 and Table B.5 in Appendix B.
Dynamic modulus master curves representing a 20°C reference temperature (developed from
AMPT frequency sweep tests at 4, 21, 38, and 54°C) for the eight mixes tested are shown in
Figure 6.25 and Figure 6.27. Master curves normalized to the unmodified base binder are shown
in Figure 6.26 and Figure 6.28 for comparison purposes. Flexural modulus master curves for the
mixes produced with Supplier-D binders and representing a 20°C reference temperature are
shown in Figure 6.29, with the normalized master curve shown in Figure 6.30. These master
curves were developed from beam frequency sweep tests at 10, 20, and 30°C. Figure 6.31
through Figure 6.33 show black diagrams (complex modulus versus phase angle) derived from

the dynamic and flexural modulus test results.

The results show that:

e The dynamic and flexural modulus master curves showed similar trends to each other and
to the binder master curves, as expected. However, the flexural master curves show a
bigger difference between the control and CRM mixes at mid and lower frequencies, and
between the mixes with 5% and 10% CRM.

e Mixes produced with binders from Supplier-D had marginally higher stiffnesses than the
mixes produced with binders from Supplier-F. The differences in stiffness between the
different Supplier-F binder mixes were less distinct than the differences between the
Supplier-D binder mixes.

e Mix stiffnesses were similar when the frequency was higher than 10 Hz at 20°C. The CRM
mixes were stiffer than the control mix when the frequency was less than 10 Hz at 20°C,
indicating that these CRM mixes could potentially be more resistant to rutting at high
temperatures than the control mix.
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Figure 6.25: App-2/Supp-D: Dynamic modulus master curves at 20°C.

Figure 6.26: App-2/Supp-D: Normalized dynamic modulus master
curves at 20°C.
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Figure 6.27: App-2/Supp-F: Dynamic modulus master curves at 20°C.
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Figure 6.28: App-2/Supp-F: Normalized dynamic modulus master
curves at 20°C.
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Figure 6.30: App-2/Supp-D: Normalized flexural modulus master

curves at 20°C.
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Figure 6.32: App-2/Supp-F: Black diagram of dynamic modulus

results.
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Figure 6.33: App-2/Supp-D: Black diagram of flexural modulus results.

e CRM particle size had an apparent influence on stiffness, with the mixes produced with the

binders with larger particles having higher stiffnesses at lower frequencies that the mixes

produced with binders with smaller particles.

e The black diagrams showed no significant differences between the mixes produced with
the control binders and those produced with the CRM binders.

e The results indicate that the CRM mixes should have similar, or marginally better rutting

and cracking performance than the control mixes.

6.3.3 Rutting Resistance: Unconfined Repeated Load Triaxial Test

Repeated load triaxial (RLT) test results are listed in Table B.6 in Appendix B. Figure 6.34 and

Figure 6.35 plot the average unconfined RLT results for mixes produced with binders from

Supplier-D and Supplier-F, respectively. Whiskers on the data indicate the lowest and highest

flow numbers of the five replicates in each mix. Figure 6.36 and Figure 6.37 plot the average

permanent strain against load cycle test results at 50°C. The results show that:

e There was some variability across the replicate test results, with the highest variability
observed between the Mix-W results. However, the AASHTO T 378 maximum coefficient of
variation for a single operator testing 19 mm (3/4in.) NMAS mixes of 58.5% was not

exceeded for any of the mixes.
e Mixes with CRM had higher flow numbers than the control mixes, and mixes with 10% CRM
had higher flow numbers than mixes with 5% CRM.
e Mixes produced with CRM binders with 5% and 10% of the smaller CRM particles had higher
flow numbers than those with the same CRM content but larger CRM particles. This was

attributed in part to better digestion and less swelling of the smaller CRM particles.
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Figure 6.36: App-2/Supp-D: Average permanent strain versus load
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cycle at 50°C.

Figure 6.37: App-2/Supp-F: Average permanent strain versus load

cycle at 50°C.
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e Trends observed for the number of cycles to 1%, 3%, and 5% permanent axial strain were
similar to those observed for the flow number results at all strain levels. At lower strain
levels, the difference in the number of cycles required to reach the selected strain level was
much closer between the mixes.

e These observations, together with those from the frequency sweep and multiple stress
creep recovery tests, indicate that mixes produced with Approach-2 CRM binders will
potentially have better rutting resistance than mixes produced with the respective control
binders.

6.3.4 Rutting and Moisture Resistance: Hamburg Wheel Track Test

Hamburg wheel track test results are listed in Table B.7 in Appendix B. Figure 6.38 and
Figure 6.39 show the results for all mixes at 50°C. The rut depth shown is the average of the left
and right wheel track. The results show that:

e All mixes performed well within the specified limits (average maximum rut depth may not
exceed 0.5 in. [=12.5 mm] at 15,000 load cycles) and that no mixes were moisture sensitive.
Inflection points indicating stripping were not observed for any of the mixes.

e The results were consistent with the RLT results discussed in Section 6.3.3, with the benefits
of using CRM binders clearly evident. However, the differences between mixes with 5% and
10% CRM and with finer and coarse particles were less apparent.

6.3.5 Fatigue/Reflective Cracking Resistance: Four-Point Beam Test

Four-point beam test results for mixes produced with three of the binders from Supplier-D are
listed in Table B.8 in Appendix B. No tests were conducted on mixes produced with the binders
with the smaller CRM (<1.18 mm) from Supplier-D or the binders from Supplier-F. Figure 6.40
shows the flexural beam fatigue test results for the five mixes at 20°C and 10 Hz. The plots show
the predicted fatigue life against the applied peak-to-peak strain in a log-log plot. Figure 6.41
shows the calculated fatigue lives at 200, 300, 400, and 600 pstrain. The results show that:

e Only the model for the control mix was considered appropriate based on the relatively high
R-squared value of the model fitting and the repeatability of the test results at each strain
level. The models for the CRM mixes had relatively poor correlations, indicating higher
variability in the test results.
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Figure 6.39: App-2/Supp-F: Hamburg Wheel Track rutting at 50°C.
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Figure 6.41: App-2/Supp-D: Calculated fatigue life.
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6.3.6

Taking these poor correlations into consideration, the CRM mix with 5% CRM showed
potential for having a longer fatigue life than the control mixes, while the mix with 10%
CRM showed potential for having a shorter fatigue life than the control. This could be an
indication of potential fatigue cracking problems associated with the presence of too many
incompletely digested CRM particles in a dense-graded mix. The mix with 10% CRM was
also stiffer than the other mixes, based on the master curve results, and would therefore
be expected to have a shorter fatigue life under strain-controlled conditions in thin
overlays.

The performance differences between the three mixes reduced with increasing strain level.

Fracture Cracking Resistance: Semicircular Bend Test

Semicircular bend test results are listed in Table B.9 in Appendix B. Figure 6.42 through

Figure 6.45 respectively show the average fracture energy and strength, and flexibility index

results.

Whiskers on the data show the lowest and highest fracture energies and flexibility indices,

respectively for the four replicates tested for each mix. The results show that:

Fracture energy and flexibility index results did not show similar trends. This was attributed
in part to the high variability in the results of the replicate tests in most mixes. Table 6.5
provides a statistical analysis of the results. The coefficients of variation (CoV) for flexibility
index were high in most instances, which complicated any comparisons between the
different mixes and comparisons with the fatigue test results.

The fracture energy and strength results had lower coefficients of variation than the
flexibility index results, with strength results showing similar trends to the fracture index in

most instances.

Table 6.5: App-2: Semicircular Bend Test Results

Mix Binder ID Fracture CoV? Flexibility CoV Strength CoV
ID Energy (%) Index (%) (MPa) (%)
(Jol/m?)
P F_64-22 2,091 14.0 3.56 45.6 0.54 11.5
Q F_64-22 5 2.36 2,174 20.2 2.85 93.1 0.63 15.7
R | F_64-22_10 2.36 2,138 11.8 3.54 42.6 0.51 14.3
S D-64-22 2,339 16.0 2.98 71.0 0.59 4.9
T D-64-22 5_2.36 2,163 10.2 2.84 32.1 0.55 6.4
U D-64-22_10_2.36 2,322 20.1 2.38 715 0.59 10.7
V D-64-22 5 1.18 2,169 18.7 1.01 76.5 0.63 6.4
w D-64-22_10_1.18 1,897 13.7 0.93 87.1 0.61 8.2

2 CoV: coefficient of variation
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6.3.7 Low-Temperature Cracking: Uniaxial Thermal Stress and Strain Test
Uniaxial Thermal Stress and Strain testing was not conducted on mixes produced with

Approach-2 binders.

6.4  Approach-2 Test Result Summary

This chapter covers the evaluation of Approach-2 CRM binders (5% and 10% CRM by weight of
the binder, with CRM particle gradations <1.18 mm and <2.36 mm) produced using a field-
blending process. The following important observations were made from the test results:

e The four CRM binders (5% and 10% CRM with particles <2.36 mm and 1.18 mm,
respectively) produced by Supplier-D, and the two Approach-2 CRM binders (5% and 10%
CRM with particles <2.36 mm) produced by Supplier-F had higher high-performance grades
at unaged and RTFO-aged conditions than the unmodified control binders. They had similar
or lower intermediate-performance grades at PAV-aged conditions than their control
binders.

e The low PGs of the CRM binders, determined by the BBR test, were the same as the control
binders; however, the creep stiffness of the CRM binder decreased with increasing CRM
content.

e The CRM binders had lower non-recoverable compliance and higher recovery than their
control base binders in the multiple stress creep recovery test, indicating that modification
with this type of CRM could improve the rutting resistance of the binder.

e FTIR measurements showed that the CRM binders had lower carbonyl area indices than the
control binders after PAV-aging. No difference in sulfoxide area index was observed
between the CRM binders and the control binders.

e The CRM binders could be accommodated in a dense-graded aggregate structure at the
same binder content as the control mix, and still meet all mix design requirements.
Increases in CRM content and CRM particle size required increases in the binder content to
meet the volumetric design criteria (i.e., air-void content, VMA, and DP).

e The stiffness master curves indicated that the CRM mixes had higher stiffnesses than the
control mixes at higher temperatures, but only slight stiffness differences at intermediate
temperatures.

e Mixes produced with CRM binders had equivalent or better rutting and moisture resistance
than their control mixes. Repeated load triaxial tests showed that mixes with 10% CRM
performed better than mixes with 5% CRM, and that mixes with smaller CRM particles
performed better than mixes with larger CRM particles. These observations were less
apparent in the Hamburg Wheel Track test.
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e High variability in the fatigue test results, and the limited number of mixes tested,
complicated interpretation of the results. This was attributed in part to the effects of
incompletely digested CRM particles in the dense gradation mix. However, the results did
indicate that the CRM mix with 5% CRM (<2.36 mm) had potentially better fatigue
resistance than the control mix.

e Fracture cracking test results were inconclusive because of the high variability between

replicate specimens in each mix.
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7. EVALUATION OF APPROACH-3 MIXES

7.1 Introduction

This chapter discusses the performance of Approach-3 CRM mixes. Given that dry CRM was
added directly to the aggregate, binder testing was not required and therefore only mix test
results are discussed. CRM particles (<2.36 mm) were added at 0.25% and 0.5% by dry weight of
the aggregate, approximately equivalent to adding 5% and 10% CRM to the binder in mix designs
with an optimum binder content of 6.0%. Summary plots are presented with the text, while
tabulated test results are provided in Appendix C. Testing details are discussed in Chapter 4 and

are not repeated in this chapter.

7.2  Approach-3 Mix Test Results

Mix testing was done on specimens prepared with the PG 64-16 base binder provided by
Refinery-A, which is the same control binder discussed in the Approach-1 Mix-A testing in

Chapter 5.

7.2.1 Volumetric Mix Design

The Superpave volumetric design method (AASHTO M 323) was followed to select the optimum
binder content to meet Caltrans Type-A HMA specifications. Aggregate gradations were not
adjusted to accommodate the CRM particles. Key parameters of the mix design included the
following:

e Target air-void (AV) content at Ngesign (85 gyrations) of 4%+0.5%

e Voids in mineral aggregate (VMA) between 13.5% and 16.5% for 3/4 in. nominal maximum
aggregate size (NMAS) mixes

e Dust proportion (DP) between 0.6 and 1.3.

e Although not specified, voids filled with asphalt (VFA) was also calculated. The
recommended VFA range is between 65% and 75%.

Table 7.1 summarizes the mixing and compaction temperatures and the gyratory compaction
pressures. Specimen bulging, attributed to swelling of the CRM particles when heated, was

observed in several gyratory-compacted specimens and therefore all specimens were subjected
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to a 30-minute hold inside the gyratory or rolling wheel compaction molds to eliminate this

problem.
Table 7.1: App-3: Mixing and Compaction Settings
Mix ID Binder ID Mixing Temp. Compact Temp Compact Pressure | Hold Time
(°C) (Q) (kPa) (minutes)
A A_64-16 150/165 140 600 0
G A_64-16_5_2.36_DRY 150/165 140 600 30
H A_64-16_10_2.36_DRY 150/165 140 600 30

Mix-A, produced with the unmodified base binder from Refinery-A, was used for the mix design
confirmation (discussed in Section 5.3.1). Mix-G (0.25% CRM) and Mix-H (0.5% CRM) were
verified at the Mix-A design optimum binder content (5.3%) and adjustments made to meet the

volumetric requirements listed above.

Table 7.2 summarizes the verifications and adjusted optimum binder contents for Mix-G and
Mix-H. The volumetric plots for the two mixes are provided in Figure C.1 and Figure C.2 in
Appendix C. Both mixes failed to meet the 4.0%+0.5% air-void content requirement at the 5.3%
binder content, which was attributed to the presence of the relatively large dry CRM particles. It
should be noted that most dry mixes produced in the United States are now prepared with CRM
particles smaller than 500 um (passing the #30 sieve). Based on the volumetric plots, binder
contents were increased to 6.0% and 6.8% for Mix-G and Mix-H, respectively. Despite these
increased binder contents, and additional adjustments, Mix-G only just met, and Mix-H did not
meet, the VMA or VFA criteria. This was attributed to the relatively large CRM particles not being

satisfactorily accommodated in the dense gradation.

Table 7.2: App-3: Mix Design Summary

Mix Binder ID Optimum Air-Void VMA DP VFA

ID Binder Content at (%) (%)
Content (%) Ndesign (%)

A A_64-16 5.3 4.0 13.7 1.1 71.1

G A_64-16_5_2.36_DRY 6.0 4.1 16.1 0.9 74.3

H A_64-16_10_2.36_DRY 6.8 4.2 18.9 0.7 77.9

7.2.2 Mix Stiffness: Dynamic and Flexural Modulus
Dynamic and flexural modulus test results are listed in Table C.1 and Table C.2 in Appendix C,

respectively. Dynamic and flexural modulus master curves for the three mixes at a 20°C reference
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temperature are shown in Figure 7.1 and Figure 7.3, respectively. Master curves normalized to
the unmodified base binder are shown in Figure 7.2 and Figure 7.4, respectively. Dynamic
modulus master curves were developed from frequency sweep testing in an AMPT at 4, 21, 38,
and 54°C, while flexural frequency sweep testing was done in a beam fatigue apparatus at 10, 20,
and 30°C. The results show that:

e The dynamic and flexural modulus master curves showed similar trends to each other, as
expected. However, the flexural master curves show a smaller difference between the
control and CRM mixes at mid and lower frequencies. The normalized curves show some
erratic trends in the mix with 0.5% CRM, which was attributed to the use of relatively large
CRM particles and to the mix not meeting all volumetric requirements.

e The CRM mixes had lower stiffnesses than the control mix at all frequencies, indicating the
potential for lower rutting resistance at higher temperatures, but potentially better
cracking performance at intermediate temperatures, than the control mix.

Figure 7.5 and Figure 7.6 show black diagrams (complex modulus versus phase angle) derived
from the dynamic and flexural modulus test results. The black diagram derived from the dynamic
modulus test results was consistent with the dynamic modulus master curve and does not show
significant differences between the control and CRM mixes. However, the black diagram derived
from the flexural modulus test results does not show any trends, which was expected given the

inconsistencies observed on the flexural modulus master curves.

7.2.3 Rutting Resistance: Unconfined Repeated Load Triaxial Test

Repeated load triaxial test results are listed in Table C.3 in Appendix C. Figure 7.7 and Figure 7.8
respectively plot the average unconfined RLT and average permanent strain against load cycle
test results at 50°C. Whiskers on the flow number data indicate the lowest and highest flow
numbers of the five replicates in each mix. The results show that:

e There was considerable variability across the replicate test results. However, the
AASHTO T 378 maximum coefficient of variation for a single operator testing 19 mm
(3/4 in.) NMAS mixes of 58.5% was not exceeded for any of the mixes.

e Taking this variability into consideration, the CRM mixes had lower flow numbers and
therefore less rutting resistance than the control mix, consistent with the observations

from the dynamic modulus master curves.
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Figure 7.1: App-3: Dynamic modulus master curves at 20°C. Figure 7.2: App-3: Normalized dynamic modulus master curves at
20°C.
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Figure 7.3: App-3: Flexural modulus master curves at 20°C. Figure 7.4: App-3: Normalized flexural modulus master curves at
20°C.
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Figure 7.7: App-3: Flow number at 50°C.
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Figure 7.8: App-3: Average permanent strain vs. load cycle at 50°C.
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e Trends observed for the number of cycles to 1%, 3%, and 5% permanent axial strain were
similar to those observed for the flow number results, but with a more notable difference
between the CRM mixes and the control mix, even at low strain levels.

e The low flow numbers and low number of cycles to 1%, 3%, and 5% permanent axial strain
were attributed to problems associated with the effects of the relatively large CRM
particles on the volumetric properties.

7.2.4 Rutting and Moisture Resistance: Hamburg Wheel Track Test
Hamburg wheel track test results are listed in Table C.4 in Appendix C. Figure 7.9 shows the

results for the three mixes at 50°C. The rut depth shown is the average of the left and right wheel

track.
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Figure 7.9: App-3: Hamburg Wheel Track rutting at 50°C.

The results show that:

e All mixes performed within the specified limits (average maximum rut depth may not
exceed 0.5 in. [=12.5 mm] at 15,000 load cycles) and that no mixes were moisture sensitive.
Inflection points indicating stripping were not observed in any of the mixes.

e An embedment phase was observed in the first 3,000 load cycles for the control mix and
the CRM mix with 0.25% CRM, after which the rate of rut-depth increase slowed
considerably. A longer embedment phase (6,000 load cycles) and faster rate of rut-depth
increase thereafter was observed on the CRM mix with 0.5% CRM.

e The Control mix had marginally better rutting resistance than the CRM mix with 0.25%
CRM. Both these mixes had significantly better rutting resistance than the CRM mix with
0.5% CRM, which appeared to be more moisture sensitive than the other two mixes.
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e Poorer performance in the CRM mixes was again attributed to problems associated with
the effects of the relatively large CRM particles on volumetric properties.

7.2.5 Fatigue/Reflective Cracking Resistance: Four-Point Beam Test

Four-point beam test results are listed in Table C.5 in Appendix C. Figure 7.10 shows the flexural
beam fatigue test results for the three mixes at 20°C and 10 Hz. The plots show the predicted
fatigue life against the applied peak-to-peak strain in a log-log plot. Figure 7.11 shows the
calculated fatigue lives at 200, 300, 400, and 600 pstrain. The results show that:

e The models for the control mix and CRM mix with 0.25% CRM were considered appropriate
based on the high R-squared value of the model fitting and the repeatability of the test
results at each strain level. The model for the CRM mix with 0.5% CRM had a relatively poor
correlation, indicating higher variability in the test results.

e The CRM mixes had longer fatigue lives than the control mix, with the mix with 0.25% CRM
showing better performance than the mix with 0.5% CRM. These results are consistent for
strain-controlled fatigue tests with the observations from the flexural modulus master
curves.

e The performance differences between the control mix and the CRM mix with 0.5% CRM
reduced with increasing strain level. At 600 ustrain, the CRM mix had a marginally lower
predicted fatigue life than the control mix.

7.2.6 Fracture Cracking Resistance: Semicircular Bend Test

Semicircular bend test results are listed in Table C.6 in Appendix C. Figure 7.12 and Figure 7.13
respectively show the average fracture energy and strength, and flexibility index results.
Whiskers on the data show the lowest and highest fracture energies and flexibility indices,
respectively for the four replicates tested for each mix. The results show that:

e Fracture energy and flexibility index results showed similar trends, as expected.

e Adding CRM resulted in a marginal strength reduction over the control mix, attributed to
the CRM particle size issues discussed previously.

e The CRM mixes provided better cracking resistance and slower rates of crack propagation
than the control mix, but cracking resistance decreased with increasing CRM content.

e The ranking of flexibility index results matched the ranking of fatigue life at low strain levels
(<400 pstrain).
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Figure 7.12: App-3: SCB fracture energy and tensile strength at 25°C.
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Figure 7.13: App-3: SCB flexibility index at 25°C.
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e There was considerable variability in the results of the replicate tests in each mix. Table 7.3

provides a statistical analysis of the test results. The coefficients of variation (CoV) of the
flexibility index values were notably higher than the fracture energy values and strength.
This should be taken into consideration when interpreting the results.

Table 7.3: App-3: Semicircular Bend Test Results

Mix Binder ID Fracture CoV? Flexibility CoV Strength CoV

ID Energy (%) Index (%) (MPa) (%)
(Jol/m?)

A A_64-16 1,714 22.7 3.27 58.8 0.60 10.8

G A_64-16_5_2.36_DRY 2,619 16.1 11.77 15.3 0.49 139

H A _64-16_10_2.36_DRY 2,377 14.4 5.39 204 0.58 1.6

2 CoV: coefficient of variation

7.2.7

Low-Temperature Cracking: Uniaxial Thermal Stress and Strain Test

Uniaxial thermal stress and strain test (UTSST) results are listed in Table C.7 in Appendix C and

summarized in Figure 7.14. The results show that:

e The CRM mixes had equivalent (mix with 0.5% CRM) or poorer (mix with 0.25% CRM)

thermal cracking resistance than the control mix.

The CRM mix with 0.25% CRM had a lower cracking resistance value and higher fracture
temperature than the control mix, while the CRM mix with 0.5% CRM had a similar cracking

resistance value and fracture temperature to the control. Given that only average results

were provided by the testing laboratory, it is not clear if variability between replicate mixes

would alter these observations.

None of the mixes exceeded the recommended minimum cracking resistance index of 17°C

(66).
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Figure 7.14: App-3: Uniaxial thermal stress and strain.
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7.3

Approach-3 Test Result Summary

This chapter covers the evaluation of Approach-3 CRM mixes (0.25 and 0.5% CRM by weight of

the dry aggregate, with dry CRM particles smaller than 2.36 mm added directly to the aggregate).

The following important observations were made from the test results:
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Specified volumetric properties for the mixes with CRM were difficult to meet. This was
attributed to accommodation of the relatively large CRM particles in the dense gradation.
Swelling of these CRM particles when heated, when shearing was applied in the gyratory
compactor, and when they contacted the asphalt binder also contributed to the problem.
This affected all test results. It should be noted that most dry mixes produced in the United
States are now prepared with CRM particles smaller than 500 um (passing the #30 sieve),
which are more easily accommodated in a dense gradation.

The dynamic and flexural modulus master curves indicated that the CRM mixes had lower
stiffnesses than the control mix at all frequencies.

The CRM mixes had poorer rut resistance than the control mix. The CRM mix with 0.25%
CRM had better moisture damage resistance than the mix with 0.5% CRM. All mixes passed
the specified Hamburg Wheel Track test requirements.

The CRM mixes had longer fatigue lives than the control mix. The mix with 0.5% CRM was
more strain sensitive than the control mix at higher (600 pstrain) strain levels.

The CRM mixes provided better fracture cracking resistance and slower rates of crack
propagation than the control mix, but cracking resistance decreased with increasing CRM
content.

The CRM mixes had equivalent (mix with 0.5% CRM) or poorer (mix with 0.25% CRM)
thermal cracking resistance than the control mix.

All results in this series of tests indicate that adding relatively large dry CRM particles to
dense-graded mixes will require an adjustment to the gradation to accommodate the CRM
particles and thereby achieve satisfactory performance. No tests were carried out to
confirm this observation.

Further testing with CRM particles with a maximum size of 500 um (passing the #30 sieve),
and/or reviews of recent test results from other states, is recommended.
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8. EVALUATION OF APPROACH-4 BINDERS AND MIXES

8.1 Introduction

This chapter discusses the test results for four Approach-4 CRM binders sourced from two
suppliers (Supplier-C and Supplier-D), and for two Approach-4 mixes prepared with the CRM
binders provided by Supplier-C. The PG 64-22 base binder supplied by Refinery-A was used as the
control binder and to prepare the control mix, and to prepare the Approach-4 CRM binders.
Binder test results are presented first, followed by mix test results. Summary plots are presented
in the text, while more detailed, tabulated results are provided in Appendix D. Details on the
binders tested and the binder and mix testing details are discussed in Chapter 4 and are not

repeated in this chapter.

8.2  Approach-4 Binder Test Results

8.2.1 Introduction

The PG 64-22 control base binder was provided to Supplier-C and Supplier-D to produce the CRM
binders with their respective crumb rubber modifiers. Given that the CRM particles from both
suppliers were smaller than 250 um, and were essentially completely digested during blending
with the binder, standard Superpave PG testing methods were followed. Although the UCPRC did
not witness the production of the CRM binders, both suppliers stated that no modifiers other
than CRM were used during blending. It was therefore assumed that any difference between the
control and CRM binder/mix could be attributed to the CRM alone. Performance parameters
evaluated included binder PG, multiple stress creep recovery (MSCR), rutting resistance

(frequency sweep), solubility, ductility, and aging resistance potential.

8.2.2 High-Temperature Grading

High-temperature grading results are listed in Table D.1 (unaged) and Table D.2 (RTFO-aged) in
Appendix D. Figure 8.1 and Figure 8.2 show the average high temperature testing results for the
unaged and RTFO-aged binders from both suppliers. Dashed lines on the plot indicate the
1.00 kPa and 2.20 kPa test thresholds for unaged and RTFO-aged binders. Figure 8.3 and

Figure 8.4 show the phase angles for the unaged and RTFO-aged binders from both suppliers.
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Figure 8.1: App-4/Supp-C: G*/sin(8) of unaged and RTFO-aged
binders.

Figure 8.2: App-4/Supp-D: G*/sin(8) of unaged and RTFO-aged
binders.
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binders.
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Figure 8.4: App-4/Supp-D: Phase angles of unaged and RTFO-aged
binders.
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The results show that:

All binders passed the high-temperature PG criteria at 64°C. At 70°C, the control binder and
the CRM binder with 5% CRM from Supplier-D did not pass. This implies that the binders
with 5% and 10% CRM from Supplier-C and with 10% CRM from Supplier-D would have a
high temperature PG of 70, or a one grade increase over the control binder.

Adding devulcanized CRM with particle sizes up to 250 um had a more notable effect on
the high temperature grading (stiffness) than adding CRM with the slightly smaller 180 um
particles. This implies that the devulcanized CRM from Supplier-C modified the binder to a
greater extent than the finer CRM from Supplier-D.

The G*/sin(8) values increased with increasing CRM content, as expected. The differences
between the two CRM contents was more apparent in the binders from Supplier-C.

The phase angles of the RTFO-aged binders were lower than those of the unaged binders,
as expected, indicating that RTFO-aging made the binder more elastic at high temperatures.
Adding 5% and 10% CRM decreased the phase angle, with the larger differences observed
in the CRM binders from Supplier-C, consistent with the G*/sin(8) results. Increasing the
CRM content resulted in further lowering of the phase angle.

Table 8.1 summarizes the continuous grades for the binders. The continuous grade is defined as

the temperature where the unaged binder’s G*/sin(8) value equals 1.00 kPa and the RTFO-aged

binder’s G*/sin(8) value equals 2.20 kPa, respectively.

Table 8.1: App-4: Continuous Grades

Supplier Binder ID Unaged Binder (°C) RTFO-Aged Binder (°C) Hardening Ratio
G*/sin(6) Grade G*/sin(8) Grade G*/sin(8)(RTFO) /
=1.00 kPa Change =2.20 kPa Change G*/sin(8)

(Unaged) at 64°C
A_64-22 67.7 N/A 69.1 N/A 2.75
C_64-22_5_0.25 71.0 +3.3 72.9 +3.8 2.83
C_64-22_10_0.25 75.4 +7.7 76.7 +7.6 2.65
A_64-22 67.7 N/A 69.1 N/A 2.75
D_64-22 5 0.18 65.0 2.7 66.8 2.3 2.80
D_64-22_10_0.18 71.3 +6.3 70.9 +1.8 2.14

The results show that:

Adding 5% and 10% devulcanized CRM from Supplier-C to the binder increased the
continuous grade by 3°C and 7°C, respectively. Adding the same amounts of the finer CRM
from Supplier-D had a negative effect at 5% CRM, increased the grade by 6°C at 10% CRM
in the unaged state, but only by 2°C after RTFO-aging.

The age-hardening ratios calculated for each binder from Supplier-C were consistent with
the continuous grade results. However, the ratios for the CRM binders from Supplier-D
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8.2.3

were not. All binders except the one from Supplier-D with 10% CRM had an age-hardening
ratio greater than 2.2.

The binders containing 5% CRM from both suppliers had a higher age-hardening ratio than
the control binder, while those with 10% CRM had lower ratios that the control. This was
attributed in part to incomplete digestion of the higher quantity of CRM particles.

Intermediate-Temperature Grading

Intermediate-temperature grading results are listed in Table D.3 in Appendix D. Figure 8.5 shows

the average intermediate-temperature test results for the PAV-aged binders from both suppliers.

In the figure, the histograms represent the G*xsin(6) values at 25°C, and the dot points show the

continuous grades at the temperature where the binder G*xsin(8) values equal 5,000 kPa, as

specified in AASHTO M 320.
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Figure 8.5: App-4: G*xsin (6) of PAV-aged binders at 25°C.

The results show that:
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The CRM binders were softer than their control binders in each PG group after PAV-aging,
which indicated potentially better fatigue cracking resistance in a thin overlay application
where cracking behavior would be strain-controlled.

The CRM binders had lower G*xsin(8) values and lower continuous grades than the control
binders.

An increase in the CRM content in the binders from Supplier-C resulted in a decrease in
G*xsin(6) and in the continuous grade. An increase in the CRM content in the CRM binders
from Supplier-D had no effect on G*xsin(8), but resulted in a marginal decrease in the
continuous grade.
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e CRM particle size had a negligible effect on G*xsin(8) and continuous grade.

e The results imply that mixes produced with the CRM binders should have marginally better

fatigue cracking resistance than mixes produced with the base binders when used in thin

overlays.

8.2.4 Low-Temperature Grading

Bending beam rheometer test results are listed in Table D.4 in Appendix D. Figure 8.6 shows

average results for the PAV-aged binders from both suppliers at -12°C. The maximum allowable

creep stiffness (300 MPa) and lowest minimum allowable m-value (0.300) limits at the selected

measuring temperature are shown as dashed lines on the plots.
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Figure 8.6: App-4: Low temperature creep stiffness and m-value.

The results show that:

All binders passed the low-temperature stiffness and m-value criteria at the minimum
measuring temperatures.

All the CRM binders had lower creep stiffnesses than the control binders, with stiffnesses
decreasing with increasing CRM content. This implies that mixes produced with Approach-2
CRM binders could have potentially better low-temperature cracking resistance than mixes
produced with the control binders.

The CRM binders from Supplier-C had lower m-values than the control, while those from
Supplier-D had higher m-values than the control.

Unlike the Approach-2 CRM binders, CRM particle size did not appear to have an influence
on creep stiffness, but it did have a notable effect on m-value, with the CRM binders
produced with the smaller CRM particles having much higher m-values than the binders

produced with the larger binders.
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A second round of BBR tests was run at -18°C to calculate the critical temperatures for these

binders (i.e., where stiffness equals 300 MPa, or m-value equals 0.300). The results are

summarized in Table 8.2. The difference between the critical temperatures calculated by stiffness

and m-value (ATc¢) is an indicator of the binder stress relaxation (67). As noted previously, less

negative or positive differences in AT. indicate better resistance to thermal cracking. Less

negative or positive differences in AT. occur when the critical parameter for meeting the

specification is the m-value, or if the critical value is stiffness then the m-value temperature is

similar.

Table 8.2: App-4: Low Temperature Test Results

Supplier Binder ID Te-stitfness Tcm-value AT
(°C) (°C) (°C)

A_64-16 -15.6 -14.8 -0.8

C C_64-22 5 0.25 186 173 13
C_64-22_10 0.25 213 16.6 47

A_64-16 -15.6 -14.8 -0.8

D D_64-22 5 0.18 -19.0 -14.4 -4.6
D_64-22_10_0.18 20.6 131 7.4

The results show that:
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The CRM binders had the same low temperature grading as the control binders.

The critical temperatures of the binders from both suppliers were controlled by m-value as
indicated by negative AT¢ values. However, the differences between the binders from
Supplier-C were less significant than the differences between the binders from Supplier-D
because of the higher m-values (lower m-value critical temperatures) recorded on the
Supplier-D binders. This implies that the marginal CRM particle size change may have
influenced critical temperatures.

The CRM binders from Supplier-D had higher Tcm-value results than the control binder,
indicating that the binder’s capacity to relax the stress (m-value) was reduced by the
addition of CRM.

Adding CRM had a notable effect on the ATc values, with increasing CRM content resulting
in increasingly lower values.

The CRM binders produced with 5% and 10% of the finer CRM particle sizes had lower ATc
values than the binders produced with 5% and 10% of the slightly larger CRM particles.
The results are opposite to those recorded for the Approach-2 binders (i.e., the CRM
binders produced with 5% and 10% finer CRM particle sizes had more positive ATc values).
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8.2.5 Multiple Stress Creep Recovery
Multiple stress creep recovery test results are listed in Table D.5 in Appendix D. Figure 8.7 and
Figure 8.8 show the MSCR test results at 64°C for the RTFO-aged binders. The results show that:

e The CRM binders had lower non-recoverable creep compliance (Jnr) than the control
binders, with 10% CRM having a notably larger effect than 5% CRM.

e The differences in Jnr between the base and CRM binders from Supplier-C were larger than
those from Supplier-D.

e The CRM binders produced with finer CRM particles had higher Jnr values than those
produced with the slightly larger CRM particles, which differs from the results for the
Approach-2 CRM binders. This implies that mixes produced with the CRM binders from
Supplier-C would potentially be more rut resistant than mixes produced with the CRM
binders from Supplier-D.

e Adding CRM to binders increased the percent elastic recovery of the binder, as expected,
with increasing CRM content having a corresponding increase in percent recovery. The CRM
binder produced with 5% of the finer CRM particles had a higher percent recovery than the
binder produced with 5% of the slightly larger CRM particles. Particle size did not appear to
influence the results when 10% CRM was added.

e The differences in results between tests conducted at 0.1 kPa and 3.2 kPa were clear, but
consistent across the different binders.

8.2.6 Frequency Sweep

Figure 8.9 shows the master curves for the RTFO-aged binders and Figure 8.10 shows the curves
normalized to the control binders to facilitate comparison. The master curves were developed at
20°C using measured dynamic moduli and phase angles from the frequency sweep tests
conducted at 20, 40, and 50°C. The results show that:

e CRM binders from Supplier-C were stiffer than the control binder at frequencies lower than
1E-02 Hz, indicating that mixes produced with these binders would likely have better
rutting resistance at higher temperatures. Stiffness increased with increasing CRM content,
with a notable difference between the two CRM binders at the lower frequencies. At higher
frequencies, the CRM binders had marginally lower stiffnesses than the control, with
essentially no difference between the binders with 5% and 10% CRM.

e Stiffnesses of the CRM binders from Supplier-D were generally close to those of the control,
with the exception of the binder with 10% CRM, which was stiffer than the control at low
frequencies (<1E-05 Hz) and less stiff at high frequencies (>1E+04 Hz).
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Figure 8.9: App-4: RTFO-aged binder master curves at 20°C.

Figure 8.10: App-4: Normalized RTFO-aged binder master curves at

20°C.
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e At 20°C and 10 Hz, at which beam fatigue tests were conducted, all of the CRM binders had
lower stiffnesses than the control, indicating that mixes produced with them would be
expected to have better fatigue performance in strain controlled fatigue tests and when
used in thin overlays.

e The results were consistent with the PG tests discussed previously.

8.2.7 Solubility
Figure 8.11 shows the solubility test results for the unaged CRM binders from both suppliers. The
results show that:

e Only one binder (5% CRM from Supplier-C) met the current Caltrans minimum solubility
criteria for PG-M binders (97.5%). The solubilities of the other three binders were between
2.3% and 2.9% below this limit. These lower solubilities were attributed to the field
blending processes followed, which may have resulted in incomplete digestion of some of
the CRM particles.

e CRM content had a notable effect on the results of the Supplier-C binders, with the binder
with 10% CRM having a solubility 2.3% lower than the binder with 5% CRM.

e CRM particle size and properties also had a notable effect on the results, with the binders
from Supplier-D (slightly smaller CRM particle size with no devulcanization) having lower
solubility. The Supplier did note difficulties with blending the fine CRM into the base binder.

8.2.8 Ductility

Figure 8.12 shows the ductility test results at 25°C for the RTFO-aged CRM binders. Caltrans
specifications (Section 92) specify a minimum ductility of 75 cm for unmodified binders but do
not specify any requirements for modified binders. The results show that:

e All binders had ductility well below the 75 cm limit set for unmodified binders, indicating
potentially poor tensile properties. The results were notably lower than those recorded for
the Approach-1 CRM binders and were inconsistent with MSCR and low temperature test
results. Previous research (71) has suggested that ductility results are not necessarily a true
representation of tensile stress and strain relationships in modified binders.

e An increase in CRM content resulted in a decrease in ductility for the binders from both
suppliers.

e The binders with slightly smaller CRM particles had marginally higher ductility than the
binders with larger CRM particles.
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8.2.9 FTIR Testing

Binders were tested in unaged, RTFO-aged, and PAV-aged condition. Figure 8.13 and Figure 8.14

show the carbonyl area (CA) indices and sulfoxide (SUL) indices of both suppliers, respectively.

The results show that:

e CA and SUL indices increased after RTFO-aging and again after PAV-aging, as expected,

8.3

confirming that both indices were sensitive to the level of aging in these binders and can
be used to track it.

The unaged and RTFO-aged CRM binders from Supplier-C had similar CA indices to the
control, while those from Supplier-D had notably higher CA indices than the control. The
higher values for the unaged binder were attributed to additional heating of the Supplier-D
CRM binders during blending, which was required to achieve satisfactory digestion.

There were no or only minor differences in CA index between binders with 5% CRM and
binders with 10% CRM in these aging conditions.

The PAV-aged CRM binders from Supplier-C had notably lower CA indices than the control,
and the binder with 10% CRM had a notably lower CA index than the binder with 5% CRM.
The CRM binders from Supplier-D showed a different trend, with the binder with 5% CRM
recording a slightly higher CA index than the control, and the binder with 10% CRM
recording the same CA index as the control. This implies that the rate of aging of the CRM
binders with larger CRM particles could potentially be slower than CRM binders with
smaller CRM particles.

The SUL area indices for the unaged, RTFO-aged, and PAV-aged CRM binders from Supplier-
C were lower than those of the control.

The SUL area indices for the binders from Supplier-D were less consistent. Both unaged
CRM binders had higher SUL indices than the control, which was attributed to the longer
heating during blending. The binder with 5% CRM also had higher SUL indices than the
control after RTFO aging and after PAV aging. The binder with 10% CRM had notably lower
SUL indices than the control and binder with 5% CRM after both RTFO and PAV aging.

Approach-4 Mix Test Results

Mix testing was done on specimens prepared with binders from Supplier-C only.
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8.3.1 Volumetric Mix Design

The Superpave volumetric design method (AASHTO M 323) was followed to select the optimum
binder content to meet Caltrans Type-A HMA specifications. Key parameters of the mix design
include the following:

e Target air-void (AV) content at Ngesign (85 gyrations) of 4%+0.5%.

e Voids in mineral aggregate (VMA) between 13.5% and 16.5% for 3/4 in. nominal maximum
aggregate size (NMAS) mixes.

e Dust proportion (DP) between 0.6 and 1.3.

e Although not specified, voids filled with asphalt (VFA) was also calculated. The
recommended VFA range is between 65% and 75%.

Mixing and compaction temperatures for the CRM mixes were determined from binder
temperature-viscosity curves at 135 and 165°C where the binder viscosity reached 0.17+0.02 Pa-s

and 0.28+0.03 Pa-s, respectively (Figure 8.15).
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Figure 8.15: App-4: Rotational viscosity.

Table 8.3 summarizes the mixing and compaction temperatures and the gyratory compaction
pressure. The required mixing and compaction temperatures increased with increasing CRM
content, but were well below typical mixing temperatures (i.e., 190°C to 200°C) used for
traditional RHMA-G mixes. The gyratory compactor was set to 600 kPa, which is the standard
pressure used for conventional dense-graded mixes and lower than that used for RHMA-G mixes
(i.e., 825 kPa). Specimens were not held after compaction because no bulging was observed in

preliminary compaction trials.
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Table 8.3: App-4: Mixing and Compaction Settings

Mix ID Binder ID Mixing Temp. Compact Temp. Compact Pressure Hold Time
(°C) (°C) (kPa) (Minutes)

J A_64-22 150 140 600 0

K C_64-22_5 0.25 165 158 600 0

L C_64-22_10_0.25 170 166 600 0

Mix-J, produced with the unmodified base binder from Refinery-A, was used for the mix design
confirmation. Once completed, the remaining two mixes (Mix-K [5% CRM] and Mix-L [10% CRM])
were verified at the design optimum binder content. No adjustments to the optimum binder
content were required for Mix Kand Mix L. The results are summarized in Table 8.4. Using a fixed
binder content of 5.3% for all three mixes implies that adding 5% and 10% CRM would have
decreased the actual base asphalt binder content in those mixes. However, the results show that
this slight reduction in the actual base binder content did not appear to have any notable effect

on the mix volumetric parameters.

Table 8.4: App-4: Mix Design Summary

Mix Binder ID Optimum Air-Void VMA DP VFA
ID Binder Content at (%) (%)
Content (%) Npesign (%)
J A_64-22 5.3 4.0 13.7 1.1 70.3
K C_64-22 5 0.25 5.3 4.0 13.8 1.1 70.9
L C_64-22_10_0.25 5.3 4.0 14.1 1.1 71.9
8.3.2 Mix Stiffness: Dynamic and Flexural Modulus

Dynamic and flexural modulus test results are listed in Table D.4 and Table D.5 in Appendix D.
Dynamic and flexural modulus master curves for the three mixes at a 20°C reference temperature
are shown in Figure 8.16 and Figure 8.18. Master curves normalized to the unmodified base
binder are shown in Figure 8.17 and Figure 8.19, respectively. Dynamic modulus master curves
were developed from frequency sweep testing in an AMPT at 4, 21, 38, and 54°C, while flexural
frequency sweep testing was done in a beam fatigue apparatus at 10, 20, and 30°C. The results
show that:

e The dynamic modulus and flexural modulus master curve trends were different. The
flexural modulus master curve showed trends consistent with the binder master curve.
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Figure 8.16: App-4/Supp-C: Dynamic modulus master curves at 20°C. Figure 8.17: App-4/Supp-C: Normalized dynamic modulus master
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Figure 8.18: App-4/Supp-C: Flexural modulus master curves at 20°C. Figure 8.19: App-4/Supp-C: Normalized flexural modulus master

curves at 20°C.
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e The dynamic modulus master curves indicate that the CRM mix with 5% CRM had a higher
stiffness at lower frequencies than the control and mix produced with the CRM binder with
10% CRM, and a lower stiffness at higher frequencies. The dynamic modulus master curve
of the CRM mix with 10% CRM was similar to that of the control mix.

e The flexural modulus master curves indicate that the mixes produced with CRM binders
were stiffer than the control at lower frequencies (<1E-02 Hz), with the 10% CRM mix
having a proportionally higher stiffness than the 5% CRM mix, as expected. At frequencies
higher than 1E-01 Hz), the CRM mixes had similar stiffnesses to the control mix.

e The CRM mixes could potentially be more resistant to rutting at higher temperatures than
the control mix.

Figure 8.20 and Figure 8.21 show black diagrams (complex modulus versus phase angle) derived
from the dynamic and flexural modulus test results. These black diagrams show that there were
no significant differences between the control and CRM mixes. This, and the results from the
dynamic and flexural modulus tests imply that mixes produced with these CRM binders should

have similar, or marginally better rutting and cracking performance to the control mixes.

8.3.3 Rutting Resistance: Unconfined Repeated Load Triaxial Test

Repeated load triaxial test results are listed in Table D.6 in Appendix D. Figure 8.22 and
Figure 8.23 respectively plot the average unconfined RLT and average permanent strain against
load cycle test results at 50°C. Whiskers on the RLT data indicate the lowest and highest flow
numbers of the five replicates in each mix. The results show that:

e There was considerable variability across the replicate test results. However, the
AASHTO T 378 maximum coefficient of variation for a single operator testing 19 mm
(3/4 in.) NMAS mixes of 58.5% was not exceeded for any of the mixes. The CRM mix with
5% CRM had the highest variability.

e The CRM mixes had higher flow numbers than the control mix, and the CRM mix with 10%
CRM had a higher flow number than the CRM mix with 5% CRM.

e Trends observed for the number of cycles to 3% and 5% permanent axial strain were similar
to those observed for the flow number results. At lower permanent strain levels, the
difference in the number of cycles required to reach the selected strain level was similar
between the mixes.

e These observations, together with those from the frequency sweep and multiple stress
creep recovery tests, indicate that mixes produced with Approach-4 CRM binders will
potentially have better rutting resistance than mixes produced with the respective control
binders.
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Figure 8.20: App-4/Supp-C: Black diagram of dynamic modulus

results.

Figure 8.21: App-4/Supp-C: Black diagram of flexural modulus

results.
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Figure 8.22: App-4/Supp-C: Flow number at 50°C.

Figure 8.23: App-4/Supp-C: Average permanent strain vs. load cycles

at 50°C.
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8.3.4 Rutting and Moisture Resistance: Hamburg Wheel Track Test

Hamburg wheel track test results are listed in Table D.7 in Appendix D. Figure 8.24 shows the
results for the three mixes at 50°C. The rut depth shown is the average of the left and right wheel
track. The results show that:

e All mixes performed well within the specified limits (average maximum rut depth may not
exceed 0.5 in. [=12.5 mm] at 15,000 load cycles) and that no mixes were moisture sensitive.
Inflection points indicating stripping were not observed for any of the mixes.

e The results were consistent with the RLT results discussed in Section 8.3.3, with the benefits
of using CRM binders clearly evident.
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Figure 8.24: App-4/Supp-C: Hamburg wheel track rutting at 50°C.

8.3.5 Fatigue/Reflective Cracking Resistance: Four-Point Beam Test

Four-point beam test results for the three mixes are listed in Table D.8 in Appendix D. Figure 8.25
shows the flexural beam fatigue test results at 20°C and 10 Hz. The plots show the predicted
fatigue life against the applied peak-to-peak strain in a log-log plot. Figure 8.26 shows the
calculated fatigue lives at 200, 300, 400, and 600 ustrain. The results show that:

e The model for the CRM mix with 5% CRM was considered appropriate based on the
relatively high R-squared value of the model fitting and the repeatability of the test results
at each strain level. The models for the control mix and CRM mix with 10% CRM had
relatively poor correlations, indicating high variability in the test results. Consequently, firm
conclusions could not be drawn from the results regarding improved fatigue performance
of the CRM mixes over the control mix.

e Taking these poor correlations into consideration, the calculated fatigue lives did indicate
that the CRM mixes could potentially have longer fatigue lives at a given strain than the
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control mix, especially at low and intermediate strains. The calculated strains did not show
a difference between the CRM mixes with 5% and 10% CRM, although this is likely a
consequence of the high variability in the results for the CRM mix with 10% CRM.

Fatigue performance of the mixes produced with CRM binders was more strain-sensitive
than the control mixes.

8.3.6 Fracture Cracking Resistance: Semicircular Bend Test

Semicircular bend test results are listed in Table D.9 in Appendix D. Figure 8.27 and Figure 8.28

respectively show the average fracture energy and strength, and flexibility index results.

Whiskers on the data show the lowest and highest fracture energies and flexibility indices,

respectively for the four replicates tested for each mix. The results show that:

Fracture energy and flexibility index results showed similar trends, as expected.

Trends were similar to those observed in the fatigue cracking results.

Taking variability into consideration, the CRM mixes performed similar to the control mixes,
with no apparent benefits of adding CRM, or apparent differences between the CRM mix
with 5% CRM and the mix with 10% CRM. Table 8.5 provides a statistical analysis of the SCB
test results. The coefficients of variation (CoV) of the flexibility index values were notably
higher than the fracture energy values and strength. This should be taken into
consideration when interpreting the results.

Table 8.5: App-4: SCB Test Results

Mix Binder ID Fracture CoV? Flexibility CoV Strength CoV

ID Energy (%) Index (%) (MPa) (%)
(Jol/m?)

J A_64-22 2,575 8.1 6.3 20.8 0.58 6.3

K C_64-22_5_0.25 2,160 6.0 4.4 48.6 0.59 5.4

L C_64-22_10_0.25 1,889 21.5 4.7 14.1 0.56 11.5

a CoV: coefficient of variation

8.3.7

Low-Temperature Cracking: Uniaxial Thermal Stress and Strain

Uniaxial thermal stress and strain test (UTSST) results are listed in Table D.10 in Appendix D and

summarized in Figure 8.29. The results show that:
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There were no apparent trends in the results.

All results were below the recommended minimum cracking resistance index of 17°C (66).
The control mix had a lower CRIgny value and higher fracture temperature than the CRM
mix with 5% CRM and a higher CRIgn value and lower fracture temperature than the CRM
mix with 10% CRM.
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at 25°C.

Figure 8.28: App-4/Supp-C: SCB flexibility index at 25°C.
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Figure 8.29: App-4/Supp-C: Uniaxial thermal stress and strain.

e The CRM mix with 5% CRM could potentially have better thermal cracking resistance than

8.4

the control mix, and considerably better resistance than the CRM mix with 10% CRM.

Approach-4 Test Result Summary

This chapter covers the evaluation of Approach-4 CRM binders (5% and 10% CRM by weight of

the binder, with two different CRM particle gradations [<250 um and <180 um]) produced using

a field-blending process. The following important observations were made from the test results:

120

The CRM binders tested in this part of the study met the Caltrans PG-M specifications,
except for solubility, where only one CRM binder (5% CRM with <250 um gradation) used.
Adding CRM using this approach might result in a high temperature grade above that of the
base binder, with the level of change dependent on the base binder, CRM content, and
CRM particle size. Improvements were more apparent when the CRM with the <250 um
gradation was used.

The CRM binders had higher high-temperature performance grades in the unaged and
RTFO-aged condition, and lower intermediate-temperature performance grades in the
PAV-aged condition, than their base binders.

The multiple stress creep recovery test results indicated that adding CRM decreased the
non-recoverable compliance and increased the percentage recovery at high temperatures
(64°C in this test) when compared to the control binders with the same PG.

The low-temperature test results indicated that adding CRM resulted in lower creep
stiffnesses at low temperatures (<0°C) than the control binders with the same PG. However,
the low-temperature PG of the CRM binders were the same as those of the base binders.
Creep stiffnesses decreased with increasing CRM content.
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e FTIR measurements indicated that the CRM binders had lower carbonyl area indices than
their base binder after PAV-aging. There was no significant difference in the sulfoxide area
indices.

e There did not appear to be any benefits of using an ultra-fine CRM gradation. The finer
gradation was also more difficult to blend with the base binder.

e Approach-4 CRM binders could be accommodated in a dense-graded aggregate structure
at the same binder content as the control mix, and still meet all mix design requirements.

e The flexural modulus master curves indicated that the CRM mixes were stiffer than the
control mix at low frequencies (<1E-02 Hz), but had similar stiffnesses at intermediate and
higher frequencies (>1E+01 Hz) at 20°C. Stiffnesses increased with increasing CRM content,
as expected.

e The CRM mixes had better rutting and moisture resistance than the control mix.
Performance improved when the CRM content was increased from 5% to 10%.

e The CRM mixes could potentially have longer fatigue lives at a given strain than the control
mix, especially at low and intermediate strains. The calculated strains did not show a
difference between the CRM mixes with 5% and 10% CRM, although this is likely a
consequence of the high variability in the results for the CRM mix with 10% CRM. Fatigue
performance of the mixes produced with CRM binders were more strain-sensitive than the
control mixes.

e Taking variability into consideration, the CRM mixes had similar fracture cracking resistance
to the control mixes, with no apparent benefits of adding CRM, or apparent differences
between the CRM mix with 5% CRM and the mix with 10% CRM.

e The UTSST results indicated that the CRM mix with 5% CRM could potentially have better
thermal cracking resistance than the control mix, and considerably better resistance than
the CRM mix with 10% CRM.
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9. PRELIMINARY PAVEMENT PERFORMANCE SIMULATIONS

9.1 Introduction

The expected field performance of CRM mixes was simulated under a range of pavement
structures, climate conditions, and traffic conditions using the CalME software program. The
purpose of these simulations was to identify likely differences in performance between

conventional and CRM mixes, and to determine where the use of CRM mixes would be beneficial.

Two structures were analyzed namely overlays on cracked asphalt pavements and overlays on
cracked portland cement concrete pavements. Material parameters were based on flexural
frequency sweep and flexural fatigue test results reported in Chapter 5 through Chapter 8. Full-
depth structures were not analyzed as they typically consist of different mixes (e.g., rich bottom,
intermediate, and surface) with different material properties (i.e., binder, air-void, and RAP
contents) that were not tested during the laboratory evaluation of the CRM mixes. However,
based on the results discussed in Chapter 5 through Chapter 8, it is clear that mixes produced
with CRM binders will potentially have equal or better performance than conventional mixes in

these applications.

The simulations focused on the development of reflective cracking through the overlays. Rutting
performance was not analyzed because the laboratory test results indicated that the CRM mixes

consistently provided equal or better rutting resistance than the control mixes.

9.2 CalME Simulation Input

Simulations using the Ca/ME software take into account climate, traffic, material, and pavement
structure. The estimation of pavement distress is based on changes in pavement conditions (i.e.,
stiffness), critical responses (stress, strain, deflection), and the number of load repetitions over
time. The primary output is the pavement service life, which is the estimated time when surface

cracking reaches 2.5 m/m? (=0.75 ft./ft?). A 20-year design life was used for all simulations.

Table 9.1 lists the climate inputs that were used in the simulations. Potentially appropriate CRM
mixes were selected based on binder performance grade for four example California climate

regions: north coast, inland valley, desert, and high desert. Pavement temperatures were
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calculated in CalME using a sinusoidal function option that considers the mean yearly surface

temperature, yearly temperature range, and daily temperature range.

Table 9.1: CalME Climate Inputs

Approach Mix ID Binder Climate Zone Surface Temperature (°F [°C])
Grade Yearly Mean | Yearly Range | Daily Range
1and3 A,B,C,G,H 64-16 North Coast 59 (15) 54 (12) 61 (16)
1and3 A,B,C,G,H 64-16 Inland Valley 70 (21) 73 (23) 75 (24)
1 D,E,F 70-10 Desert 79 (26) 82 (28) 72 (22)
2 S, T,U 64-22 High Desert 59 (15) 88 (31) 79 (26)
4 JK,L 64-22 High Desert 59 (15) 88 (31) 79 (26)

The two different sets of pavement structures evaluated are summarized in Table 9.2 and

Table 9.3. All layers were assumed to be fully bonded in the simulations.

Table 9.2: Asphalt Concrete Overlay on Cracked Asphalt Concrete

Structure Material Thickness Stiffness at 20°C & 10 Hz
(ft.) (mm) (ksi [MPa])
Layer 1 CRM 0.15,0.2,0.35,0.5,0.7 | 45,60, 105, 150, 210 Material dependent
Layer 2 Old HMA 0.35 105 725 (5,000)
Layer 3 Aggregate base 1.0 300 44 (300)
Layer 4 Subgrade (lean clay) Infinite Infinite 10 (70)

Table 9.3: Asphalt Concrete Overlay on Cracked Portland Cement Concrete

Structure Material Thickness Stiffness at 20°C & 10 Hz
(ft.) (mm) (ksi [MPa])
Layer 1 CRM 0.15,0.2,0.35,0.5 45, 60, 105, 150 Material dependent
Layer 2 PCC 0.75 225 5,076 (35,000)
Layer 3 Aggregate base 1.0 300 44 (300)
Layer 4 Subgrade (lean clay) Infinite Infinite 10 (70)

Two RHMA-G mixes were included in the overlay comparisons to identify the performance
differences between CRM mixes and conventional RHMA-G mixes in different climates. A 60 mm
(0.2 ft.) layer thickness was used for these comparisons. Table 9.4 summarizes the RHMA-G mix
properties used in the simulations. It should be noted that the air-void contents of the RHMA-G
mixes were 1% lower than the air-void content used in CRM mix laboratory testing (beam air-
void content of 7.0%+1%). The total binder content in the RHMA-G mixes was at least 8.3% by
dry weight of aggregate, which implies a base asphalt content of 6.5% if 20% CRM is added. This
is higher than the base asphalt binder content used in the CRM mixes. The higher base binder
content in the RHMA-G mixes would increase the binder film thickness on the aggregates, which

in turn would potentially slow the rate of crack propagation.
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Table 9.4: RHMA-G Mix Parameters

Mix ID Binder Content Air-Void Content Mix Gradation Stiffness at 20°C & 10 Hz
(%) (%) (ksi [MPa])
RHMA-G #1 8.3 6.0 1/2 in. NMAS? 628 (4,329)
RHMA-G #2 8.8 6.0 3/4 in. NMAS? 549 (3,786)

2 NMAS: nominal maximum aggregate size

Traffic inputs were based on the pavement structure, with higher volumes applied to stronger
structures as detailed in Table 9.5.

Table 9.5: CalME Traffic Inputs

AC Overlay on AC AC Overlay on PCC
Thickness Million Thickness Million

(ft.) (mm) ESALs?/year (ft.) (mm) ESALs/year
0.15 45 1 0.15 45 0.2
0.20 60 2 0.2 60 0.2
0.35 105 4 0.35 105 1

0.50 150 10 0.5 150 2

0.70 210 10 N/A N/A N/A

@ ESAL: equivalent single axle load

9.3 CalME Simulation Results

9.3.1 Asphalt Concrete Overlay on Cracked Asphalt Concrete
A total of 35 cases were simulated as follows:

e Ten cases used Approach-1 PG 64-16 mixes (two climate conditions x five thicknesses).

e Five cases used the Approach-1 PG 70-10 mixes.

e Approach-2 and Approach-4 mixes were simulated in the high desert climate with five
thicknesses for each approach.

e The remaining 10 cases used Approach-3 mixes (two climate conditions x five thicknesses).

Table 9.6 summarizes the rankings for reflective crack retardation performance for the asphalt
concrete overlays on cracked asphalt concrete. The comparison was made within each approach
according to the binder PG grouping. Given that the mixes using binders with PGs that would be
used in different climate zones, no comparison was made across binder groups for a given climate

zone. The best-performing mix is ranked as No.1 and the poorest as No.3 in each climate zone.

Figure 9.1 shows the CalME plot of simulated reflective wheelpath cracking for Approach-1
Mix-A, Mix-B, and Mix-C in inland valley and north coast climates. A complete set of plots for the

remaining simulations is provided in Figure E.1 through Figure E.27 in Appendix E.

UCPRC-RR-2020-06 125



Table 9.6: Performance Ranking of Overlay Applications on Cracked Asphalt Concrete

Approach Binder ID? Mix ID Ranking®
Inland Valley | North Coast Desert High Desert
A-64-16 A 3 3
A-64-16-5-0.25 B 2 2 N/A N/A
A-64-16-10-0.25 C 1 1
! A-70-10 D 2
A-70-10-5-0.25 E N/A N/A 1 N/A
A-70-10-10-0.25 F 3
B-64-22 S 1
2 B-64-22-5-2.36 T N/A N/A N/A 2
B-64-22-10-2.36 u 3
A-64-16 A 1 1
3 A-64-16-5-2.36_DRY G 2 2 N/A N/A
A-64-16-10-2.36_DRY H 3 3
C-64-22 J 2
4 C-64-22-5-0.25 K N/A N/A N/A 3
C-64-22-10-0.25 L 1

2 Binder ID format: source-PG-% CRM content-maximum CRM size in mm
b Rankings were the same for all thicknesses evaluated
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Figure 9.1: AC on AC: Simulation results for 0.15 ft. overlays of Mix-A, -B, and -C.

The results show that:

e Mix ranking depended on a number of factors, as expected, with no universal optimum
CRM content across all applications. Primary influences were material, climate, and
pavement structure, with tested mix properties having a secondary influence.

e Approach-1 and Approach-4 CRM mixes with an optimal CRM content for a given
application had better crack retardation performance than the control mixes, indicating
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that CRM mixes could be considered as an alternative to conventional mixes in these
applications.

Increasing the CRM content in the Approach-1 and Approach-4 CRM mixes slowed the
development of reflective cracking in inland valley and north coast climates for all surface
layer thicknesses, even though the CRM mixes had similar stiffnesses to the control mixes.
For simulations where most strains were lower than 400 pstrain, the Approach-1 CRM
mixes had longer service lives than their control mixes, which was consistent with the
laboratory beam fatigue test results.

In desert applications, the Approach-1 PG 70-10 mix with 5% CRM had the best
performance and the mix with 10% CRM mix had the poorest performance. A wide range
of temperature fluctuations occur in these climates, which leads to corresponding changes
in the mix stiffness of the surface layer. When the temperature is high, the mix stiffness
decreases and traffic loads will generate higher strains at the bottom of the layer. This
resulted in a shorter service life for the mix with higher CRM content at higher strains (i.e.,
>400 pstrain), consistent with the laboratory beam fatigue test results.

The Approach-2 CRM mixes had faster crack propagation rates than their control mix.
Increasing the CRM content from 5% to 10% further accelerated the rate of cracking. These
results are consistent with the laboratory beam fatigue results.

The Approach-3 CRM mixes with dry-process CRM did not perform well in inland valley or
north coast climate applications, with the control mix having a better cracking resistance.
Under the same traffic loadings, the softer CRM mixes transferred higher strains to the
underlying layer than the control mix, which accelerated the rate of reflective cracking.

In the inland valley, north coast, and high desert climates, Approach-1 PG 64-16 mixes and
Approach-4 PG 64-22 mixes with 10% CRM had the best performance.

The RHMA-G mixes performed better than the Approach-1 and Approach-4 CRM mixes
under a traffic loading of two million ESALs. This was expected given that RHMA-G mixes
generally have better crack-retardation properties than dense-graded mixes. The RHMA-G
mixes also had lower stiffnesses than the CRM mixes, which can be beneficial in most thin
overlay applications.

9.3.2 Asphalt Concrete Overlay on Cracked Portland Cement Concrete

A total of 28 cases were simulated as follows:

Eight cases used the Approach-1 PG 64-16 mixes (two climate conditions x four thicknesses
[45, 60, 105, and 150 mm (0.15, 0.2, 0.35, and 0.5 ft.)]).

Four cases used the Approach-1 PG 70-10 mixes in the desert climate.

Approach-2 and Approach-4 mixes were simulated in the high desert climate with the same
four thicknesses for each approach.
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The remaining eight cases used the Approach-3 mixes (two climate conditions x four

thicknesses).

Table 9.7 summarizes the rankings for reflective crack retardation performance for the asphalt

concrete overlays on cracked portland cement concrete.

Table 9.7: Performance Ranking of Overlays on Cracked Portland Cement Concrete

Approach Binder ID? Mix ID Ranking®
Inland Valley | North Coast Desert High Desert
A-64-16 A 3 3
A-64-16-5-0.25 B 1 1 N/A N/A
1 A-64-16-10-0.25 C 2 2
A-70-10 D 1
A-70-10-5-0.25 E N/A N/A 2 N/A
A-70-10-10-0.25 F 3
B-64-22 S 3
2 B-64-22-5-2.36 T N/A N/A N/A 1
B-64-22-10-2.36 u 2
A-64-16 A 1 1
3 A-64-16-5-2.36_DRY G 2 2 N/A N/A
A-64-16-10-2.36_DRY H 3 3
C-64-22 J 1
4 C-64-22-5-0.25 K N/A N/A N/A 3
C-64-22-10-0.25 L 2

1 Binder ID format: source-PG-CRM content in percent-maximum CRM size in mm
b Rankings were the same for all thicknesses evaluated

Figure 9.2 shows the CalME plot of simulated reflective wheelpath cracking for Approach-1

Mix-A, Mix-B, and Mix-C in inland valley and north coast climates. A complete set of plots for the

remaining simulations is provided in Figure E.28 through Figure E.49 in Appendix E. The results

show that:
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Mix ranking depended on a number of factors, as expected, with no universal optimum
CRM content across all applications. Primary influences were material, climate, and
pavement structure, with tested mix properties having a secondary influence.

Approach-1 PG 64-16 mixes and Approach-2 PG 64-22 mixes with 5% CRM performed well
in inland valley, north coast, and high desert climates.

The Approach-1 PG 64-16 CRM mixes with 10% CRM improved reflective cracking
resistance in inland valley and north coast climates. Although these CRM mixes had similar
stiffnesses to the control mix, they generally had longer fatigue lives at lower strains
(<400 pstrain) in the selected climates.

The Approach-1 PG 70-10 CRM mixes had poorer performance than the control mixes in
the desert climate. The CRM mix with 10% CRM had the fastest rate of cracking, likely due
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to higher temperatures leading to lower stiffnesses and consequent higher strains under
traffic loading.
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Figure 9.2: AC on PCC: Simulation results for 0.15 ft. overlays of Mix-A, -B, and -C.

e Approach-2 CRM mixes generally showed lower rates of crack propagation than the control
mix. Laboratory flexural modulus results showed that the Approach-2 CRM mixes were
generally stiffer than the control mix, which resulted in lower strains at the bottom of the
overlay.

e The Approach-3 mixes did not perform well in AC over PCC applications. These CRM mixes
had lower flexural stiffnesses than the control mix, which resulted in higher loads
transferred to the underlying cracked concrete layer. This in turn resulted in faster crack
initiation at the bottom of the overlay and faster crack propagation thereafter.

e The Approach-4 CRM mixes had poorer performance than the control mix in the high desert
climate. The Approach-4 CRM mixes were more sensitive to stiffness fluctuations as the
temperature fluctuated, with fatigue life reduced under the higher strains.

e RHMA-G mixes had similar or slower rates of crack propagation than the CRM mixes. This
was attributed primarily to the gap gradation, higher binder content, higher CRM content,
and lower air-void content in the RHMA-G mixes.

9.4 CalME Simulation Summary

Although most CRM mixes with wet-process binders performed better than conventional mixes
in laboratory tests, simulation results indicated that field performance in different pavement

structures varied on a case-by-case basis, depending on the scenario. As with any other pavement
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design, appropriate applications of CRM mixes would need to be determined based on an analysis

of project-specific mix properties, pavement structure, traffic, and climate.

Findings from these analyses confirmed that laboratory stiffness and fatigue tests at one specific
temperature and strain condition might not necessarily represent overall field performance.
Material properties, pavement structure, climate conditions, traffic, and the interaction among
these factors all influence field performance. In high profile projects, a more complete series of
laboratory tests and CalME field performance simulations would be used to ensure an optimal

pavement design.
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10. CONCLUSIONS AND RECOMMENDATIONS

10.1 Study Summary

In 2015, Caltrans expressed interest in studying the addition of small amounts of crumb rubber
(CRM) in dense-graded asphalt mixes to increase the total amount of recycled tire rubber used.
Small amounts were defined as 5% to 10% CRM by weight of the binder or approximately 0.25%
to 0.5% CRM by weight of the aggregate.

The following four approaches for adding the rubber were proposed:

1. Approach-1: Addition of 5% to 10% CRM particles smaller than 250 um to the asphalt
binder, not resulting in a change to the PG of the base binder, achieved by blending softer
base binders and/or polymers with the rubber at the refinery/terminal.

2. Approach-2: Addition of 5% to 10% CRM particles smaller than 2.36 mm to the asphalt
binder, with allowable changes to the PG of the base binder, and produced using a field-
blending process similar to that used for producing asphalt rubber binders with between
18% and 22% CRM by weight of the binder. Two gradations (passing a 2.36 mm [#8] and a
1.18 mm [#16] sieve) were assessed in this study.

3. Approach-3: Adding 0.25% to 0.5% CRM by weight of the aggregate directly into the mix
using a dry-process. Particles passing a 2.36 mm (#8) sieve were used in this study;
however, most dry process mixes in the United States use particles smaller than 500 um
(passing the #30 sieve).

4. Approach-4: Addition of 5% to 10% CRM with particles smaller than 250 um to the asphalt
binder, with allowable changes to the PG of the base binder, and produced using a field-
blending process.

This laboratory study tested 26 binders (6 control [base] binders, 18 CRM binders, and 2 SBS
binders) and 19 mixes (5 control mixes and 14 CRM mixes). Binder tests included performance
grading, multiple stress creep recovery, stiffness frequency sweeps, solubility, ductility, viscosity,
and Fourier-Transform Infrared Spectroscopy. Mix tests included dynamic and flexural modulus
to assess stiffness, repeated load triaxial to assess rutting performance, Hamburg wheel track to
assess moisture resistance, flexural beam fatigue to assess fatigue and reflective cracking
resistance, semicircular bending to assess fracture cracking resistance, and uniaxial thermal

stress and strain tests to assess low temperature cracking resistance.
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Laboratory tests only reveal material performance under a specific set of controlled testing

conditions and may not be representative of actual field performance where layer thicknesses,

climate, traffic loading, and other factors all play a role, particularly for bottom-up fatigue

cracking performance. Laboratory test results were therefore used as inputs in mechanistic-

empirical simulations, using CalME software, to predict likely fatigue cracking responses.

10.2 Test Result Summary

Laboratory binder and mix test results revealed that CRM binders and mixes had equal or better

performance to their control (base) binders and mixes in terms of potential rutting and cracking

performance in most cases, based on the following observations:

132

Approach-1 binders met project specific performance grading criteria, including solubility.
Approach-2 binders had higher high-temperature performance gradings than their base
binders in the unaged- and rolling thin film oven (RTFO)-aged conditions, and lower
intermediate-temperature performance gradings after pressure vessel aging. Bending
beam rheometer (BBR) tests indicated that these CRM binders had the same low-
temperature performance grade as their base binders, with decreasing creep stiffness with
increasing CRM content. Adding CRM also lowered the non-recoverable creep compliance
and increased the percentage recovery in the multiple stress creep recovery (MSCR) test.
Approach-4 CRM binders showed performance grade changes that were proportional to
the CRM content. These binders met the Caltrans PG-M specification criteria, except for
solubility, and showed better performance than their base binders at high, intermediate,
and low temperatures.

Binder test results indicate that CRM binders will potentially be more resistant to rutting
and to low-temperature cracking. CRM binders generally developed fewer carbonyl
components than the control binders after PAV-aging, indicating that they will potentially
age at a slower rate than their base binders.

The Approach-1, Approach-2, and Approach-4 CRM binders were found to be suitable for
use in dense-graded mixes. Mixes produced with binders containing CRM particles smaller
than 250 um met volumetric design criteria at the same binder content as the control base
binder. Mixes produced with binders containing larger CRM particles (up to 2.36 mm)
required higher optimum binder contents than the control mix to meet volumetric criteria.
Dry process mixes produced with 0.25% and 0.5% coarse CRM (<2.36 mm) by weight of the
aggregate also needed higher optimum binder contents than the control mix to account for
the CRM. Although no adjustments were made to aggregate gradations to accommodate
the CRM, the mixes with wet-process binders (Approaches-1, 2 and 4) and the mix with
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0.25% dry-process CRM all passed the volumetric criteria for Caltrans Type-A HMA. The dry
process mix with 0.5% CRM failed some of the VMA criteria.

e Approach-1 and Approach-4 mixes had higher stiffnesses (determined with dynamic and
flexural modulus tests) at high temperatures than the control mixes, indicating potentially
better rutting performance, but only a marginal stiffness difference at intermediate
temperatures, indicating potentially similar or better cracking resistance at a given tensile
strain. They also showed the potential for equal or better rutting and moisture resistance
than the control mixes in repeated load triaxial and Hamburg wheel track tests, and
potentially longer fatigue lives than the control mixes in beam fatigue tests at strain levels
below 400 ustrain. Mixes produced with binders containing 5% CRM showed potential for
better low-temperature cracking performance in the uniaxial thermal stress and strain test.

e Approach-2 CRM mixes had higher stiffnesses (dynamic and flexural modulus) and better
rutting and moisture resistance (repeated load triaxial and Hamburg wheel track) than the
control mix. Fatigue results were inconsistent across the range of strains, with the control
mix performance generally falling between the 5% CRM content mix (longer fatigue life
than the control) and the 10% CRM content mix (shorter fatigue life than the control). Low-
temperature cracking resistance tests were not conducted on these mixes.

e Approach-3 mixes had poorer rutting, moisture and thermal cracking resistance than the
control mix, but better fatigue performance at strains higher than 600 ustrain. It should be
noted that most dry mixes produced in the United States are now prepared with CRM
particles smaller than 500 um (passing the #30 sieve), considerably smaller than the
2.36 mm maximum size tested in this study. Poor performance in this round of testing was
mostly attributed to the relatively large CRM particles used, which were not satisfactorily
accommodated in the dense gradation.

e Semicircular bend (SCB) test results had high variability between replicate specimens.
Taking this into consideration, SCB test results indicated that the CRM mixes had similar
fracture resistance to their control mixes.

Mechanistic-empirical performance simulation results indicated that field performance of the
CRM mixes in different pavement structures varied on a case-by-case basis, depending on the
scenario. As with any other pavement design, appropriate applications of CRM mixes need to be
determined based on an analysis of project-specific mix properties, pavement structure, traffic,
and climate. However, general trends indicated that mixes produced with Approach-1,
Approach-2, and Approach-4 binders had similar or better performance than their control

binders in most of the scenarios that were assessed. The dry process mixes did not perform well,
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as expected, because of the larger CRM particles used in the study. Different results are expected

if finer CRM gradations are used.

10.3 Conclusions

Laboratory test results and mechanistic-empirical performance simulations both indicate that
dense-graded mixes produced with binders containing between 5% and 10% CRM by weight of
the binder will generally have equal or better performance to dense-graded mixes produced with
unmodified binders. Finer CRM gradations (i.e., smaller than 250 um, used in Approach-1 and
Approach-4 binders) allow binder testing with standard Superpave performance grading tests
and appear to provide more consistent results. Based on literature reviews, adding between
0.25% and 0.5% CRM with particles sizes smaller than 500 um in dry process mixes will also
provide equal or better performance to mixes that contain no CRM. If any of the approaches are

adopted, more scrap tires would be recycled into pavement applications.

10.4 Recommendations

The following recommendations are proposed based on the findings from this study:

e Laboratory test results and mechanistic-empirical performance simulations support the use
of small quantities of CRM in dense-graded mixes, both as a means of recycling more waste
tires, and for improving pavement layer performance under a given set of conditions. Pilot
studies should be considered to confirm these findings, to better quantify the benefits, and
to expand the CalME materials library.

e Preliminary mechanistic-empirical performance simulation results indicate that dense-
graded mixes produced with rubber-modified binders meeting the current Caltrans PG-M
specification could be beneficially used in a wide range of pavement layer applications.
These findings are supported by literature from other state departments of transportation
that have implemented similar specifications. Additional mechanistic-empirical
performance simulations should be carried out to confirm these findings and to identify the
most appropriate applications in pavement structures in the different California climate
zones.

e Some relaxation of the solubility requirements in the PG-M specification should be
considered to allow more use of Approach-4 binders. Laboratory test results and
performance simulations did not indicate that a relaxation in solubility requirements would
have a detrimental effect on performance.
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e Given that dry process approaches are the simplest and cheapest method of incorporating
CRM into mixes, limited additional testing with finer CRM particles, along with performance
simulations, should be conducted to confirm that findings from research conducted in
other states and countries are applicable to California applications.
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APPENDIX A: TEST RESULTS FOR APPROACH-1 BINDERS AND MIXES

Test results for Approach-1 (App-1) binders and mixes are summarized in the following tables:

e Table A.1: App-1: Unaged, High Temperature Performance-Grading Results

e Table A.2: App-1: RTFO-Aged, High Temperature Performance-Grading Results
e Table A.3: App-1: PAV-Aged, Intermediate Temperature Performance-Grading Results
e Table A.4: App-1: Bending Beam Rheometer Test Results

e Table A.5: App-1: Multiple Stress Creep Recovery Test Results

e Table A.6: App-1: Binder Frequency Sweep

e Table A.7: App-1: Dynamic Modulus Test Results

e Table A.8: App-1: Flexural Modulus Test Results

e Table A.9: App-1: Repeated Load Triaxial Test Results

e Table A.10: App-1: Hamburg Wheel Track Test Results

e Table A.11: App-1: Flexural Beam Fatigue Test Results

e Table A.12: App-1: Semicircular Bending Test Results

e Table A.13: App-1: Uniaxial Thermal Stress and Strain Test Results

The binder ID format used in the tables is: refinery source_CRM content in percent_maximum
CRM size in mm_(3.5% SBS if used).
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Table A.1: App-1: Unaged, High Temperature Performance-Grading Results

Aging Binder ID Test Temp. G* Phase Angle G*/sin (5)
Condition (°C) (kPa) () (kPa)
1.51 2 1.51
64 1 i 7 22 2 1 24
A_64-16 20 0.68 89.5 0.68
0.68 89.5 0.68
64 1.46 87.6 1.46
1.45 87.6 1.45
A _64-16_5 0.25 20 0.69 88.4 0.69
0.69 88.4 0.69
o 1.72 87.1 1.72
1.69 87.3 1.69
A_64-16_10_0.25 0 0.82 87.8 0.82
0.80 87.9 0.80
o 2.79 88.9 2.79
2.77 88.9 2.78
A_70-10 0 1.20 89.3 1.20
1.19 89.3 1.19
o 2.66 87.1 2.66
2.66 87.1 2.66
A_70-10_5_0.25 o 1.24 88.1 1.24
1.25 88.1 1.25
o 3.05 87.1 3.05
3.03 87.2 3.04
Unaged A_70-10_10_0.25 0 1.39 87.9 1.39
138 88.0 1.38
o 2.15 88.0 2.15
2.15 88.0 2.16
B_64-16 20 0.97 88.7 0.97
0.97 88.8 0.97
o 1.47 88.4 1.47
1.45 88.4 1.45
B_64-22_5_0.25 " 0.68 89.0 0.68
0.68 89.0 0.68
o 1.78 70.0 1.90
1.81 71.2 1.91
B_64-22_3.5SBS . 1.06 64.5 1.18
1.06 65.8 1.16
o 1.16 69.6 1.24
1.07 726 1.12
B_64-28_5_0.25_3.5SBS " 072 65.6 0.79
0.65 68.4 0.70
e 2.45 88.0 2.45
2.39 88.1 239
B_70-16_10_0.25 o 1.11 88.8 1.11
1.11 88.8 1.11
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Table A.2: App-1: Unaged, High Temperature Performance-Grading Results (continued)

Aging Binder ID Test Temp. G* Phase Angle G*/sin (6)

Condition (°C) (kPa) (°) (kPa)
64 3.06 79.0 3.11
3.00 79.7 3.05
B_70-22_3.5585 20 1.56 78.7 1.59
Unaged 1.51 79.8 1.54
& o 1.99 74.2 2.07
1.97 73.9 2.05
B_70-22_10_0.25_3.5SBS o 113 711 120
1.12 70.6 1.19
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Table A.2: App-1: RTFO-Aged, High Temperature Performance-Grading Results

Aging Binder ID Test Temp. G* Phase Angle G*/sin (5)
Condition (°C) (kPa) (°) (kPa)
o 3.12 88.3 3.12
3.13 88.3 3.13
A_64-16 o 1.32 89.0 132
132 89.0 1.32
o 3.56 84.9 3.58
3.48 85.0 3.49
A _64-16_5 _0.25 -0 1.63 86.4 1.63
1.58 86.5 1.59
64 4.04 85.0 4.05
3.90 85.0 3.90
A_64-16_10_0.25 o 1.86 86.3 1.86
1.78 86.4 1.79
o 5.97 87.8 5.97
5.78 87.8 5.79
A_70-10 0 2.50 88.7 2.50
2.39 88.7 2.39
o 6.61 84.6 6.64
6.62 84.6 6.62
A_70-10_5_0.25 o 2.90 86.1 2.91
2.90 86.1 2.91
€4 6.94 84.8 6.97
7.02 84.8 7.05
RTFO A_70-10_10_0.25 . 303 86.2 3.04
3.06 86.2 3.07
64 4.86 85.8 4.87
4.89 85.7 4.91
B_64-16 -0 2.14 87.2 2.14
2.13 87.2 2.13
o 3.06 86.6 3.07
3.07 86.6 3.08
B_64-22 5 0.25 20 1.36 87.8 1.37
1.38 87.8 1.38
o 2.95 77.9 3.01
2.88 77.6 2.95
B_64-22_3.55BS - 150 782 1.54
1.48 78.0 1.51
64 2.11 68.0 2.28
2.16 69.3 231
B_64-28_5_0.25_3.55BS " 108 63.4 1.43
1.28 65.2 141
o 6.68 85.1 6.70
6.70 85.1 6.73
B_70-16_10_0.25 o 2.90 86.8 291
2.93 86.8 2.94

146 UCPRC-RR-2020-06




Table A.2: App-1: RTFO-Aged, High Temperature Performance-Grading Results (continued)

Aging Binder ID Test Temp. G* Phase Angle G*/sin (6)
Condition (°C) (kPa) () (kPa)
64 5.98 77.3 6.13
6.04 77.4 6.19
B_70-22_3.55B5 20 2.90 78.7 2.96
RTFO 2.94 79.0 2.99
64 3.60 70.8 3.81
3.58 70.4 3.80
B_70-22_10_0.25_3.5SBS o 202 69.8 215
2.00 68.2 2.16
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Table A.3: App-1: PAV-Aged, Intermediate Temperature Performance-Grading Results

Aging Binder ID Test Temp. G* Phase Angle G*xsin (5)
Condition (°C) (kPa) (°) (kPa)
14,700 43.6 10,130
A_64-16 25 14,900 43.6 10,280
8,720 44,4 6,100
A_64-16_5_0.25 25 9,640 443 6,315
11,000 44.7 7,719
A_64-16_10_0.25 25 11,800 14 8.282
31,100 34.2 17,480
A_70-10 25 29:400 342 16:490
22,600 35.5 13,160
A_70-10_5_0.25 25 24,100 352 13,890
25,900 35.7 15,120
A_70-10_10_0.25 25 25:500 356 14:810
7,270 45.3 5,171
PAV B_64-16 25 7:410 453 5:260
4,670 49.2 3,538
B_64-22_5_0.25 25 4580 493 3,470
2,600 50.6 2,011
B_64-22_3.5SBS 25 2,700 50.3 2,081
1,100 54.9 906
B_64-28_5_0.25_3.5SBS 2 1,120 55.0 919
11,2 40.7 7
B_70-16_10_0.25 25 11:288 48_5 7282
41.1 4,397
B_70-22_3.55BS 25 Z:g:g 18 4:334
2,690 475 1,982
B_70-22_10_0.25_3.55BS 25 2.880 472 2.110
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Table A.4: App-1: Bending Beam Rheometer Test Results

Aging Binder ID Test Temp. Creep Stiffness m-value
Condition (°C) (MPa)
171.0 0.359
A_64-16 6 172.0 0.358
90.5 0.382
A 64-16_5 0.25 -6 941 0.385
116.0 0.359
A_64-16_10_0.25 -6 118.0 0.342
138.0 0.350
A_70-10 0 134.0 0.360
68.9 0.405
A_70-10_5_0.25 0 67.0 0.405
93.2 0.364
A_70-10_10_0.25 0 835 0.362
102.0 0.352
PAV B_64-16 -6 100.0 0.353
164.0 0.336
B_64-22_5 0.25 -12 153.0 0.337
87.2 0.339
B_64-22_3.5SBS -12 84.8 0.345
122.0 0.340
B_64-28_5_0.25_3.55BS -18 118.0 0.349
122.0 0.318
B_70-16_10_0.25 -6 125.0 0.318
145, 337
B_70-22_3.55BS -12 14;8 8_::7
94.3 0.346
B_70-22_10_0.25_3.5SBS -12 98 5 0.345
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Table A.5: App-1: Multiple Stress Creep Recovery Test Results

Aging Binder ID Average Percentage Recovery Non-Recoverable Creep
Condition (%) Compliance (1/kPa)
0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa
0.67 0.00 2.94 3.04
A_64-16 0.15 0.00 3.08 3.17
} 14 2.57 2.7
6.63 0.81 2.18 2.42
A_64-16_10_0.25 6.19 0.77 2.15 2.38
1.99 1.48 0.66 0.67
A_70-10 2.48 1.50 0.66 0.67
5.77 1.61 1.37 1.48
A_70-10_5_0.25 7.12 1.64 1.35 1.47
9.36 1.96 1.23 1.38
A_70-10_10_0.25 10.05 2.06 1.24 1.39
4.10 0.40 1.89 2.05
RTFO B_64-16 3.05 0.26 1.99 2.11
1.01 0.00 3.17 3.36
B_64-22 5 0.25 1.23 0.00 3.20 3.40
89.69 9.90 0.24 2.76
B_64-22_3.5585 90.93 11.60 0.21 2.65
97.49 90.52 0.05 0.15
B_64-28 5_0.25_3.5585 97.82 95.01 0.04 0.06
2 } 1.32 1.
69.35 28.69 0.37 0.93
B_70-22_3.5585 78.66 42.62 0.26 0.71
97.68 95.53 0.03 0.05
B_70-22_10_0.25_3.5585 97.08 90.69 0.04 0.11
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Table A.6a: App-1: Binder Frequency Sweep Results for Refinery A (20°C)

REduce"('::)eq”ency A_64-16 A_64-16_5_0.25 | A_64-16_10_0.25 A_70-10 A_70-10_5_0.25 | A_70-10_10_0.25
1.00E-06 8.02E-02 1.50E-01 1.31E-01 5.84E-01 2.42E01 2.76E-01
1.00E-05 4.21E-01 7.15E-01 6.26E-01 4.14E+00 1.29E+00 1.53E+00
1.00E-04 3.00E+00 4.28E+00 3.82E+00 3.43E+01 8.39E+00 1.04E+01
1.00E-03 2.55E+01 2.91E+01 2.69E+01 2.79E+02 6.00E+01 7.72E+01
1.00E-02 2.14E+02 1.98E+02 1.92E+02 1.88E+03 4.10E+02 5.36E+02
1.00E-01 1.47E+03 1.19E+03 1.21E+03 9.41E+03 2.36E+03 3.08E+03
1.00E+00 7.42E+03 5.72E+03 6.08E+03 3.35E+04 1.05E+04 1.36E+04
1.00E+01 2.62E+04 2.09E+04 2.30E+04 8.69E+04 3.51E+04 4.44E+04
1.00E+02 6.64E+04 5.80E+04 6.55E+04 1.73E+05 8.94E+04 1.10E+05
1.00E+03 1.29E+05 1.26E+05 1.44E+05 2.79E+05 1.80E+05 2.16E+05
1.00E+04 2.03E+05 2.23E+05 2.58E+05 3.88E+05 2.98E+05 3.51E+05
1.00E+05 2.76E+05 3.38E+05 3.91E+05 4.85E+05 4.29E+05 4.96E+05
1.00E+06 3.38E+05 4.53E+05 5.25E+05 5.64E+05 5.53E+05 6.31E+05

Table A.6b: App-1: Binder Frequency Sweep Results for Refinery B (20°C)
Reduced
B_64-28 B_70- B_70-22
Fre?:ze)ncy B_64-16 B_64-22 5 0.25 | B_64-22 35585 | . oot BT B_70-22 3.5585 | 10 ™" ccs
1.00E-06 1.72E-01 2.45E-01 1.58E-01 9.39E-02 2.99E-01 2.91E-01 1.42E-01
1.00E-05 8.86E-01 7.53E-01 6.67E-01 3.22E01 1.60E+00 1.34E+00 5.30E-01
1.00E-04 5.71E+00 3.34E+00 3.41E+00 1.34E+00 1.02E+01 7.24E+00 2.38E+00
1.00E-03 4.08E+01 2.03E+01 1.97E+01 6.48E+00 7.00E+01 4.23E+01 1.22E+01
1.00E-02 2.80E+02 1.45E+02 1.17E+02 3.43E+01 4.49E+02 2.40E+02 6.60E+01
1.00E-01 1.62E+03 9.66E+02 6.43E+02 1.84E+02 2.40E+03 1.20E+03 3.49E+02
1.00E+00 7.17E+03 4.95E+03 3.00E+03 9.22E+02 9.96E+03 4.94E+03 1.66E+03
1.00E+01 2.37E+04 1.77E+04 1.12E+04 4.02E+03 3.13E+04 1.62E+04 6.68E+03
1.00E+02 5.90E+04 4.45E+04 3.32E+04 1.46E+04 7.56E+04 4.20E+04 2.20E+04
1.00E+03 1.16E+05 8.35E+04 7.84E+04 4.33E+04 1.46E+05 8.81E+04 5.91E+04
1.00E+04 1.88E+05 1.26E+05 1.52E+05 1.05E+05 2.36E+05 1.55E+05 1.30E+05
1.00E+05 2.65E+05 1.64E+05 2.49E+05 2.12E+05 3.32E+05 2.35E+05 2.42E+05
1.00E+06 3.36E+05 1.93E+05 3.60E+05 3.68E+05 4.23E+05 3.20E+05 3.89E+05
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Table A.7a: App-1: Dynamic Modulus Test Results for Mix-A (A_64-16)

Fitting () a B y C1 Cc2
Parameters 0.27 4.13 -2.09 -0.54 117.86 955.79
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 22,063 5.8 2.61E+03 20,929 5.26E-04

10 20,780 6.4 1.05E+03 20,052 2.40E-04

4 5 19,769 7.0 5.23E+02 19,291 1.13E-04

1 17,258 8.6 1.04E+02 17,160 6.13E-06

0.5 16,134 9.4 5.18E+01 16,094 1.14E-06

0.1 13,453 11.9 1.05E+01 13,322 1.80E-05

25 13,628 12.6 1.90E+01 14,404 5.78E-04

10 12,029 14.2 7.60E+00 12,728 6.01E-04

21 5 10,754 15.7 3.84E+00 11,421 6.83E-04

1 7,969 19.9 7.67E-01 8,301 3.14E-04

0.5 6,848 21.8 3.77E-01 6,976 6.51E-05

0.1 4,506 27.5 7.46E-02 4,311 3.69E-04

25 5,376 27.5 1.60E-01 5,491 8.45E-05

10 4,091 30.4 6.33E-02 4,077 2.29E-06

38 5 3,241 32.5 3.14E-02 3,162 1.17E-04

1 1,682 37.1 6.28E-03 1,610 3.65E-04

0.5 1,205 38.3 3.31E-03 1,191 2.60E-05

0.1 510 39.5 6.45E-04 513 5.88E-06

25 1,048 41.9 2.18E-03 968 1.18E-03

10 624 42.1 8.71E-04 603 2.18E-04

54 5 410 41.8 4.35E-04 415 2.45E-05

1 152 39.4 8.63E-05 169 2.03E-03

0.5 104 37.0 4.32E-05 115 2.00E-03

0.1 55 29.2 8.71E-06 50 2.04E-03
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Table A.7b: App-1: Dynamic Modulus Test Results for Mix-B (A_64-16_5_0.25)

Fitting () o B Y C1 c2
Parameters 0.00 431 -2.00 -0.49 49.21 400.81
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(9] (Hz) (MPa) () (Hz) (MPa)

25 17,911 7.6 2.70E+03 16,142 2.04E-03

10 16,571 8.4 1.08E+03 15,342 1.12E-03

4 5 15,510 9.1 5.45E+02 14,675 5.78E-04

1 13,056 11.1 1.11E+02 12,885 3.26E-05

0.5 11,964 12.1 5.62E+01 12,020 4.16E-06

0.1 9,506 15.1 1.12E+01 9,800 1.76E-04

25 9,959 16.2 1.80E+01 10,471 4.74E-04

10 8,358 18.2 7.20E+00 9,156 1.57E-03

21 5 7,216 19.9 3.60E+00 8,143 2.75E-03

1 4,980 24.3 7.20E-01 5,839 4.78E-03

0.5 4,162 26.1 3.60E-01 4,915 5.23E-03

0.1 2,572 31.0 7.20E-02 3,056 5.60E-03

25 4,611 29.1 1.77E-01 4,043 3.26E-03

10 3,513 31.3 7.22E-02 3,059 3.61E-03

38 5 2,822 32.8 3.61E-02 2,409 4.71E-03

1 1,522 36.1 7.48E-03 1,296 4.87E-03

0.5 1,125 36.6 3.77E-03 959 4.84E-03

0.1 511 36.9 7.48E-04 440 4.16E-03

25 903 40.6 3.49E-03 925 1.15E-04

10 569 40.0 1.40E-03 600 5.31E-04

c4 5 392 39.2 7.04E-04 427 1.40E-03

1 156 37.7 1.41E-04 185 5.45E-03

0.5 117 34.6 7.18E-05 129 1.90E-03

0.1 59 29.1 1.40E-05 55 1.04E-03
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Table A.7c: App-1: Dynamic Modulus Test Results for Mix-C (A_64-16_10_0.25)

Fitting () o B Y C1 Cc2
Parameters 0.00 4.39 -2.01 -0.49 41.21 340.00
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 19,910 6.9 2.42E+03 19,002 4.11E-04

10 18,738 7.9 9.69E+02 18,026 2.83E-04

4 5 17,632 8.5 4.85E+02 17,202 1.15E-04

1 15,046 10.4 9.69E+01 15,005 1.43E-06

0.5 13,871 11.4 4.85E+01 13,946 5.47E-06

0.1 11,253 14.2 9.89E+00 11,326 7.88E-06

25 11,871 14.3 1.76E+01 12,299 2.37E-04

10 10,283 16.2 7.03E+00 10,740 3.57E-04

91 5 9,059 17.8 3.52E+00 9,543 5.11E-04

1 6,483 221 7.03E-01 6,830 5.14E-04

0.5 5,493 24.0 3.58E-01 5,773 4.66E-04

0.1 3,487 29.0 7.23E-02 3,600 1.92E-04

25 4,965 27.9 1.98E-01 4,907 2.59E-05

10 3,828 29.9 7.92E-02 3,709 1.87E-04

38 5 3,067 31.4 3.96E-02 2,930 3.96E-04

1 1,667 34.8 8.05E-03 1,575 6.02E-04

0.5 1,234 35.7 4.13E-03 1177 4.22E-04

0.1 575 36.2 8.05E-04 539 8.03E-04

25 1,242 39.6 4.41E-03 1,212 1.13E-04

10 801 39.1 1.76E-03 792 1.93E-05

54 5 558 38.5 8.82E-04 564 2.11E-05

1 226 37.0 1.75E-04 244 1.18E-03

0.5 155 35.5 8.82E-05 169 1.46E-03

0.1 75 30.4 1.75E-05 72 3.58E-04
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Table A.7d: App-1: Dynamic Modulus Test Results for Mix-D (A_70-10)

Fitting () o B Y C1 c2
Parameters 0.00 4.43 -2.32 -0.49 12.62 93.72
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(9] (Hz) (MPa) () (Hz) (MPa)

25 24,490 5.0 9.78E+03 23,264 4.97E-04

10 23,338 5.4 3.91E+03 22,591 2.00E-04

4 5 22,472 6.0 1.99E+03 22,019 7.80E-05

1 20,211 7.1 4.03E+02 20,401 1.65E-05

0.5 19,146 7.7 2.02E+02 19,568 8.95E-05

0.1 16,604 9.2 3.97E+01 17,291 3.10E-04

25 15,788 10.6 1.71E+01 15,941 1.75E-05

10 14,076 11.9 6.79E+00 14,335 6.27E-05

21 5 12,807 13.0 3.39E+00 13,069 7.72E-05

1 9,999 16.4 6.79E-01 10,022 9.39E-07

0.5 8,822 18.0 3.46E-01 8,755 1.12E-05

0.1 6,285 22.7 6.92E-02 5,923 6.61E-04

25 7,460 22.0 2.10E-01 7,840 4.65E-04

10 6,016 24.5 8.48E-02 6,256 2.88E-04

38 5 5,048 26.4 4.30E-02 5,172 1.11E-04

1 3,082 315 8.79E-03 3,066 5.25E-06

0.5 2,393 33.3 4.46E-03 2,369 1.92E-05

0.1 1,193 36.7 8.85E-04 1,182 1.40E-05

25 3,295 33.0 1.08E-02 3,306 1.86E-06

10 2,411 34.7 4.31E-03 2,337 1.80E-04

c4 5 1,831 35.9 2.14E-03 1,753 3.62E-04

1 858 38.5 4.31E-04 839 8.95E-05

0.5 591 38.8 2.17E-04 595 9.97E-06

0.1 241 37.6 4.31E-05 254 4.67E-04
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Table A.7e: App-1: Dynamic Modulus Test Results for Mix-E (A_70-10_5_0.25)

Fitting () o B y C1 Cc2
Parameters 0.42 3.89 -2.22 -0.52 8.23 44.45
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 21,998 5.8 9.96E+05 19,426 2.92E-03

10 20,835 6.0 4.12E+05 19,243 1.19E-03

4 5 19,909 6.5 2.14E+05 19,082 3.39E-04

1 17,646 7.7 4.42E+04 18,597 5.20E-04

0.5 16,603 8.4 2.14E+04 18,315 1.82E-03

0.1 14,138 10.3 4.27E+03 17,529 8.72E-03

25 13,254 11.7 1.56E+01 12,360 9.18E-04

10 11,711 13.1 6.41E+00 11,158 4.41E-04

91 5 10,556 14.4 3.21E+00 10,167 2.67E-04

1 8,040 17.9 6.50E-01 7,790 1.89E-04

0.5 7,040 19.6 3.25E-01 6,761 3.07E-04

0.1 4,911 24.2 6.33E-02 4,502 1.42E-03

25 4,696 27.6 1.03E-01 5,138 1.52E-03

10 3,650 30.0 4.11E-02 3,973 1.36E-03

38 5 2,977 315 2.07E-02 3,202 1.00E-03

1 1,687 35.0 4.14E-03 1,781 5.55E-04

0.5 1,290 35.6 2.09E-03 1,343 2.98E-04

0.1 640 36.3 4.11E-04 644 4.93E-06

25 2,224 35.7 6.69E-03 2,146 2.43E-04

10 1,576 36.6 2.68E-03 1,491 5.84E-04

54 5 1,176 36.8 1.35E-03 1,112 5.84E-04

1 534 37.2 2.73E-04 528 2.29E-05

0.5 373 36.6 1.34E-04 373 6.37E-07

0.1 164 34.5 2.66E-05 165 1.78E-05
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Table A.7f: App-1: Dynamic Modulus Test Results for Mix-F (A_70-10_10_0.25)

Fitting () o B Y C1 Cc2
Parameters 0.00 4.37 -2.18 -0.51 13.08 96.02
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 21,910 5.4 1.06E+04 20,483 8.55E-04

10 20,688 5.8 4.25E+03 19,842 3.29E-04

4 5 19,756 6.2 2.22E+03 19,322 9.34E-05

1 17,469 7.6 4.51E+02 17,776 5.73E-05

0.5 16,412 8.3 2.16E+02 16,922 1.77E-04

0.1 13,926 10.4 4.38E+01 14,775 6.60E-04

25 13,134 11.7 1.80E+01 13,405 7.85E-05

10 11,656 13.1 7.26E+00 11,911 8.84E-05

91 5 10,522 14.5 3.67E+00 10,738 7.82E-05

1 8,014 18.2 7.41E-01 7,948 1.31E-05

0.5 6,984 20.1 3.74E-01 6,794 1.43E-04

0.1 4,801 25.1 7.41E-02 4,331 2.00E-03

25 5,455 25.6 2.09E-01 5,856 9.48E-04

10 4,226 28.4 8.24E-02 4,478 6.34E-04

38 5 3,424 30.2 4.15E-02 3,583 3.89E-04

1 1,927 34.7 8.49E-03 1,962 6.00E-05

0.5 1,450 35.7 4.40E-03 1,477 6.76E-05

0.1 692 37.0 8.62E-04 673 1.32E-04

25 2,120 36.9 9.34E-03 2,042 2.66E-04

10 1,441 38.0 3.69E-03 1,365 5.54E-04

54 5 1,034 38.5 1.83E-03 980 5.53E-04

1 429 39.4 3.61E-04 426 4.59E-06

0.5 284 39.3 1.81E-04 292 1.50E-04

0.1 114 40.0 3.61E-05 119 3.96E-04
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Table A.8a: App-1: Flexural Modulus Test Results for Mix-A (A_64-16)

Fitting () a B Y C1 Cc2
Parameters 0.00 4.21 -2.08 -0.59 8.03 53.76
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 14,150 12.6 1.15E+03 13,388 8.74E-04
10 13,715 11.5 7.68E+02 13,110 6.70E-04
5 12,945 10.7 3.89E+02 12,594 4.60E-04
2 11,773 11.1 1.57E+02 11,803 3.84E-04
1 10,891 12.0 7.79E+01 11,107 5.12E-04
10 0.5 9,972 12.8 3.84E+01 10,331 6.94E-04
0.2 8,713 14.9 1.51E+01 9,203 1.05E-03
0.1 7,694 17.0 7.21E+00 8,249 1.27E-03
0.05 6,719 19.2 3.76E+00 7,363 1.88E-03
0.02 5,508 22.7 1.51E+00 6,106 2.42E-03
0.01 4,624 25.6 7.38E-01 5,124 2.39E-03
15 9,729 18.6 1.81E+01 9,442 4.27E-04
10 9,292 18.1 1.19E+01 8,906 8.09E-04
5 8,318 18.5 5.95E+00 7,991 9.11E-04
2 6,984 21.3 2.35E+00 6,717 9.87E-04
1 6,013 22.8 1.18E+00 5,759 1.29E-03
20 0.5 5,051 25.2 5.91E-01 4,828 1.42E-03
0.2 3,893 29.8 2.33E-01 3,658 2.16E-03
0.1 3,052 34.2 1.13E-01 2,848 2.01E-03
0.05 2,358 37.3 5.62E-02 2,172 1.81E-03
0.02 1,613 42.5 2.42E-02 1,505 1.70E-03
0.01 1,149 455 1.14E-02 4,108 2.42E-03
15 5,195 30.6 7.94E-01 5,223 6.47E-04
10 4,670 31.7 5.23E-01 4,670 6.17E-04
5 3,781 33.7 2.62E-01 3,798 6.20E-04
2 2,728 37.7 1.05E-01 2,775 8.01E-04
1 2,057 40.2 5.32E-02 2,122 1.06E-03
30 0.5 1,511 43.4 2.68E-02 1,576 1.13E-03
0.2 962 48.1 1.06E-02 1,008 1.43E-03
0.1 675 50.5 5.32E-03 700 1.40E-03
0.05 468 54.3 2.69E-03 477 8.39E-04
0.02 267 42.9 3.97E-01 272 1.87E-04
0.01 175 42.2 3.53E-01 182 2.29E-04
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Table A.8b: App-1: Flexural Modulus Test Results for Mix-B (A_64-16_5_0.25)

Fitting () a B y C1 c2
Parameters 0.05 4.18 -1.75 -0.51 7.69 53.15
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 12,562 14.5 1.11E+03 12,200 2.43E-04
10 12,100 13.4 7.65E+02 11,867 1.33E-04
5 11,245 12.7 3.89E+02 11,215 6.63E-05
10,068 13.4 1.56E+02 10,249 1.04E-04

1 9,160 14.3 7.90E+01 9,469 2.38E-04
10 0.5 8,249 15.2 3.93E+01 8,629 4.37E-04
0.2 7,054 17.5 1.43E+01 7,380 4.11E-04
0.1 6,092 19.6 7.10E+00 6,495 8.10E-04
0.05 5,234 21.8 3.59E+00 5,643 1.12E-03
0.02 4,180 25.0 1.34E+00 4,465 8.68E-04
0.01 3,440 27.6 6.94E-01 3,731 1.31E-03
15 8,114 16.1 8.86E+02 11,114 3.91E-04
10 7,587 15.3 6.07E+02 10,730 3.35E-04
5 6,641 14.9 3.08E+02 10,021 2.53E-04
2 5,425 15.9 1.23E+02 9,017 2.89E-04

1 4,562 17.1 6.35E+01 8,249 4.26E-04
20 0.5 3,764 18.3 3.19E+01 7,446 6.62E-04
0.2 2,832 21.0 1.14E+01 6,260 6.65E-04
0.1 2,199 23.3 5.53E+00 5,427 9.01E-04
0.05 1,694 25.9 2.70E+00 4,627 1.10E-03
0.02 1,164 28.6 1.02E+00 3,618 1.26E-03
0.01 864 314 5.37E-01 3,020 1.68E-03
15 3,987 335 8.86E-01 3,997 1.31E-04
10 3,547 34.2 5.77E-01 3,537 1.60E-04
5 2,815 35.6 2.86E-01 2,846 2.39E-04
2 2,013 39.0 1.13E-01 2,063 5.69E-04

1 1,512 39.3 5.64E-02 1,578 8.44E-04
30 0.5 1,123 42.0 2.82E-02 1,182 1.19E-03
0.2 738 42.8 1.18E-02 799 2.37E-03
0.1 541 46.2 5.83E-03 570 1.07E-03
0.05 383 46.4 2.90E-03 402 2.30E-03
0.02 256 47.0 1.20E-03 253 1.16E-03
0.01 181 46.9 5.79E-04 172 2.10E-03
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Table A.8c: App-1: Flexural Modulus Test Results for Mix-C (A_64-16_10_0.25)

Fitting () a B Y C1 Cc2
Parameters 0.00 4.23 -1.92 -0.53 7.96 53.14
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 13,203 14.0 1.11E+03 12,786 3.77E-04
10 12,761 13.3 7.27E+02 12,446 3.03E-04
5 11,967 12.1 3.67E+02 11,843 2.26E-04
2 10,823 12.8 1.47E+02 10,946 2.60E-04
1 9,943 13.5 7.39E+01 10,201 3.82E-04
10 0.5 9,054 14.4 3.62E+01 9,374 5.39E-04
0.2 7,860 16.5 1.46E+01 8,250 8.39E-04
0.1 6,907 18.4 7.55E+00 7,420 1.44E-03
0.05 6,020 20.5 3.87E+00 6,555 1.95E-03
0.02 4,915 23.7 1.45E+00 5,309 1.91E-03
0.01 4,110 26.4 7.53E-01 4,506 2.40E-03
15 8,863 15.5 8.43E+02 11,697 5.54E-04
10 8,354 14.8 5.56E+02 11,310 5.36E-04
5 7,408 14.1 2.80E+02 10,620 4.92E-04
2 6,141 15.2 1.11E+02 9,645 4.64E-04
1 5,246 15.9 5.57E+01 8,876 5.29E-04
20 0.5 4,381 17.3 2.70E+01 8,036 6.62E-04
0.2 3,350 20.0 1.09E+01 6,941 8.93E-04
0.1 2,638 22.0 5.65E+00 6,166 1.11E-03
0.05 2,053 24.6 2.90E+00 5,392 1.37E-03
0.02 1,412 27.7 1.08E+00 4,300 1.32E-03
0.01 1,051 30.5 5.69E-01 3,618 2.02E-03
15 4,580 31.8 7.96E-01 4,573 5.54E-05
10 4,103 32.7 5.24E-01 4,083 7.38E-05
5 3,321 33.9 2.63E-01 3,328 6.03E-05
2 2,393 36.2 1.06E-01 2,459 2.30E-04
1 1,830 39.3 5.32E-02 1,897 3.27E-04
30 0.5 1,353 41.6 2.70E-02 1,438 8.12E-04
0.2 890 44.8 1.06E-02 948 9.68E-04
0.1 639 48.7 5.39E-03 682 1.06E-03
0.05 455 48.5 2.61E-03 471 4.40E-04
0.02 287 48.8 1.07E-03 292 1.30E-04
0.01 206 49.5 5.30E-04 198 9.33E-04
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Table A.8d: App-1: Flexural Modulus Test Results for Mix-D (A_70-10)

Fitting () a B Y C1 Cc2
Parameters 0.80 3.45 -1.97 -0.49 5.86 46.58
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 14,304 11.8 5.54E+02 12,844 9.62E-03
10 13,977 10.4 3.65E+02 12,485 1.06E-02
5 13,258 9.3 1.85E+02 11,854 1.25E-02
2 12,252 9.6 7.39E+01 10,941 1.56E-02

1 11,489 10.2 3.65E+01 10,190 1.90E-02
10 0.5 10,676 10.4 1.87E+01 9,450 2.24E-02
0.2 9,580 11.9 7.55E+00 8,407 2.90E-02
0.1 8,688 13.2 3.79E+00 7,600 3.49E-02
0.05 7,844 14.6 1.88E+00 6,782 4.21E-02
0.02 6,779 16.9 7.73E-01 5,754 5.44E-02
0.01 5,984 19.0 3.77E-01 4,968 6.59E-02
15 9,975 12.9 3.97E+02 11,966 9.58E-03
10 9,556 11.7 2.60E+02 11,570 1.06E-02
5 8,727 10.8 1.32E+02 10,876 1.25E-02
2 7,576 11.4 5.27E+01 9,892 1.56E-02

1 6,701 11.9 2.61E+01 9,110 1.90E-02
20 0.5 5,873 12.6 1.32E+01 8,330 2.25E-02
0.2 4,816 14.4 5.33E+00 7,278 2.91E-02
0.1 4,018 15.9 2.67E+00 6,486 3.49E-02
0.05 3,319 17.7 1.33E+00 5,712 4.21E-02
0.02 2,533 20.2 5.35E-01 4,740 5.44E-02
0.01 2,012 22.5 2.65E-01 4,047 6.58E-02
15 6,935 225 4.18E+00 8,023 1.43E-02
10 6,477 22.6 2.66E+00 7,496 1.59E-02
5 5,657 22.7 1.31E+00 6,649 1.95E-02
2 4,610 24.9 5.21E-01 5,561 2.67E-02

1 3,865 27.1 2.53E-01 4,763 3.33E-02
30 0.5 3,192 29.2 1.24E-01 4,029 4.17E-02
0.2 2,426 32.0 4.81E-02 3,141 5.42E-02
0.1 1,894 34.8 2.14E-02 2,511 6.45E-02
0.05 1,472 38.2 7.78E-03 1,873 7.33E-02
0.02 1,029 39.7 2.79E-03 1,310 8.43E-02
0.01 737 43.8 1.15E-03 938 9.00E-02
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Table A.8e: App-1: Flexural Modulus Test Results for Mix-E (A_70-10_5_0.25)

Fitting () a B Y C1 Cc2
Parameters 0.00 4.26 -2.08 -0.49 1.28 18.19
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 14,278 11.9 1.14E+03 13,834 1.62E-03
10 13,943 10.7 7.63E+02 13,520 1.66E-03
5 13,239 9.5 3.76E+02 12,919 1.91E-03
12,236 9.8 1.52E+02 12,062 2.66E-03

1 11,481 10.4 7.56E+01 11,344 3.65E-03
10 0.5 10,717 10.4 3.79E+01 10,583 4.88E-03
0.2 9,659 12.1 1.59E+01 9,562 7.19E-03
0.1 8,766 13.5 7.72E+00 8,672 9.43E-03
0.05 7,935 15.1 3.76E+00 7,765 1.17E-02
0.02 6,869 17.7 1.55E+00 6,637 1.83E-02
0.01 6,051 19.9 7.80E-01 5,777 2.32E-02
15 9,792 12.9 8.77E+02 12,765 1.85E-03
10 9,388 11.8 5.87E+02 12,404 2.02E-03
5 8,607 10.7 2.88E+02 11,735 2.51E-03
2 7,533 11.4 1.16E+02 10,802 3.64E-03
1 6,725 12.1 5.69E+01 10,030 5.16E-03
20 0.5 5,915 12.5 2.87E+01 9,251 6.96E-03
0.2 4,899 14.5 1.20E+01 8,223 1.02E-02
0.1 4,101 16.4 5.79E+00 7,365 1.31E-02
0.05 3,428 18.3 2.85E+00 6,533 1.63E-02
0.02 2,625 21.3 1.20E+00 5,521 2.40E-02
0.01 2,089 24.2 5.97E-01 4,742 3.06E-02
15 7,916 20.7 9.03E+00 8,749 9.20E-03
10 7,432 20.6 5.87E+00 8,214 1.01E-02
5 6,565 20.9 2.87E+00 7,315 1.25E-02
2 5,426 23.0 1.14E+00 6,154 1.67E-02
1 4,602 24.8 5.63E-01 5,291 2.05E-02
30 0.5 3,839 27.3 2.79E-01 4,474 2.53E-02
0.2 2,942 30.8 1.09E-01 3,477 3.12E-02
0.1 2,307 33.8 5.20E-02 2,782 3.75E-02
0.05 1,800 37.9 2.12E-02 2,076 3.66E-02
0.02 1,245 41.5 7.95E-03 1,435 4.21E-02
0.01 886 43.7 3.61E-03 1,037 4.23E-02
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Table A.8f: App-1: Flexural Modulus Test Results for Mix-F (A_70-10_10_0.25)

Fitting () a B Y C1 Cc2
Parameters 0.00 4.21 -2.26 -0.51 40.26 269.60
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 13,281 11.7 7.51E+02 12,975 5.36E-04
10 12,997 10.4 4.96E+02 12,701 5.28E-04
5 12,362 9.1 2.47E+02 12,198 4.80E-04
11,482 9.3 9.87E+01 11,451 5.15E-04

1 10,801 9.7 4.84E+01 10,805 5.13E-04
10 0.5 10,090 9.9 2.48E+01 10,149 5.89E-04
0.2 9,097 11.4 9.83E+00 9,165 6.64E-04
0.1 8,264 12.7 5.01E+00 8,402 7.67E-04
0.05 7,480 14.2 2.50E+00 7,587 8.11E-04
0.02 6,479 16.5 9.88E-01 6,469 8.95E-04
0.01 5,733 18.6 4.92E-01 5,633 9.76E-04
15 9,643 12.8 5.66E+02 12,158 4.09E-04
10 9,244 11.6 3.74E+02 11,840 4.25E-04
5 8,472 10.5 1.86E+02 11,263 4.40E-04
2 7,375 11.1 7.43E+01 10,427 5.28E-04
1 6,574 11.9 3.63E+01 9,730 5.70E-04
20 0.5 5,761 12.0 1.87E+01 9,033 6.70E-04
0.2 4,719 14.2 7.44E+00 8,032 7.99E-04
0.1 3,936 15.7 3.79E+00 7,269 9.10E-04
0.05 3,242 17.5 1.89E+00 6,487 9.73E-04
0.02 2,447 20.3 7.50E-01 5,449 1.04E-03
0.01 1,932 22.4 3.72E-01 4,686 1.24E-03
15 5,833 24.4 5.73E-01 5,814 7.81E-04
10 5,386 24.4 3.78E-01 5,320 8.42E-04
5 4,600 25.8 1.89E-01 4,519 9.12E-04
2 3,595 28.6 7.57E-02 3,540 1.06E-03
1 2,898 30.6 3.82E-02 2,880 1.15E-03
30 0.5 2,301 33.2 1.93E-02 2,291 1.20E-03
0.2 1,634 38.3 7.66E-03 1,627 1.37E-03
0.1 1,219 41.3 3.83E-03 1,226 1.56E-03
0.05 905 43.6 2.01E-03 924 2.18E-03
0.02 595 45.5 7.66E-04 588 3.10E-03
0.01 420 47.7 3.89E-04 419 2.75E-03
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Table A.9: App-1: Repeated Load Triaxial Test Results

Specimen AV Content Flow Number Average Std. Dev. Std. Dev./Average
ID (%) (Cycles) (Cycles) (Cycles) (%)
Mix-A-1 6.5 254
Mix-A-2 6.9 158
272 120 44.0
Mix-A-3 7.3 153
Mix-A-4 6.9 320
Mix-B-1 6.5 700
Mix-B-2 6.9 692
670 289 43.2
Mix-B-3 6.9 429
Mix-B-4 7.2 985
Mix-C-1 6.7 722
Mix-C-2 7.0 781
589 217 40.4
Mix-C-3 7.2 277
Mix-C-4 7.4 493
Mix-D-1 6.5 1,510
Mix-D-2 6.7 788
844 398 47.2
Mix-D-3 7.1 559
Mix-D-4 7.1 519
Mix-E-1 6.7 660
Mix-E-2 6.7 604
891 269 30.1
Mix-E-3 7.0 1,247
Mix-E-4 7.2 1,052
Mix-F-1 6.5 2,267
Mix-F-2 6.6 953
Mix-F-3 6.7 1,935 1,415 582 41.2
Mix-F-4 7.0 1,149
Mix-F-5 6.9 770
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Table A.10: App-1: Hamburg Wheel Track Test Results

Specimen | AV Content Left Wheel Rutting (mm) Right Wheel Rutting (mm)
ID (%) @5k @15k @25k @5k @15k @25k
Passes Passes Passes Passes Passes Passes
Mix-A-1 7.1
3.51 5.05 6.20 Not tested | Not tested Not tested
Mix-A-2 8.0
Mix-A-3 7.4
Not tested | Nottested | Not tested 2.61 3.89 498
Mix-A-4 7.2
Mix-B-1 7.1
2.52 3.30 3.82 Not tested | Nottested | Not tested
Mix-B-2 7.3
Mix-B-3 7.2
Not tested Not tested Not tested 1.90 2.44 2.75
Mix-B-4 6.6
Mix-C-1 7.4
2.30 2.81 3.11 Not tested | Not tested Not tested
Mix-C-2 6.8
Mix-C-3 7.3
Not tested | Nottested | Not tested 2.06 2.76 3.08
Mix-C-4 7.0
Mix-D-1 6.8
1.80 2.38 2.69 Not tested | Not tested Not tested
Mix-D-2 6.9
Mix-D-3 6.7
Not tested Not tested Not tested 1.65 2.22 2.52
Mix-D-4 6.4
Mix-E-1 6.8
2.02 2.58 2.89 Not tested | Not tested Not tested
Mix-E-2 6.8
Mix-E-3 7.1
Not tested Not tested Not tested 1.68 2.23 2.51
Mix-E-4 6.9
Mix-F-1 6.8
2.10 2.66 291 Not tested | Nottested | Not tested
Mix-F-2 7.0
Mix-F-3 6.6
Not tested Not tested Not tested 1.84 2.40 2.71
Mix-F-4 7.1
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Table A.11a: App-1: Flexural Beam Fatigue Test Results for Mix-A (A_64-16)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixA-B#3-2-B8 7.5 210 1,397,500
MixA-B#3-3-B1 7.7 210 1,130,000
MixA-B#3-2-B6 6.3 210 1,440,000
MixA-B#3-2-B2 6.4 250 382,500
MixA-B#3-3-B4 7.3 252 405,000
MixA-B#3-3-B7 7.6 250 512,500
MixA-B#3-2-B7 6.5 400 49,000
MixA-B#3-3-B3 7.4 400 37,000
MixA-B#3-3-B6 7.5 400 105,000

Table A.11b: App-1: F

lexural Beam Fatigue Test Results for Mi

x-B (A_64-16_5_0.25)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixB-B#3-2-B1 6.7 250 1,057,500
MixB-B#3-2-B2 6.3 250 1,335,000
MixB-B#3-2-B3 6.3 250 2,750,000
MixB-B#3-2-B4 6.6 400 152,500
MixB-B#3-2-B7 6.6 400 130,000
MixB-B#3-2-B8 6.6 400 227,500
MixB-B#3-3-B2 6.2 500 38,000
MixB-B#3-3-B3 6.2 500 18,000
MixB-B#3-3-B6 6.5 500 41,000

Table A.11c: App-1: FI

exural Beam Fatigue Test Results for Mix-C (A_64-16_10_0.25)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixC-B#3-2-B1 6.6 250 972,500
MixC-B#3-2-B4 6.8 250 1,410,000
MixC-B#3-2-B3 6.5 250 1,962,500
MixC-B#3-2-B5 6.6 304 855,000
MixC-B#3-1-B3 6.5 300 152,500
MixC-B#3-1-B4 6.3 300 475,000
MixC-B#3-1-B5 6.4 400 60,000
MixC-B#3-1-B6 6.5 400 90,000
MixC-B#3-1-B7 6.7 400 20,000

Table A.11d: App-1: Flexural Beam Fatigue Test Results for Mix-D (A_70-10)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixD-B#3-1-B1 6.3 210 1,365,000
MixD-B#3-1-B7 6.1 210 665,000
MixD-B#3-2-B1 7.0 210 497,500
MixD-B#3-1-B6 6.2 250 757,500
MixD-B#3-2-B3 6.9 251 165,000
MixD-B#3-2-B4 7.1 250 712,500
MixD-B#3-1-B5 6.0 400 57,000
MixD-B#3-1-B8 6.7 400 29,000
MixD-B#3-2-B2 7.0 400 36,000
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Table A.11e: App-1: Flexural Beam Fatigue Test Results for Mix-E (A_70-10_5_0.25)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixE-B#3-1-B2 7.9 250 1,957,500
MixE-B#3-2-B1 6.9 256 860,000
MixE-B#3-2-B6 7.1 250 1,117,500
MixE-B#3-1-B3 7.4 290 392,500
MixE-B#3-1-B4 7.6 290 705,000
MixE-B#3-1-B5 7.6 290 1,555,000
MixE-B#3-1-B6 7.9 400 94,000
MixE-B#3-2-B3 6.8 400 147,500
MixE-B#3-2-B8 7.7 400 23,000

Table A.11f: App-1: Flexural Beam Fatigue Test Results for Mix-F (A_70-10_10_0.25)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixF-B#3-1-B1 6.8 250 1,210,000
MixF-B#3-2-B2 6.8 250 490,000
MixF-B#3-2-B4 6.8 250 977,500
MixF-B#3-1-B5 7.8 280 695,000
MixF-B#3-1-B7 7.8 280 370,000
MixF-B#3-2-B7 6.7 280 217,500
MixF-B#3-1-B3 6.8 400 147,500
MixF-B#3-2-B1 6.8 400 20,000
MixF-B#3-2-B5 6.7 400 102,500
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Table A.12: App-1: Semicircular Bending Test Results

Specimen ID Air-Void Content Fracture Energy Flexibility Strength
(%) (Jol/m?) Index (MPa)
6.9 2,125 4.99 0.59
. 6.9 1,837 4.99 0.50
Mix-A 7.2 1,871 2.78 0.65
7.2 1,084 0.33 0.66
6.6 1,418 0.56 0.78
. 6.5 3,167 6.45 0.69
Mix-B 6.8 2,325 5.86 0.57
6.4 2,116 4.62 0.54
7.1 2,030 1.27 0.80
. 7.3 3,441 6.61 0.70
Mix-C 7.2 2,858 6.75 0.62
7.2 3,169 8.59 0.66
7.1 1,093 0.37 0.76
. 6.9 1,395 0.46 0.79
Mix-D 7.0 1,298 1.00 0.70
6.8 1,513 1.71 0.69
7.8 1,660 0.94 0.81
Mix-E 7.2 1,740 0.95 0.80
7.4 1,773 0.73 0.81
7.4 1,741 0.73 0.91
6.4 1,740 0.49 0.88
Mix-F 7.1 1,252 0.36 0.86
6.3 2,096 1.60 0.78
6.4 1,961 0.74 0.81
Table A.13: App-1: Uniaxial Thermal Stress and Strain Test Results
Specimen ID Air-Void Content Average UTSST Air- Average CRIg,! Average Fracture
(%) Void Content Temperature
(%)* (%
7.2
Mix-A : 12 -12.
ix 76 6.0 5
7.6
Mix-B 5.6 31 -16.4
3 7.5
8.8
Mix-C 7.8 12 -13.6
3 7.2
. 7.8
Mix-D 79 6.2 6 -6.3
. 7.5
Mix-E 74 5.9 21 -11.5
. 7.6
Mix-F 34 6.6 6 -8.0

1 Only the average results were received by UCPRC
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APPENDIX B: TEST RESULTS FOR APPROACH-2 BINDERS AND MIXES

Test results for Approach-2 (App-2) binders and mixes are summarized in the following tables
and figures:

e Table B.1: App-2: Unaged, High Temperature Performance-Grading Results

e Table B.2: App-2: RTFO-Aged, High Temperature Performance-Grading Results
e Table B.3: App-2: PAV-Aged, Intermediate Temperature Performance-Grading Results
e Table B.4: App-2: Bending Beam Rheometer Test Results

e Table B.5: App-2: Multiple Stress Creep Recovery Test Results

e Table B.6: App-2: Binder Frequency Sweep Results

e Table B.7: App-2: Dynamic Modulus Test Results

e Table B.8: App-2: Flexural Modulus Test Results

e Table B.9: App-2: Repeated Load Triaxial Test Results

e Table B.10: App-2: Hamburg Wheel Track Test Results

e Table B.11: App-2: Flexural Beam Fatigue Test Results

e Table B.12: App-2: Semicircular Bending Test Results

e Figure B.1: App-2: Mix-Q Volumetric Design Results

e Figure B.2: App-2: Mix-R Volumetric Design Results

e Figure B.3: App-2: Mix-T Volumetric Design Results

e Figure B.4: App-2: Mix-U Volumetric Design Results

e Figure B.5: App-2: Mix-V Volumetric Design Results

e Figure B.6: App-2: Mix-W Volumetric Design Results

The binder ID format used in the tables is: refinery source_CRM content in percent_maximum

CRM size in mm.
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Table B.1: App-2: Unaged, High Temperature Performance-Grading Results

Aging Binder ID Test Temp. G* Phase Angle G*/sin (5)
Condition (°C) (kPa) () (kPa)
64 1.61 85.1 1.61
1.60 85.1 1.60
D_64-22 20 0.74 96.7 0.74
0.75 86.6 0.75
70 1.42 82.2 1.44
1.52 82.0 1.53
D_64-22_5_2.36 e 0.76 84.4 0.76
0.77 84.5 0.77
o 3.71 73.1 3.87
4.39 70.6 4.65
D_64-22_10_2.36 N 2.03 76.9 2.09
2.45 74.7 2.54
20 1.45 82.5 1.46
2.03 80.1 2.06
D _64-22 5 1.18 N 0.76 84.9 0.77
Unaged = o 2o
g 20 2.67 76.1 2.75
2.88 78.6 2.98
D_64-22_10_1.18 6 1.43 79.4 1.45
1.57 78.6 1.60
o 1.45 86.7 1.45
F_64-22 1.36 86.7 136
_ 20 0.69 87.7 0.69
0.64 87.7 0.64
70 1.95 83.1 1.96
1.63 84.8 1.64
F_64-22_ 5 2.36 26 0.97 85.3 0.97
0.80 86.6 0.80
20 2.00 79.8 2.03
1.93 79.8 1.96
F_64-22_10_2.36 N 1.08 82.4 1.09
1.05 82.2 1.06
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Table B.2: App-2: RTFO-Aged, High Temperature Performance-Grading Results

Aging Binder ID Test Temp. G* Phase Angle G*/sin (5)
Condition (°C) (kPa) () (kPa)
e 4.74 79.3 4.82
4.67 79.3 4.60
D_64-22 0 2.21 81.8 2.23
2.19 81.8 2.21
-0 11.12 62.4 12.55
10.97 63.2 12.30
D_64-22_5_2.36 26 6.06 66.0 6.63
6.50 66.5 6.60
20 14.76 58.1 17.29
14.38 58.7 16.82
D_64-22_10_2.36 26 3.30 61.2 9.48
8.19 61.7 9.30
-0 10.03 65.6 11.01
10.43 65.4 11.48
D_64-22 5 1.18 e 5 20 68.9 5.79
_— 5.51 68.8 5.91
0 18.58 51.2 23.85
16.23 56.0 19.59
D_64-22 10 1.18 e 1132 539 14.00
9.37 59.0 10.93
o 3.67 82.9 3.70
F 64-22 > o 7
_ 20 1.69 85.0 1.70
1.67 84.9 1.68
-0 4.22 76.6 434
4.15 77.7 4.24
F_64-22 5 2.36 6 2.17 79.3 2.21
2.03 80.4 2.06
-0 8.43 66.9 9.17
9.11 66.0 9.98
F_64-22_10_2.36 26 4.55 70.4 4.83
4.89 69.7 5.21
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Table B.3: App-2: PAV-Aged, Intermediate Temperature Performance-Grading Results

Aging Binder ID Test Temp. G* Phase Angle G*xsin (5)
Condition (°C) (kPa) (°) (kPa)
5,223 45.8 3,742
D_64-22 25 5,391 453 3,832
4,560 38.7 2,854
D_64-22_5_2.36 25 5,238 37.9 3,215
4,407 38.5 2,746
D_64-22_10_2.36 25 4872 379 2.990
5,462 35.1 3,143
- D_64-22_5 1.18 25 g’ iﬁ iii i'igg
D_64-22_10_1.18 25 6712 355 3.891
5,305 45.0 3,748
F_64-22 25 5,127 45.5 3,653
4,710 42.5 3,184
F_64-22_5_2.36 25 5316 418 3.541
5,748 39.8 3,193
F_64-22_10_2.36 25 5,795 40.0 3,722
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Table B.4: App-2: Bending Beam Rheometer Test Results

Aging Binder ID Test Temp. Creep Stiffness m-value
Condition (°C) (MPa)

154 0.322

D_64-22 -12 178 0.323

1 .307

D_64-22_5 2.36 -12 jﬁ 8.387

112 0.302

D_64-22_10 2.36 -12 102 0.307

162 0.302

- D_64-22_5 1.18 -12 1;3 8;8?
D_64-22_10_1.18 -12 100 02312

158 0.335

F_64-22 -12 169 0.323

159 0.324

F_64-22 5 2.36 -12 143 0.317

120 0.312

F_64-22_10_2.36 -12 121 0.299
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Table B.5: App-2: Multiple Stress Creep Recovery Test Results

Aging Binder ID Average Percentage Recovery Non-Recoverable Creep
Condition (%) Compliance (1/kPa)
0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa
12.77 1.61 14 2.
D_64-22 11.66 1.29 1.5?1 1.83
7.24 42 12 A
D_64-22.5_2.36 &5;7.71 &5;(1).17 8.10 8.1;
69.28 63.10 0.06 0.07
D_64-22_10_2.36 68.56 62.97 0.06 0.07
52.24 46.27 0.14 0.16
on | e o | o
D_64-22 10_1.18 72:96 67:46 0:04 0:05
5.05 0.04 2.53 2.95
F_64-22 4.14 0.08 2.49 2.86
25.07 16.88 0.60 0.70
F_64-22 5 2.36 22.02 14.20 0.73 0.82
47.32 38.71 0.18 0.23
F_64-22_10_2.36 52.64 40.76 0.23 0.16
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Table B.6a: App-2: Binder Frequency Sweep Results for Refinery D (40°C)

REduce"('::)eq”ency D_64-22 D_64-22_5_2.36 | D_64-22_10_2.36 | D_64-22_10_1.18 | D_64-22_10_1.18
1.00E-06 8.02E-02 1.50E-01 1.31E-01 2.47E-01 6.35E-01
1.00E-05 4.21E-01 7.15E-01 6.26E-01 7.73E-01 1.75E+00
1.00E-04 3.00E+00 4.28E+00 3.82E+00 2.69E+00 5.15E+00
1.00E-03 2.55E+01 2.91E+01 2.69E+01 1.00E+01 1.58E+01
1.00E-02 2.14E+02 1.98E+02 1.92E+02 3.82E+01 4.93E+01
1.00E-01 1.47E+03 1.19E+03 1.21E+03 1.42E+02 1.52E402
1.00E+00 7.42E+03 5.72E+03 6.08E+03 4.92E+02 4.53E+02
1.00E+01 2.62E+04 2.09E+04 2.30E+04 1.53E+03 1.27E+03
1.00E+02 6.64E+04 5.80E+04 6.55E+04 4.20E+03 3.30E+03
1.00E+03 1.29E+05 1.26E+05 1.44E+05 1.00E+04 7.84E+03
1.00E+04 2.03E+05 2.23E+05 2.58E+05 2.08E+04 1.69E+04
1.00E+05 2.76E+05 3.38E+05 3.91E+05 3.80E+04 3.32E+04
1.00E+06 3.38E+05 4.53E+05 5.25E+05 6.20E+04 5.95E+04

UCPRC-RR-2020-06

Table B.6b: App-2: Binder Frequency Sweep Results for Refinery F (40°C)

Reduced Frequency

(H2) F_64-22 F_64-22_5_2.36 F_64-22_10_2.36
1.00E-06 7.16E-03 7.55E-02 3.92E-01
1.00E-05 1.78E-02 2.35E-01 1.18E+00
1.00E-04 6.11E-02 8.57E-01 3.86E+00
1.00E-03 2.98E-01 3.53E+00 1.34E+01
1.00E-02 1.99E+00 1.55E+01 4.71E+01
1.00E-01 1.62E+01 6.75E+01 1.63E+02
1.00E+00 1.34E+02 2.72E+02 5.31E+02
1.00E+01 9.35E+02 9.62E+02 1.59E+03
1.00E+02 4.85E+03 2.88E+03 4.27E+03
1.00E+03 1.77E+04 7.23E+03 1.02E+04
1.00E+04 4.65E+04 1.53E+04 2.16E+04
1.00E+05 9.25E+04 2.76E+04 4.07E+04
1.00E+06 1.49E+05 4.37E+04 6.91E+04
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Table B.7a: App-2: Dynamic Modulus Test Results for Mix-S (D_64-22)

Fitting () a B y C1 Cc2
Parameters 1.02 3.40 -1.24 -0.52 107.42 956.99
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 17,739 8.8 1.61E+03 17,706 2.28E-04

10 16,173 9.7 6.46E+02 16,229 2.33E-04

4 5 14,991 10.6 3.24E+02 15,026 2.28E-04

1 12,240 13.1 6.55E+01 12,019 2.71E-04

0.5 11,056 143 3.26E+01 10,659 4.66E-04

0.1 8,402 17.7 6.63E+00 7,631 1.99E-03

25 9,043 18.3 1.93E+01 9,646 1.45E-03

10 7,539 20.4 7.75E+00 7,916 1.17E-03

21 5 6,484 21.9 3.88E+00 6,683 8.63E-04

1 4,343 26.0 7.70E-01 4,183 1.13E-03

0.5 3,593 27.4 3.88E-01 3,329 2.29E-03

0.1 2,144 30.9 7.69E-02 1,814 6.92E-03

25 2,674 32.6 2.46E-01 2,832 3.72E-03

10 1,880 34.4 9.85E-02 2,001 5.38E-03

38 5 1,441 34.6 4.93E-02 1,513 6.07E-03

1 718 35.1 9.88E-03 759 7.64E-03

0.5 530 34.6 4.97E-03 559 8.09E-03

0.1 260 33.3 1.00E-03 275 8.81E-03

25 718 36.9 5.11E-03 566 1.19E-02

10 413 39.2 2.04E-03 377 3.45E-03

ca 5 299 38.0 1.02E-03 278 3.01E-03

1 150 34.1 2.07E-04 143 2.83E-03

0.5 114 32.1 1.03E-04 109 3.00E-03

0.1 66 27.9 2.07E-05 63 2.79E-03
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Table B.7b: App-2: Dynamic Modulus Test Results for Mix-T (D_64-22_5_2.36)

Fitting () o B Y C1 c2
Parameters 0.33 4.02 -1.80 -0.40 50.80 402.29
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(9] (Hz) (MPa) () (Hz) (MPa)

25 17,739 8.8 1.61E+03 17,706 2.28E-04

10 16,173 9.7 6.46E+02 16,229 2.33E-04

4 5 14,991 10.6 3.24E+02 15,026 2.28E-04

1 12,240 13.1 6.55E+01 12,019 2.71E-04

0.5 11,056 14.3 3.26E+01 10,659 4.66E-04

0.1 8,402 17.7 6.63E+00 7,631 1.99E-03

25 9,043 18.3 1.93E+01 9,646 1.45E-03

10 7,539 20.4 7.75E+00 7,916 1.17E-03

21 5 6,484 21.9 3.88E+00 6,683 8.63E-04

1 4,343 26.0 7.70E-01 4,183 1.13E-03

0.5 3,593 27.4 3.88E-01 3,329 2.29E-03

0.1 2,144 30.9 7.69E-02 1,814 6.92E-03

25 2,674 32.6 2.46E-01 2,832 3.72E-03

10 1,880 34.4 9.85E-02 2,001 5.38E-03

38 5 1,441 34.6 4.93E-02 1,513 6.07E-03

1 718 35.1 9.88E-03 759 7.64E-03

0.5 530 34.6 4.97E-03 559 8.09E-03

0.1 260 33.3 1.00E-03 275 8.81E-03

25 718 36.9 5.11E-03 566 1.19E-02

10 413 39.2 2.04E-03 377 3.45E-03

54 5 299 38.0 1.02E-03 278 3.01E-03

1 150 34.1 2.07E-04 143 2.83E-03

0.5 114 32.1 1.03E-04 109 3.00E-03

0.1 66 27.9 2.07E-05 63 2.79E-03

UCPRC-RR-2020-06
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Table B.7c: App-2: Dynamic Modulus Test Results for Mix-U (D_64-22_10_2.36)

Fitting () o B Y C1 Cc2
Parameters 0.46 3.90 -1.66 -0.42 40.62 339.79
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 15,807 8.1 2.45E+03 15,508 2.58E-04

10 14,571 8.9 9.85E+02 14,492 1.45E-04

4 5 13,628 9.6 4.95E+02 13,674 1.13E-04

1 11,432 11.3 1.00E+02 11,629 1.62E-04

0.5 10,487 12.3 5.01E+01 10,691 1.87E-04

0.1 8,376 14.8 1.01E+01 8,487 1.92E-04

25 9,437 14.8 1.91E+01 9,366 2.04E-04

10 8,147 16.3 7.68E+00 8,119 1.64E-04

91 5 7,228 17.5 3.86E+00 7,197 1.77E-04

1 5,273 20.8 7.73E-01 5,181 2.85E-04

0.5 4,541 22.1 3.82E-01 4,388 4.14E-04

0.1 3,044 25.6 7.62E-02 2,850 1.10E-03

25 3,713 26.9 2.24E-01 3,835 1.10E-03

10 2,877 28.6 8.97E-02 2,987 1.47E-03

38 5 2,381 29.3 4.49E-02 2,435 1.51E-03

1 1,397 31.8 9.03E-03 1,441 2.13E-03

0.5 1,115 31.9 4.52E-03 1,127 2.02E-03

0.1 607 32.8 9.09E-04 614 2.44E-03

25 1,264 34.3 5.15E-03 1,182 9.17E-04

10 848 35.4 2.06E-03 842 3.32E-05

54 5 646 34.8 1.03E-03 645 4.63E-06

1 336 334 2.07E-04 340 1.69E-04

0.5 258 324 1.03E-04 256 4.12E-04

0.1 135 31.2 2.04E-05 133 3.08E-03
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Table B.7d: App-2: Dynamic Modulus Test Results for Mix-V (D_64-22_5_1.18)

Fitting () o B Y C1 c2
Parameters 0.49 3.90 -1.55 -0.44 20.04 168.42
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(9] (Hz) (MPa) () (Hz) (MPa)

25 17,276 8.8 3.28E+03 16,749 5.66E-04

10 15,803 9.6 1.30E+03 15,589 4.01E-04

4 5 14,654 10.4 6.49E+02 14,658 3.45E-04

1 12,065 12.6 1.31E+02 12,340 4.31E-04

0.5 10,965 13.6 6.56E+01 11,282 4.76E-04

0.1 8,574 16.5 1.30E+01 8,776 4.70E-04

25 9,570 16.7 2.05E+01 9,479 1.00E-03

10 8,104 18.5 8.26E+00 8,091 1.01E-03

21 5 7,074 19.9 4.10E+00 7,052 1.09E-03

1 4,944 23.5 8.27E-01 4,891 1.33E-03

0.5 4,178 24.8 4.18E-01 4,086 1.28E-03

0.1 2,672 28.4 8.07E-02 2,497 2.19E-03

25 3,575 28.8 4.17E+03 8,535 1.16E-03

10 2,710 30.4 1.67E+03 7,614 1.48E-03

38 5 2,184 31.0 8.35E+02 6,964 1.55E-03

1 1,222 32.7 1.67E+02 5,605 2.55E-03

0.5 951 32,5 8.35E+01 5,076 2.59E-03

0.1 507 32.2 1.67E+01 3,958 3.39E-03

25 1,330 35.1 1.08E-02 1,228 1.44E-03

10 858 36.8 4.31E-03 859 3.85E-04

c4 5 642 36.0 2.16E-03 648 4.94E-04

1 322 34.2 4.37E-04 331 6.84E-04

0.5 243 32.8 2.18E-04 247 6.13E-04

0.1 129 30.1 4.37E-05 125 6.70E-04

UCPRC-RR-2020-06
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Table B.7e: App-2: Dynamic Modulus Test Results for Mix-W (D_64-22_10_1.18)

Fitting () o B y C1 Cc2
Parameters 0.57 3.73 -1.67 -0.43 31.37 263.49
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 14,634 8.8 2.72E+03 14,134 6.68E-04

10 13,422 9.6 1.09E+03 13,278 4.26E-04

4 5 12,475 10.3 5.44E+02 12,577 4.43E-04

1 10,341 12.2 1.09E+02 10,797 8.76E-04

0.5 9,449 13.1 5.44E+01 9,976 1.14E-03

0.1 7,557 15.7 1.08E+01 7,994 1.16E-03

25 9,176 14.8 2.05E+01 8,785 8.58E-04

10 7,942 16.2 8.21E+00 7,656 7.17E-04

91 5 7,051 17.4 4.19E+00 6,834 6.52E-04

1 5,183 20.6 8.37E-01 4,973 8.16E-04

0.5 4,478 21.8 4.30E-01 4,271 9.93E-04

0.1 3,044 25.4 8.35E-02 2,783 2.40E-03

25 3,513 26.8 2.37E-01 3,691 8.92E-04

10 2,730 28.5 9.49E-02 2,887 1.13E-03

38 5 2,257 29.2 4.74E-02 2,359 8.75E-04

1 1,344 315 9.64E-03 1,409 9.98E-04

0.5 1,080 31.6 4.82E-03 1,104 7.87E-04

0.1 605 324 9.95E-04 610 1.03E-03

25 1,300 33.8 6.50E-03 1,228 6.96E-04

10 910 34.1 2.60E-03 880 7.51E-04

54 5 702 33.3 1.30E-03 677 9.18E-04

1 358 32.7 2.60E-04 359 1.58E-03

0.5 272 31.6 1.30E-04 271 1.66E-03

0.1 143 30.5 2.60E-05 143 1.74E-03
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Table B.7f: App-2: Dynamic Modulus Test Results for Mix-P (F_64-22)

Fitting () o B Y C1 Cc2
Parameters 0.03 4.37 -1.71 -0.42 24.69 199.82
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 17,478 8.5 3.43E+03 16,910 3.20E-04

10 16,066 9.3 1.37E+03 15,787 1.76E-04

4 5 14,950 10.0 6.86E+02 14,879 1.26E-04

1 12,349 12.0 1.39E+02 12,616 2.56E-04

0.5 11,208 13.0 6.95E+01 11,575 3.92E-04

0.1 8,759 15.9 1.39E+01 9,114 5.83E-04

25 9,738 16.7 1.90E+01 9,591 1.74E-04

10 8,199 18.4 7.58E+00 8,205 1.68E-04

91 5 7,145 19.7 3.79E+00 7,184 1.91E-04

1 4,999 23.3 7.54E-01 5,007 1.90E-04

0.5 4,239 24.7 3.78E-01 4,189 2.82E-04

0.1 2,720 28.0 7.54E-02 2,602 6.83E-04

25 3,509 29.9 2.13E-01 3,569 3.73E-04

10 2,679 31.1 8.52E-02 2,705 4.29E-04

38 5 2,155 31.7 4.27E-02 2,155 4.79E-04

1 1,193 33.4 8.56E-03 1,199 7.42E-04

0.5 918 33.0 4.28E-03 910 9.22E-04

0.1 470 32,5 8.72E-04 463 1.02E-03

25 1,126 35.4 6.34E-03 1,066 1.55E-03

10 747 34.8 2.55E-03 735 1.29E-03

54 5 542 34.0 1.28E-03 548 1.19E-03

1 255 31.9 2.60E-04 268 1.81E-03

0.5 186 30.6 1.28E-04 194 1.76E-03

0.1 98 27.2 2.58E-05 93 3.98E-03
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Table B.7g: App-2: Dynamic Modulus Test Results for Mix-Q (F_64-22_5_2.36)

Fitting () o B Y C1 Cc2
Parameters 0.35 3.96 -1.68 -0.46 31.39 261.30
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 15,289 8.6 2.75E+03 14,729 3.22E-04

10 14,024 9.8 1.09E+03 13,797 9.17E-05

4 5 13,008 10.7 5.43E+02 13,025 3.74E-05

1 10,640 12.9 1.09E+02 11,072 3.47E-04

0.5 9,645 14.0 5.56E+01 10,198 6.44E-04

0.1 7,494 16.9 1.10E+01 8,014 9.44E-04

25 9,113 15.9 1.92E+01 8,772 5.43E-04

10 7,720 17.7 7.69E+00 7,533 4.92E-04

91 5 6,746 19.1 3.84E+00 6,611 5.18E-04

1 4,772 22.7 7.58E-01 4,603 9.15E-04

0.5 4,049 24.1 3.83E-01 3,852 1.14E-03

0.1 2,614 27.8 7.62E-02 2,375 2.68E-03

25 3,044 30.4 2.03E-01 3,219 1.60E-03

10 2,310 31.7 8.13E-02 2,425 1.58E-03

38 5 1,854 324 4.07E-02 1,921 1.56E-03

1 1,020 34.3 8.19E-03 1,054 2.34E-03

0.5 787 34.0 4.12E-03 797 2.48E-03

0.1 402 33.5 8.42E-04 402 3.83E-03

25 984 37.0 5.98E-03 929 3.36E-03

10 664 36.3 2.40E-03 636 3.82E-03

54 5 487 354 1.21E-03 472 4.29E-03

1 229 335 2.45E-04 231 5.73E-03

0.5 167 32.1 1.21E-04 168 6.16E-03

0.1 86 29.0 2.45E-05 83 6.45E-03

182

UCPRC-RR-2020-06




Table B.7h: App-2: Dynamic Modulus Test Results for Mix-R (F_64-22_10_2.36)

Fitting () o B Y C1 Cc2
Parameters 0.47 3.71 -1.89 -0.46 10.31 67.34
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 14,748 8.5 3.88E+04 13,076 2.79E-03

10 13,572 9.2 1.57E+04 12,693 9.06E-04

4 5 12,671 9.8 7.91E+03 12,367 1.81E-04

1 10,607 11.5 1.61E+03 11,468 1.29E-03

0.5 9,739 12.4 7.66E+02 10,976 2.89E-03

0.1 7,795 14.9 1.59E+02 9,787 1.01E-02

25 8,483 15.9 1.77E+01 7,812 1.74E-03

10 7,283 17.4 7.07E+00 6,915 1.05E-03

91 5 6,439 18.6 3.54E+00 6,224 8.86E-04

1 4,631 21.9 7.00E-01 4,633 9.75E-04

0.5 3,974 23.2 3.54E-01 4,001 1.29E-03

0.1 2,633 26.6 7.01E-02 2,662 1.72E-03

25 3,333 27.8 1.63E-01 3,325 3.08E-04

10 2,590 29.3 6.51E-02 2,608 4.63E-04

38 5 2,123 30.0 3.26E-02 2,131 5.68E-04

1 1,239 32.2 6.55E-03 1,257 7.98E-04

0.5 986 32.3 3.31E-03 981 8.50E-04

0.1 543 32.7 6.63E-04 522 1.17E-03

25 1,345 35.3 8.71E-03 1,389 2.59E-03

10 960 35.4 3.47E-03 999 3.50E-03

54 5 742 34.9 1.73E-03 766 3.84E-03

1 377 34.5 3.46E-04 399 5.52E-03

0.5 285 334 1.75E-04 299 5.65E-03

0.1 141 34.1 3.47E-05 150 9.30E-03
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Table B.8a: App-2: Flexural Modulus Test Results for Mix-S (D_64-22)

Fitting () a B Y C1 Cc2
Parameters 0.00 4.24 -1.51 -0.45 7.29 53.83
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 10,027 16.4 8.49E+02 9,961 8.29E-05
10 9,579 154 5.62E+02 9,537 1.16E-04
5 8,733 14.7 2.76E+02 8,790 1.35E-04
2 7,640 15.3 1.10E+02 7,787 1.94E-04
1 6,818 16.3 5.56E+01 7,026 3.37E-04
10 0.5 6,027 17.7 2.72E+01 6,233 3.63E-04
0.2 5,018 20.2 1.05E+01 5,194 3.93E-04
0.1 4,120 19.3 5.13E+00 4,453 1.42E-03
0.05 3,486 21.2 2.67E+00 3,814 1.67E-03
0.02 2,780 24.4 1.11E+00 3,030 1.58E-03
0.01 2,335 28.0 5.64E-01 2,488 1.01E-03
15 6,121 23.2 1.68E+01 5,707 9.72E-04
10 5,685 23.0 1.09E+01 5,241 1.29E-03
5 4,906 23.1 5.42E+00 4,512 1.36E-03
2 3,932 24.8 2.17E+00 3,618 1.38E-03
1 3,272 26.4 1.08E+00 3,006 1.44E-03
20 0.5 2,675 28.8 5.37E-01 2,450 1.53E-03
0.2 1,999 314 2.10E-01 1,814 1.80E-03
0.1 1,514 33.1 1.06E-01 1,429 6.36E-04
0.05 1,172 35.5 5.39E-02 1,110 7.81E-04
0.02 829 37.4 2.18E-02 774 9.30E-04
0.01 637 39.5 1.12E-02 585 1.55E-03
15 3,057 34.3 1.25E+00 3,134 3.16E-04
10 2,720 34.3 8.31E-01 2,791 3.40E-04
5 2,181 34.1 4.13E-01 2,261 4.91E-04
2 1,585 35.6 1.65E-01 1,671 9.36E-04
1 1,218 37.1 8.32E-02 1,308 1.40E-03
30 0.5 929 39.6 4.11E-02 999 1.69E-03
0.2 632 41.3 1.60E-02 681 1.94E-03
0.1 460 42.2 7.55E-03 492 1.70E-03
0.05 341 42.5 3.48E-03 347 4.58E-04
0.02 229 38.1 1.48E-03 234 8.59E-04
0.01 176 39.3 7.35E-04 168 4.46E-04
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Table B.8b: App-2: Flexural Modulus Test Results for Mix-T (D_64-22_5_2.36)

Fitting () a B y C1 c2
Parameters 1.36 2.88 -1.34 -0.50 24.18 163.92
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 11,880 14.2 7.79E+02 11,766 3.05E-04
10 11,494 13.1 5.11E+02 11,366 3.04E-04
5 10,663 12.1 2.50E+02 10,646 2.97E-04
2 9,609 12.3 1.01E+02 9,666 3.41E-04

1 8,760 13.0 4.96E+01 8,854 3.15E-04
10 0.5 7,968 13.6 2.48E+01 8,039 3.51E-04
0.2 6,899 15.5 9.44E+00 6,889 3.41E-04
0.1 5,900 13.9 4.63E+00 6,050 3.91E-04
0.05 5,142 15.4 2.19E+00 5,195 2.40E-04
0.02 4,324 17.8 9.51E-01 4,301 3.15E-05
0.01 3,769 20.8 4.92E-01 3,650 2.98E-04
15 7,475 20.3 1.58E+01 7,508 1.63E-05
10 7,025 19.7 1.04E+01 7,006 8.01E-06
5 6,208 19.4 5.14E+00 6,174 5.73E-06
2 5,197 20.7 2.04E+00 5,119 5.21E-05

1 4,449 21.7 1.07E+00 4,420 1.09E-05
20 0.5 3,781 23.5 5.39E-01 3,736 3.59E-05
0.2 2,980 25.7 2.18E-01 2,927 1.85E-04
0.1 2,334 24.6 1.14E-01 2,420 5.43E-04
0.05 1,887 26.2 5.77E-02 1,959 1.17E-03
0.02 1,431 28.7 2.23E-02 1,432 9.48E-04
0.01 1,178 314 1.15E-02 1,142 3.05E-04
15 4,074 28.9 7.82E-01 4,103 2.54E-04
10 3,696 28.7 5.11E-01 3,686 2.89E-04
5 3,076 28.6 2.54E-01 3,056 2.67E-04
2 2,356 29.6 1.02E-01 2,340 1.37E-04

1 1,900 30.8 5.14E-02 1,889 1.66E-04
30 0.5 1,506 32.8 2.59E-02 1,508 9.84E-05
0.2 1,093 34.1 1.01E-02 1,090 3.67E-05
0.1 812 34.8 4.80E-03 836 3.04E-04
0.05 626 35.3 2.06E-03 616 4.40E-04
0.02 448 35.6 8.69E-04 452 2.60E-04
0.01 353 36.6 4.30E-04 352 1.37E-04
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Table B.8c: App-2: Flexural Modulus Test Results for Mix-U (D_64-22_10_2.36)

Fitting () a B Y C1 Cc2
Parameters 1.97 2.17 -1.30 -0.58 7.56 53.36
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 11,391 13.5 1.06E+03 11,139 1.57E-04
10 11,016 12.1 6.96E+02 10,873 8.92E-05
5 10,317 11.0 3.42E+02 10,385 6.40E-05
2 9,416 10.9 1.36E+02 9,669 1.95E-04
1 8,712 11.1 6.87E+01 9,075 3.68E-04
10 0.5 8,067 11.6 3.47E+01 8,439 4.54E-04
0.2 7,161 129 1.39E+01 7,521 5.04E-04
0.1 6,286 10.9 7.10E+00 6,823 1.31E-03
0.05 5,659 12.4 3.64E+00 6,116 1.20E-03
0.02 4,928 14.5 1.38E+00 5,096 2.64E-04
0.01 4,396 16.9 7.27E-01 4,442 8.26E-05
15 8,547 19.2 1.50E+01 7,595 8.34E-03
10 8,052 18.5 9.64E+00 7,138 7.58E-03
5 7,159 18.2 4.82E+00 6,405 6.14E-03
2 6,022 19.6 1.91E+00 5,424 4.45E-03
1 5,194 20.7 9.60E-01 4,712 3.06E-03
20 0.5 4,431 22.5 4.72E-01 4,016 2.45E-03
0.2 3,530 25.2 1.93E-01 3,209 3.22E-03
0.1 2,776 24.3 1.08E-01 2,741 4.74E-03
0.05 2,293 26.9 5.40E-02 2,259 4.86E-03
0.02 1,773 28.4 2.14E-02 1,710 8.76E-03
0.01 1,463 30.9 1.06E-02 1,372 1.80E-02
15 4,434 24.5 1.14E+00 4,895 1.86E-03
10 4,110 23.8 7.59E-01 4,485 1.46E-03
5 3,546 234 3.87E-01 3,837 1.21E-03
2 2,857 24.0 1.55E-01 3,036 7.31E-04
1 2,393 25.3 7.73E-02 2,506 4.41E-04
30 0.5 1,994 26.8 3.85E-02 2,045 1.33E-04
0.2 1,533 27.8 1.51E-02 1,534 6.14E-05
0.1 1,210 27.8 7.27E-03 1,220 4.79E-05
0.05 953 27.6 3.29E-03 950 1.81E-04
0.02 714 30.6 1.29E-03 711 2.06E-04
0.01 579 29.8 6.78E-04 586 2.07E-04
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Table B.9: App-2: Repeated Load Triaxial Test Results

Specimen AV Content Flow Number Average Std. Dev. Std. Dev./Average
ID (%) (Cycles) (Cycles) (Cycles) (%)
Mix-S-1 7.0 1,326
Mix-S-2 7.0 882
1,055 192 18.2
Mix-S-3 6.6 1,042
Mix-S-4 6.6 969
Mix-T-1 7.0 2,010
Mix-T-2 6.5 2,295
2,090 173 8.3
Mix-T-3 6.8 2,155
Mix-T-4 7.3 1,898
Mix-U-1 6.7 3,485
Mix-U-2 7.2 2,718
2,831 442 15.6
Mix-U-3 7.3 2,570
Mix-U-4 7.1 2,552
Mix-V-1 6.9 3,261
Mix-V-2 6.7 2,292
2,914 406 139
Mix-V-3 7.5 3,210
Mix-V-4 7.1 2,723
Mix-W-1 7.3 6,748
Mix-W-2 7.0 3,862
4,965 1,301 26.2
Mix-W-3 6.5 5,101
Mix-W-4 7.1 4,150
Mix-P-1 7.3 648
Mix-P-2 7.5 1,024
820 202 24.6
Mix-P-3 7.2 572
Mix-P-4 6.5 872
Mix-Q-1 6.7 2,079
Mix-Q-2 6.9 2,239
1,529 578 37.8
Mix-Q-3 7.0 1,140
Mix-Q-4 6.6 1,091
Mix-R-1 7.1 2,639
Mix-R-2 7.2 3,299
3,298 465 14.1
Mix-R-3 7.0 3,945
Mix-R-4 6.9 3,382
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Table B.10: App-2: Hamburg Wheel Track Test Results

Specimen | AV Content Left Wheel Rutting (mm) Right Wheel Rutting (mm)
ID (%) @5k @15k @25k @5k @15k @25k
Passes Passes Passes Passes Passes Passes
Mix-S-1 7.2
4.25 6.03 7.29 Not Tested | Not Tested | Not Tested
Mix-S-2 7.0
Mix-S-3 7.1
Not Tested | Not Tested | Not Tested 2.73 3.69 4.23
Mix-S-4 6.6
Mix-T-1 6.9
1.87 2.37 2.63 Not Tested | Not Tested | Not Tested
Mix-T-2 6.2
Mix-T-3 6.3
Not Tested | Not Tested | Not Tested 2.04 2.85 3.30
Mix-T-4 6.4
Mix-U-1 6.7
1.60 2.05 2.23 Not Tested | Not Tested | Not Tested
Mix-U-2 6.2
Mix-U-3 6.9
Not Tested | Not Tested | Not Tested 1.95 2.62 3.02
Mix-U-4 7.1
Mix-V-1 6.6
1.92 2.51 2.84 Not Tested | Not Tested | Not Tested
Mix-V-2 7.0
Mix-V-3 6.7
Not Tested | Not Tested | Not Tested 2.14 2.83 3.14
Mix-V-4 6.8
Mix-W-1 6.2
0.62 1.14 1.51 Not Tested | Not Tested | Not Tested
Mix-W-2 6.2
Mix-W-3 7.6
Not Tested | Not Tested | Not Tested 1.26 1.73 1.98
Mix-W-4 7.2
Mix-P-1 7.3
2.88 3.74 4.19 Not Tested | Not Tested | Not Tested
Mix-P-2 7.3
Mix-P-3 7.7
Not Tested | Not Tested | Not Tested 2.93 411 478
Mix-P-4 6.1
Mix-Q-1 7.6
2.09 2.79 3.21 Not Tested | Not Tested | Not Tested
Mix-Q-2 6.8
Mix-Q-3 7.0
Not Tested | Not Tested | Not Tested 1.79 2.33 2.58
Mix-Q-4 6.6
Mix-R-1 7.3
2.04 2.61 2.87 Not Tested | Not Tested | Not Tested
Mix-R-2 7.0
Mix-R-3 6.7
Not Tested | Not Tested | Not Tested 1.91 2.61 2.95
Mix-R-4 7.0
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Table B.11a: App-2: Flexural Beam Fatigue Test Results for Mix-S (D_64-22)

Specimen ID Air-Void Content Test Strain Fatigue Life
(%) (pustrain) (Cycles)
MixS-B#3-B4 7.5 250 5,582,620
MixS-B#5-B1 7.5 250 3,487,727
MixS-B#5-B3 6.0 250 3,339,704
MixS-B#3-B2 8.0 350 773,208
MixS-B#3-B3 7.8 350 1,150,000
MixS-B#3-B5 7.9 350 1,741,816
MixS-B#4-B2 7.2 350 402,062
MixS-B#4-B7 7.8 350 573,662
MixS-B#4-B8 7.8 350 700,046
MixS-B#4-B1 7.6 450 128,800
MixS-B#4-B3 7.2 450 218,881
MixS-B#4-B6 7.8 450 130,896

Table B.11b: App-2: Flexural Beam Fatigue Test Results for Mix-T (D_64-22_5_2.36)

Specimen ID Air-Void Content Test Strain Fatigue Life
(%) (pustrain) (Cycles)
MIXT-B#4-B1 7.1 350 1,021,554
MIXT-B#4-B6 7.1 350 519,951
MIXT-B#4-B7 7.0 350 3,211,359
MIXT-B#3-B1 7.0 400 529,306
MIXT-B#3-B7 6.3 400 830,639
MIXT-B#3-B8 7.5 400 385,760
MIXT-B#4-B2 7.0 450 121,436
MIXT-B#4-B3 7.1 450 520,031
MIXT-B#4-B8 7.8 450 294,703

Table B.11c: App-2: Flexural Beam Fatigue Test Results for Mix-U (D_64-22_10_2.36)

Specimen ID Air-Void Content Test Strain Fatigue Life
(%) (pustrain) (Cycles)
MixU-B#2-B8 8.0 280 920,670
MixU-B#3-B6 7.6 280 2,152,070
MixU-B#3-B7 7.5 280 774,419
MixU-B#1-B8 6.2 400 700,133
MixU-B#2-B3 7.6 400 268,430
MixU-B#2-B4 7.8 400 204,181
MixU-B#2-B6 6.8 400 89,078
MixU-B#2-B7 7.4 400 137,033
MixU-B#4-B1 6.9 450 199,504
MixU-B#4-B2 6.6 450 49,433
MixU-B#4-B3 6.9 450 179,828
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Table B.12: App-2: Semicircular Bending Test Results

Specimen ID Air-Void Content Fracture Energy Flexibility Strength

(%) (Jol/m?) Index (MPa)
7.4 2,371 1.24 0.63
_ 72 1,801 4.41 0.55
Mix-S 75 1,947 1.50 0.57
75 2,580 234 0.62
72 2,193 3.26 0.54
, 75 2,243 2.64 0.56
Mix-T 7.0 1,915 2.90 0.56
7.0 2,242 2.42 0.57
6.9 2,872 332 0.62
. 7.0 2,449 536 0.52
Mix-U 6.9 1,639 1.73 0.52
6.5 1,952 0.88 0.58
71 2,964 232 0.69
. 71 2,226 1.00 0.59
Mix-V 7.2 1,790 0.34 0.62
7.2 2,045 0.84 0.59
7.6 1,800 0.83 0.61
, 7.7 1,920 1.09 0.59
Mix-W 75 1,760 0.40 0.59
6.8 2,229 1.26 0.62
7.0 1,503 274 0.88
Visep 6.4 2,377 2.85 0.86
73 1,753 353 0.78
75 2,512 471 0.81
7.4 2,455 3.67 0.60
, 7.4 1,468 2.09 0.55
Mix-Q 6.9 2,530 0.77 0.72
6.9 2,911 2.77 0.68
7.6 2,000 3.75 0.43
. 8.0 2,321 3.09 0.56
Mix-R 8.0 1,928 3.26 0.52
8.0 2,527 2.05 0.59
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Figure B.1c: App-2/Mix-Q: Dust proportion vs. asphalt binder
content.
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Figure B.1d: App-2/Mix-Q: VFA vs. asphalt binder content.
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Figure B.2c: App-2/Mix-R: Dust proportion vs. asphalt binder

content.

Figure B.2d: App-2/Mix-R: VFA vs. asphalt binder content.
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Figure B.4c: App-2/Mix-U: Dust proportion vs. asphalt binder
content.

Figure B.4d: App-2/Mix-U: VFA vs. asphalt binder content.
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Figure B.5d: App-2/Mix-V: VFA vs. asphalt binder content.
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APPENDIX C: TEST RESULTS FOR APPROACH-3 MIXES

Test results for Approach-3 (App-3) mixes are summarized in the following figures and tables:

e Table C.1: App-3: Dynamic Modulus Test Results

e Table C.2: App-3: Flexural Modulus Test Results

e Table C.3: App-3: Repeated Load Triaxial Test Results

e Table C.4: App-3: Hamburg Wheel Track Test Results

e Table C.5: App-3: Flexural Beam Fatigue Test Results

e Table C.6: App-3: Semicircular Bending Test Results

e Table C.7: App-3: Uniaxial Thermal Stress and Strain Test Results
e Figure C.1: App-3: Mix-G Volumetric Design Results

e Figure C.2: App-3: Mix-H Volumetric Design Results

The binder ID format used in the tables is: refinery source_ CRM content in percent_maximum

CRM size in mm.
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Table C.1a: App-3: Dynamic Modulus Test Results for Mix-A (A_64-16)

Fitting () a B y C1 Cc2
Parameters 0.27 4.13 -2.09 -0.54 117.86 955.79
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 22,063 5.8 2.61E+03 20,929 5.26E-04

10 20,780 6.4 1.05E+03 20,052 2.40E-04

4 5 19,769 7.0 5.23E+02 19,291 1.13E-04

1 17,258 8.6 1.04E+02 17,160 6.13E-06

0.5 16,134 9.4 5.18E+01 16,094 1.14E-06

0.1 13,453 11.9 1.05E+01 13,322 1.80E-05

25 13,628 12.6 1.90E+01 14,404 5.78E-04

10 12,029 14.2 7.60E+00 12,728 6.01E-04

21 5 10,754 15.7 3.84E+00 11,421 6.83E-04

1 7,969 19.9 7.67E-01 8,301 3.14E-04

0.5 6,848 21.8 3.77E-01 6,976 6.51E-05

0.1 4,506 27.5 7.46E-02 4,311 3.69E-04

25 5,376 27.5 1.60E-01 5,491 8.45E-05

10 4,091 30.4 6.33E-02 4,077 2.29E-06

38 5 3,241 32.5 3.14E-02 3,162 1.17E-04

1 1,682 37.1 6.28E-03 1,610 3.65E-04

0.5 1,205 38.3 3.31E-03 1,191 2.60E-05

0.1 510 39.5 6.45E-04 513 5.88E-06

25 1,048 41.9 2.18E-03 968 1.18E-03

10 624 42.1 8.71E-04 603 2.18E-04

54 5 410 41.8 4.35E-04 415 2.45E-05

1 152 39.4 8.63E-05 169 2.03E-03

0.5 104 37.0 4.32E-05 115 2.00E-03

0.1 55 29.2 8.71E-06 50 2.04E-03
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Table C.1b: App-3: Dynamic Modulus Test Results for Mix-G (A_64-16_5_2.36_DRY)

Fitting () o B Y C1 c2
Parameters 0.18 4.23 -1.43 -0.59 17.73 199.99
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(9] (Hz) (MPa) () (Hz) (MPa)

25 15,922 6.8 8.16E+02 17,046 8.78E-04

10 14,883 7.7 3.26E+02 15,417 2.34E-04

4 5 14,049 8.5 1.63E+02 14,072 5.13E-07

1 11,930 10.8 3.26E+01 10,693 2.26E-03

0.5 10,982 11.9 1.63E+01 9,201 5.91E-03

0.1 8,701 15.5 3.29E+00 5,944 2.74E-02

25 8,527 17.7 1.97E+01 9,608 2.69E-03

10 7,074 20.4 7.89E+00 7,672 1.24E-03

21 5 6,032 22.6 3.97E+00 6,302 3.63E-04

1 3,874 29.0 7.95E-01 3,579 1.19E-03

0.5 3,091 31.8 4.00E-01 2,682 3.82E-03

0.1 1,635 38.8 8.00E-02 1,222 1.60E-02

25 2,571 37.3 8.30E-01 3,642 2.29E-02

10 1,789 40.3 3.26E-01 2,449 1.86E-02

38 5 1,308 41.9 1.60E-01 1,748 1.58E-02

1 528 45.5 3.08E-02 720 1.80E-02

0.5 344 45.6 1.52E-02 475 1.98E-02

0.1 120 45.9 3.38E-03 189 3.84E-02

25 1,389 43.7 6.57E-02 1,100 1.03E-02

10 875 44.9 2.62E-02 654 1.60E-02

54 5 594 45.0 1.30E-02 431 1.94E-02

1 205 46.2 2.56E-03 159 1.23E-02

0.5 124 46.4 1.31E-03 105 5.45E-03

0.1 38 47.0 2.60E-04 41 8.04E-04
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Table C.1c: App-3: Dynamic Modulus Test Results for Mix-H (A_64-16_10_2.36_DRY)

Fitting () o B Y C1 Cc2
Parameters 0.00 4.18 -1.66 -0.55 23.98 199.77
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 12,395 7.9 2.44E+03 11,573 8.89E-04

10 11,434 8.7 9.74E+02 10,843 5.31E-04

4 5 10,669 9.5 4.87E+02 10,224 3.42E-04

1 8,904 11.5 9.74E+01 8,576 2.65E-04

0.5 8,118 12.7 4.92E+01 7,802 2.96E-04

0.1 6,329 15.9 1.02E+01 5,923 8.27E-04

25 5,956 18.1 1.86E+01 6,653 2.30E-03

10 4,962 20.4 7.46E+00 5,551 2.37E-03

91 5 4,257 22.3 3.80E+00 4,754 2.31E-03

1 2,799 27.6 7.53E-01 3,015 1.04E-03

0.5 2,286 29.7 3.80E-01 2,392 3.86E-04

0.1 1,301 35.5 7.67E-02 1,265 1.45E-04

25 1,939 34.3 2.45E-01 2,036 4.52E-04

10 1,380 36.9 9.80E-02 1,407 7.47E-05

38 5 1,043 38.3 4.82E-02 1,027 4.61E-05

1 477 41.7 9.50E-03 457 3.45E-04

0.5 336 41.9 4.75E-03 314 8.63E-04

0.1 138 42.8 9.58E-04 127 1.38E-03

25 453 43.4 8.03E-03 418 1.24E-03

10 269 435 3.21E-03 253 7.55E-04

54 5 180 43.0 1.61E-03 171 4.99E-04

1 62 44.5 3.19E-04 68 1.30E-03

0.5 42 44.2 1.57E-04 46 1.57E-03

0.1 18 41.8 3.15E-05 20 1.14E-03
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Table C.2a: App-3: Flexural Modulus Test Results for Mix-A (A_64-16)

Fitting () a B Y C1 Cc2
Parameters 0.00 4.21 -2.08 -0.59 8.03 53.76
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 14,150 12.6 1.15E+03 13,388 8.74E-04
10 13,715 11.5 7.68E+02 13,110 6.70E-04
5 12,945 10.7 3.89E+02 12,594 4.60E-04
2 11,773 111 1.57E+02 11,803 3.84E-04
1 10,891 12.0 7.79E+01 11,107 5.12E-04
10 0.5 9,972 12.8 3.84E+01 10,331 6.94E-04
0.2 8,713 14.9 1.51E+01 9,203 1.05E-03
0.1 7,694 17.0 7.21E+00 8,249 1.27E-03
0.05 6,719 19.2 3.76E+00 7,363 1.88E-03
0.02 5,508 22.7 1.51E+00 6,106 2.42E-03
0.01 4,624 25.6 7.38E-01 5,124 2.39E-03
15 9,729 18.6 1.81E+01 9,442 4.27E-04
10 9,292 18.1 1.19E+01 8,906 8.09E-04
5 8,318 18.5 5.95E+00 7,991 9.11E-04
2 6,984 21.3 2.35E+00 6,717 9.87E-04
1 6,013 22.8 1.18E+00 5,759 1.29E-03
20 0.5 5,051 25.2 5.91E-01 4,828 1.42E-03
0.2 3,893 29.8 2.33E-01 3,658 2.16E-03
0.1 3,052 34.2 1.13E-01 2,848 2.01E-03
0.05 2,358 37.3 5.62E-02 2,172 1.81E-03
0.02 1,613 42.5 2.42E-02 1,505 1.70E-03
0.01 1,149 45,5 1.14E-02 4,108 2.42E-03
15 5,195 30.6 7.94E-01 5,223 6.47E-04
10 4,670 31.7 5.23E-01 4,670 6.17E-04
5 3,781 33.7 2.62E-01 3,798 6.20E-04
2 2,728 37.7 1.05E-01 2,775 8.01E-04
1 2,057 40.2 5.32E-02 2,122 1.06E-03
30 0.5 1,511 43.4 2.68E-02 1,576 1.13E-03
0.2 962 48.1 1.06E-02 1,008 1.43E-03
0.1 675 50.5 5.32E-03 700 1.40E-03
0.05 468 54.3 2.69E-03 477 8.39E-04
0.02 267 42.9 3.97E-01 272 1.87E-04
0.01 175 42.2 3.53E-01 182 2.29E-04
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Table C.2b: App-3: Flexural Modulus Test Results for Mix-G (A_64-16_5_2.36_DRY)

Fitting () a B y C1 c2
Parameters 0.00 4.05 -1.68 -0.58 8.65 54.57
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 9,541 16.5 1.42E+03 8,611 2.06E-03
10 9,133 15.8 9.08E+02 8,342 1.65E-03
5 8,328 154 4.63E+02 7,903 7.69E-04
7,260 16.5 1.84E+02 7,229 4.65E-04

1 6,446 17.5 9.13E+01 6,662 9.16E-04
10 0.5 5,648 18.9 4,71E+01 6,091 2.26E-03
0.2 4,641 21.7 1.88E+01 5,255 4.48E-03
0.1 3,754 20.6 9.00E+00 4,567 9.60E-03
0.05 3,101 234 4,28E+00 3,869 1.26E-02
0.02 2,411 26.8 1.85E+00 3,122 1.73E-02
0.01 1,967 30.0 8.98E-01 2,517 1.69E-02
15 5,900 24.2 1.61E+01 5,106 4.32E-03
10 5,444 24.0 1.06E+01 4,717 4.29E-03
5 4,686 24.7 5.26E+00 4,062 4.40E-03
2 3,716 26.8 2.07E+00 3,216 4.87E-03

1 3,040 28.7 1.02E+00 2,619 5.65E-03
20 0.5 2,449 31.1 5.15E-01 2,095 6.67E-03
0.2 1,786 34.6 2.08E-01 1,495 9.30E-03
0.1 1,295 35.9 1.07E-01 1,130 7.29E-03
0.05 972 38.5 5.13E-02 810 1.08E-02
0.02 613 40.9 1.78E-02 473 1.48E-02
0.01 494 42.8 1.04E-02 358 2.21E-02
15 6,049 235 1.66E+01 5,137 5.31E-03
10 4,687 27.3 8.34E+00 4,049 4.00E-03
5 4,004 27.6 4,12E+00 3,443 4.21E-03
2 3,154 29.6 1.62E+00 2,685 4.79E-03

1 2,575 31.9 7.95E-01 2,165 5.66E-03
30 0.5 2,070 33.7 3.98E-01 1,709 6.95E-03
0.2 1,509 36.2 1.55E-01 1,192 1.05E-02
0.1 1,092 36.8 7.84E-02 891 7.53E-03
0.05 819 40.4 3.73E-02 631 1.48E-02
0.02 518 40.7 1.55E-02 403 1.14E-01
0.01 394 45.0 7.17E-03 260 4.12E-02
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Table C.2c: App-3: Flexural Modulus Test Results for Mix-H (A_64-16_10_2.36_DRY)

Fitting () a B Y C1 Cc2
Parameters 0.00 4.01 -2.24 -0.77 12.98 89.61
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 10,881 14.1 6.90E+02 9,086 6.68E-03
10 10,497 13.2 4.47E+02 8,935 5.47E-03
5 9,812 12.6 2.23E+02 8,649 3.66E-03
2 8,783 133 8.84E+01 8,178 1.68E-03
1 7,987 14.2 4.45E+01 7,751 9.14E-04
10 0.5 7,185 154 2.16E+01 7,224 8.76E-04
0.2 6,109 17.9 8.36E+00 6,408 1.36E-03
0.1 5,077 16.9 4.08E+00 5,697 3.79E-03
0.05 4,296 19.7 2.33E+00 5,110 6.81E-03
0.02 3,443 23.5 8.71E-01 4,026 5.59E-03
0.01 2,846 28.2 4.42E-01 3,279 5.03E-03
15 7,179 20.9 1.53E+01 6,943 4.48E-04
10 6,736 204 9.94E+00 6,563 3.94E-04
5 5,925 21.3 4.97E+00 5,903 2.11E-04
2 4,841 23.6 1.97E+00 4,930 2.52E-04
1 4,079 25.8 9.87E-01 4,165 2.72E-04
20 0.5 3,344 28.4 4.92E-01 3,395 2.18E-04
0.2 2,476 33.0 1.97E-01 2,445 4.62E-04
0.1 1,801 34.6 1.01E-01 1,826 8.80E-04
0.05 1,229 39.9 4.23E-02 1,151 5.27E-03
0.02 831 43.3 1.74E-02 690 9.41E-03
0.01 635 46.0 1.04E-02 495 1.30E-02
15 3,293 35.4 6.84E-01 3,759 3.93E-03
10 2,929 35.8 4.57E-01 3,316 3.34E-03
5 2,340 37.7 2.29E-01 2,592 2.50E-03
2 1,622 40.8 9.20E-02 1,752 1.90E-03
1 1,106 44.2 3.94E-02 1,119 1.31E-03
30 0.5 702 47.6 1.59E-02 637 2.80E-03
0.2 451 49.9 6.83E-03 364 1.06E-02
0.05 230 50.9 2.55E-03 174 9.43E-02
0.02 121 51.3 8.58E-04 78 1.64E-01
0.01 79 48.4 3.48E-04 39 1.38E-01
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Table C.3: App-3: Repeated Load Triaxial Test Results

Specimen AV Content Flow Number Average Std. Dev. Std. Dev./Average
ID (%) (Cycles) (Cycles) (Cycles) (%)
Mix-A-1 6.5 254
Mix-A-2 6.9 158
272 120 44.0
Mix-A-3 7.3 153
Mix-A-4 6.9 320
Mix-G-1 6.9 136
Mix-G-2 6.6 70
97 28 29.2
Mix-G-3 7.0 70
Mix-G-4 7.2 112
Mix-H-1 7.3 67
Mix-H-2 6.6 246
217 113 51.9
Mix-H-3 6.6 338
Mix-H-4 - -
Table C.4: App-3: Hamburg Wheel Track Test Results
Specimen | AV Content Left Wheel Rutting (mm) Right Wheel Rutting (mm)
ID (%) @5k @15k @25k @5k @15k @25k
Passes Passes Passes Passes Passes Passes
Mix-A-1 7.1
3.51 5.05 6.20 Not tested | Nottested | Not tested
Mix-A-2 8.0
Mix-A-3 7.4
Not tested | Nottested | Not tested 2.61 3.89 4.98
Mix-A-4 7.2
Mix-G-1 79
4.00 5.43 6.53 Not tested | Nottested | Not tested
Mix-G-2 7.3
Mix-G-3 7.9
Not tested | Nottested | Not tested 2.67 4.05 5.22
Mix-G-4 6.3
Mix-H-1 7.7
7.00 9.21 10.63 Not tested | Nottested | Not tested
Mix-H-2 8.0
Mix-H-3 7.3
Not tested | Nottested | Not tested 5.30 8.54 13.1
Mix-H-4 7.8
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Table C.5a: App-4: Flexural Beam Fatigue Test Results for Mix-A (A_64-16)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixA-B#3-2-B8 7.5 210 1,397,500
MixA-B#3-3-B1 7.7 210 1,130,000
MixA-B#3-2-B6 6.3 210 1,440,000
MixA-B#3-2-B2 6.4 250 382,500
MixA-B#3-3-B4 7.3 252 405,000
MixA-B#3-3-B7 7.6 250 512,500
MixA-B#3-2-B7 6.5 400 49,000
MixA-B#3-3-B3 7.4 400 37,000
MixA-B#3-3-B6 7.5 400 105,000

Table C.5b: App-3: Flexural Beam Fatigue Test Results for Mix-G (A_64-16_5_2.36_DRY)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixG-B#3-1-B3 7.6 330 667,500
MixG-B#3-2-B3 7.5 330 765,000
MixG-B#3-2-B5 8.0 330 1,027,500
MixG-B#3-1-B2 8.0 400 360,000
MixG-B#3-1-B4 7.5 400 400,000
MixG-B#3-1-B7 7.8 400 595,000
MixG-B#3-2-B4 7.0 700 11,000
MixG-B#3-1-B8 8.0 700 14,000
MixG-B#3-2-B4 7.0 700 11,000

Table C.5c: App-3: Flexural Beam Fatigue Test Results for Mix-H (A_64-16_10_2.36_DRY)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixH-B#3-2-B1 6.0 250 1,887,500
MixH-B#3-2-B8 6.9 250 3,022,500
MixH-B#3-3-B4 7.0 250 832,500
MixH-B#3-3-B1 7.0 320 530,000
MixH-B#3-3-B5 6.7 320 957,500
MixH-B#3-3-B6 7.5 320 1,065,000
MixH-B#3-2-B3 6.4 400 175,000
MixH-B#3-2-B6 6.5 398 17,000
MixH-B#3-3-B2 7.3 400 127,500
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Table C.6: App-3: Semicircular Bending Test Results

Specimen ID Air-Void Content Fracture Energy Flexibility Strength

(%) (Jol/m?) Index (MPa)
6.9 2,125 4.99 0.59
. 6.9 1,837 4.99 0.50
Mix-A 7.2 1,871 2.78 0.65
7.2 1,084 0.33 0.66
6.9 2,125 4.99 0.59
. 6.9 1,837 4.99 0.50
Mix-G 7.2 1,871 2.78 0.65
7.2 1,084 0.33 0.66
6.1 2,535 14.23 0.44
Mix-H 7.0 3,228 11.08 0.59
6.5 2,177 10.00 0.45
7.1 1,982 3.90 0.57

Table C.7: App-3: Uniaxial Thermal Stress and Strain Test Re

sults

Specimen ID

Air-Void Content

Average UTSST Air-

Average CRIgp,!

Average Fracture

(%) Void Content Temperature
(%)* (cc)*
Mix-A ;2 6.0 12 -12.5
Mix-G 3(6) 5.8 7 -11.0
Mix-H Z?) 54 12 -11.3

1 Only the average results were received by UCPRC
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APPENDIX D: TEST RESULTS FOR APPROACH-4 BINDERS AND MIXES

Test results for Approach-4 (App-4) binders and mixes are summarized in the following tables:

e Table D.1: App-4: Unaged, High Temperature Performance-Grading Results

e Table D.2: App-4: RTFO-Aged, High Temperature Performance-Grading Results
e Table D.3: App-4: PAV-Aged, Intermediate Temperature Performance-Grading Results
e Table D.4: App-4: Bending Beam Rheometer Test Results

e Table D.5: App-4: Multiple Stress Creep Recovery Test Results

e Table D.6: App-4: Binder Frequency Sweep Results

e Table D.7: App-4: Dynamic Modulus Test Results

e Table D.8: App-4: Flexural Modulus Test Results

e Table D.9: App-4: Repeated Load Triaxial Test Results

e Table D.10: App-4: Hamburg Wheel Track Test Results

e Table D.11: App-4: Flexural Beam Fatigue Test Results

e Table D.12: App-4: Semicircular Bending Test Results

e Table D.13: App-4: Uniaxial Thermal Stress and Strain Test Results

The binder ID format used in the tables is: refinery source_CRM content in percent_maximum

CRM size in mm.

Supplier-C and Supplier-D used PG 64-22 binder from Refinery-A as the base binder to produce
Approach-4 CRM binder.
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Table D.1: App-4: Unaged, High Temperature Performance-Grading Results

Aging Binder ID Test Temp. G* Phase Angle G*/sin (5)
Condition (°C) (kPa) () (kPa)
1.62 7.1 1.62
64 1 gs :7 1 1 gs
A_64-22 20 0.75 88.2 0.75
0.73 88.2 0.73
o 2.35 83.2 2.37
2.23 83.3 2.35
C_64-22 5 0.25 20 1.13 84.7 1.14
1.07 84.9 1.08
64 3.55 79.3 3.61
3.54 79.5 3.60
C_64-22_10_0.25 o 1.76 81.3 1.78
Unaged =D - e
g8 6 1.62 87.1 1.62
1.55 87.1 1.55
A_64-22 0 0.75 88.2 0.75
0.73 88.2 0.73
64 ‘i1 s 0
D_64-22_5_0.18 i 056 86.6 0.56
0.55 86.8 0.55
64 2.34 80.5 2.37
2.23 80.9 2.26
D_64-22 10 _0.18 o 1.16 83.2 1.17
1.11 83.5 1.11
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Table D.2: App-4: RTFO-Aged, High Temperature Performance-Grading Results

Aging Binder ID Test Temp. G* Phase Angle G*/sin (5)
Condition (°C) (kPa) () (kPa)
6 4.28 834 431
4.40 83.4 4.42
A_64-22 -0 1.93 85.4 1.93
1.96 85.4 1.97
o 6.53 77.6 6.69
6.50 77.6 6.66
C_64-22 5 0.25 -0 3.07 80.3 3.12
3.04 80.2 3.09
64 9.36 72.7 9.80
8.90 72.9 9.31
C_64-22_10_0.25 o 4.64 75.7 4.79
RTEO 4.36 75.9 4.50
o 4.28 83.4 4.31
4.40 83.4 4.42
A_64-22 0 1.93 85.4 1.93
1.96 85.4 1.97
o 3.12 80.4 3.16
3.08 81.8 3.11
D_64-22_5_0.18 o 1.49 82.2 1.51
1.45 83.7 1.46
64 4.81 76.6 4.95
4.84 76.1 4.98
D_64-22_10_0.18 " 537 79.2 2.41
2.40 78.6 2.45

Table D.3: App-4: PAV-Aged, Intermediate Temperature Performance-Grading Results

Aging Binder ID Test Temp. G* Phase Angle G*xsin (8)
Condition (°C) (kPa) (°) (kPa)
6,210 47.1 4,547
A_64-22 25 6,200 47.1 4,542
5,130 41.9 3,424
4-22 2 2 ! :
€_64-22_5_0.25 > 4,640 420 3,104
4,010 40.4 2,595
- C_64-22_10_0.25 25 2610 203 2.982
A 64.22 - 6,210 47.1 4,547
- 6,200 47.1 4,542
3,830 50.2 2,945
D_64-22_5 0.18 25 3730 01 2.860
4,160 43.1 2,844
D_64-22_10 _0.18 25 2230 137 2.922
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Table D.4: App-4: Bending Beam Rheometer Test Results

Aging Binder ID Test Temp. Creep Stiffness m-value
Condition (°C) (MPa)
191 0.330
A_64-22 12 195 0.335
148 0.323
C_64-22_5 0.25 -12 137 0317
99 0.312
oAy C_64-22_10_0.25 -12 108 0313
191 0.330
A_64-22 12 195 0.335
128 0.345
D _64-22 5 0.18 -12 126 0351
109 0.348
D 64-22 1 i -12
-5 -10_0.18 108 0.347
Table D.5: App-4: Multiple Stress Creep Recovery Test Results
Aging Binder ID Average Percentage Recovery Non-Recoverable Creep
Condition (%) Compliance (1/kPa)
0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa
13.80 3.76 1.15 1.37
A_64-22 11.35 2.27 1.54 1.84
18.04 5.66 1.05 1.30
€_64-22.50.25 19.40 5.61 1.04 1.31
26.43 12.29 0.58 0.78
RTFO €_64-22_10_0.25 39.43 12.12 0.52 0.82
A 64-22 13.80 3.76 1.15 1.37
- 11.35 2.27 1.54 1.84
27.13 8.86 1.16 1.56
D_64-22 5 018 27.39 8.43 1.17 1.61
31.00 10.22 0.93 1.34
D_64-22 10 0.18 32.58 11.24 0.88 1.28
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Table D.6: App-4: Binder Frequency Sweep Results (20°C)

Reduced Frequency

(H2) A_64-22 C_64-22_5_0.25 C_64-22_10_0.25 A_64-22 D_64-22_5_0.18 | D_64-22_10_0.18
1.00E-06 1.71E-01 3.33E-01 5.54E-01 1.71E-01 1.60E-01 4.52E-01
1.00E-05 7.54E-01 1.38E+00 2.20E+00 7.54E-01 6.74E-01 1.25E+00
1.00E-04 4.06E+00 6.66E+00 9.81E+00 4.06E+00 3.47E+00 4.57E+00
1.00E-03 2.47E+01 3.48E+01 4.64E+01 2.47E+01 2.03E+01 2.17E+01
1.00E-02 1.52E+02 1.82E+02 2.18E+02 1.52E+02 1.22E+02 1.20E+02
1.00E-01 8.54E+02 8.80E+02 9.53E+02 8.54E+02 6.88E+02 6.70E+02
1.00E+00 3.98E+03 3.68E+03 3.68E+03 3.98E+03 3.30E+03 3.24E+03
1.00E+01 1.47E+04 1.28E+04 1.21E+04 1.47E+04 1.27E+04 1.22E+04
1.00E+02 4.25E+04 3.61E+04 3.36E+04 4.25E+04 3.88E+04 3.46E+04
1.00E+03 9.73E+04 8.42E+04 7.81E+04 9.73E+04 9.40E+04 7.48E+04
1.00E+04 1.83E+05 1.64E+05 1.55E+05 1.83E+05 1.86E+05 1.29E+05
1.00E+05 2.92E+05 2.76E+05 2.67E+05 2.92E+05 3.12E+05 1.89E+05
1.00E+06 4.12E+05 4.09E+05 4.08E+05 4.12E+05 4.58E+05 2.43E+05
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Table D.7a: App-4: Dynamic Modulus Test Results for Mix-J (A_64-22)

Fitting () a B y C1 Cc2
Parameters 0.56 3.71 -1.70 -0.49 23.24 199.71
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 14,672 8.2 2.61E+03 14,097 3.01E-04

10 13,361 8.9 1.06E+03 13,306 3.15E-06

4 5 12,442 9.5 5.40E+02 12,657 5.52E-05

1 10,369 11.4 1.09E+02 10,907 4.83E-04

0.5 9,475 12.3 5.40E+01 10,056 6.69E-04

0.1 7,512 15.0 1.09E+01 8,006 7.67E-04

25 9,337 16.5 1.86E+01 8,706 9.25E-04

10 7,862 18.2 7.39E+00 7,496 4.28E-04

21 5 6,856 19.5 3.70E+00 6,593 2.88E-04

1 4,824 23.0 7.33E-01 4,595 4.47E-04

0.5 4,093 24.2 3.66E-01 3,826 8.60E-04

0.1 2,638 27.9 7.33E-02 2,333 2.86E-03

25 3,254 29.5 2.84E-01 3,561 1.54E-03

10 2,473 30.8 1.15E-01 2,702 1.49E-03

38 5 1,980 31.6 5.77E-02 2,150 1.27E-03

1 1,095 33.3 1.16E-02 1,179 1.03E-03

0.5 839 33.1 5.77E-03 884 5.03E-04

0.1 426 329 1.13E-03 432 3.19E-05

25 1,207 36.0 1.05E-02 1,133 7.41E-04

10 816 35.8 4.16E-03 769 6.70E-04

ca 5 596 35.2 2.07E-03 567 4.78E-04

1 271 33.8 4.13E-04 273 1.76E-05

0.5 194 32.6 2.05E-04 198 7.24E-05

0.1 98 29.0 4.16E-05 97 9.87E-06
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Table D.7b: App-4: Dynamic Modulus Test Results for Mix-K (C_64-22_5_0.25)

Fitting () o B Y C1 c2
Parameters 0.00 4.18 -2.26 -0.46 21.66 166.57
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(9] (Hz) (MPa) () (Hz) (MPa)

25 14,873 8.5 5.01E+03 12,684 4.78E-03

10 13,616 9.3 2.00E+03 12,240 2.14E-03

4 5 12,677 9.9 1.00E+03 11,863 8.31E-04

1 10,534 11.8 2.00E+02 10,837 1.52E-04

0.5 9,620 12.7 1.00E+02 10,329 9.53E-04

0.1 7,507 15.4 2.00E+01 9,000 6.20E-03

25 8,992 14.6 1.78E+01 8,896 2.17E-05

10 7,784 16.0 7.21E+00 8,060 2.29E-04

21 5 6,927 17.1 3.68E+00 7,411 8.61E-04

1 5,086 20.2 7.57E-01 5,841 3.62E-03

0.5 4,400 21.4 3.68E-01 5,125 4.39E-03

0.1 2,975 24.9 7.21E-02 3,603 6.92E-03

25 5,041 22.6 1.81E-01 4,441 3.03E-03

10 4,080 24.3 7.29E-02 3,612 2.79E-03

38 5 3,465 25.4 3.58E-02 3,016 3.63E-03

1 2,228 28.3 7.35E-03 1,890 5.11E-03

0.5 1,812 29.2 3.83E-03 1,519 5.87E-03

0.1 1,022 31.3 7.41E-04 820 9.14E-03

25 1,572 33.8 5.14E-03 1,679 8.24E-04

10 1,113 33.6 2.05E-03 1,216 1.46E-03

c4 5 864 33.1 1.03E-03 934 1.12E-03

1 427 33.0 2.07E-04 479 2.44E-03

0.5 322 31.9 1.04E-04 352 1.56E-03

0.1 165 30.1 2.04E-05 165 7.07E-07
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Table D.7c: App-4: Dynamic Modulus Test Results for Mix-L (C_64-22_10_0.25)

Fitting () o B Y C1 Cc2
Parameters 0.70 3.59 -1.42 -0.47 5.28 45.20
Temperature Frequency Modulus Phase Angle Reduced Frequency Modeled Modulus Square of Errors

(°Q) (Hz) (MPa) () (Hz) (MPa)

25 15,633 8.4 1.68E+04 14,714 6.93E-04

10 14,373 9.1 6.71E+03 13,957 1.63E-04

4 5 13,390 9.8 3.36E+03 13,323 4.75E-06

1 11,173 11.7 6.85E+02 11,680 3.71E-04

0.5 10,214 12.7 3.50E+02 10,912 8.24E-04

0.1 8,059 15.4 7.31E+01 8,995 2.28E-03

25 7,709 17.6 1.84E+01 7,243 7.33E-04

10 6,460 19.3 7.37E+00 6,097 6.30E-04

91 5 5,603 20.6 3.71E+00 5,276 6.82E-04

1 3,897 24.0 7.49E-01 3,552 1.62E-03

0.5 3,288 25.2 3.68E-01 2,902 2.94E-03

0.1 2,098 28.4 7.49E-02 1,739 6.65E-03

25 3,060 29.1 7.75E-01 3,585 4.71E-03

10 2,339 30.3 3.10E-01 2,756 5.06E-03

38 5 1,901 30.8 1.56E-01 2,221 4.58E-03

1 1,082 32.4 3.11E-02 1,269 4.78E-03

0.5 837 32.1 1.55E-02 974 4.29E-03

0.1 447 31.6 3.10E-03 510 3.33E-03

25 2,273 314 1.34E-01 2,114 9.93E-04

10 1,697 31.9 5.35E-02 1,545 1.66E-03

54 5 1,345 31.9 2.67E-02 1,198 2.55E-03

1 705 32.5 5.40E-03 640 1.73E-03

0.5 524 31.8 2.71E-03 482 1.32E-03

0.1 244 30.9 5.37E-04 245 1.78E-06
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Table D.8a: App-4: Flexural Modulus Test Results for Mix-A (A_64-22)

Fitting () a B Y C1 Cc2
Parameters 0.00 4.12 -1.98 -0.54 13.93 90.07
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 11,308 14.5 9.09E+02 10,273 2.46E-03
10 10,909 13.4 6.03E+02 10,015 2.20E-03
5 10,148 12.7 3.01E+02 9,541 1.63E-03
2 9,092 13.0 1.21E+02 8,844 1.16E-03

1 8,293 13.6 6.04E+01 8,257 1.21E-03
10 0.5 7,508 14.1 3.01E+01 7,626 1.36E-03
0.2 6,470 15.9 1.21E+01 6,741 1.82E-03
0.1 5,531 14.3 6.09E+00 6,048 3.28E-03
0.05 4,800 15.8 2.83E+00 5,258 3.43E-03
0.02 3,979 18.5 1.09E+00 4,284 3.26E-03
0.01 3,435 21.4 5.93E-01 3,691 3.31E-03
15 7,229 204 1.57E+01 7,001 1.23E-03
10 6,788 19.8 1.04E+01 6,592 1.29E-03
5 6,002 19.8 5.15E+00 5,876 1.32E-03
2 4,983 21.0 2.05E+00 4,930 1.43E-03
20 1 4,259 22.1 1.03E+00 4,230 1.58E-03
0.5 3,604 23.4 5.21E-01 3,567 1.89E-03
0.2 2,840 26.1 2.11E-01 2,757 2.31E-03
0.1 2,115 25.0 9.27E-02 2,084 2.39E-03
0.05 1,692 28.0 4.38E-02 1,574 2.97E-03
0.01 1,143 32.0 1.29E-02 949 1.03E-02
15 3,432 29.9 6.30E-01 3,749 3.48E-03
10 3,098 30.1 4.13E-01 3,350 3.00E-03
5 2,550 30.6 2.05E-01 2,732 2.53E-03
2 1,933 315 8.13E-02 2,011 1.69E-03
1 1,533 32.6 4.05E-02 1,554 1.15E-03
30 0.5 1,199 34.7 2.01E-02 1,170 1.03E-03
0.2 855 36.9 8.11E-03 782 2.47E-03
0.1 549 36.9 3.06E-03 480 5.88E-03
0.02 282 43.3 8.21E-04 245 1.92E-02
0.01 179 47.7 3.62E-04 156 3.51E-01
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Table D.8b: App-4: Flexural Modulus Test Results for Mix-K (C_64-22_5_0.25)

Fitting () a B y C1 c2
Parameters 0.20 4.02 -1.68 -0.46 54.07 382.01
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 10,464 15.5 4.25E+02 10,286 1.68E-04
10 10,060 14.3 2.80E+02 9,882 1.96E-04
5 9,303 13.8 1.41E+02 9,190 1.84E-04
2 8,251 14.1 5.70E+01 8,231 1.93E-04

1 7,457 14.8 2.83E+01 7,467 2.16E-04
10 0.5 6,684 15.6 1.40E+01 6,685 2.20E-04
0.2 5,599 17.7 5.55E+00 5,665 1.28E-04
0.1 5,039 16.5 3.42E+00 5,088 4.30E-04
0.05 4,317 17.5 1.78E+00 4,417 3.74E-04
0.02 3,404 20.2 5.99E-01 3,415 6.43E-04
0.01 2,879 23.3 2.83E-01 2,773 6.28E-04
15 6,805 17.0 3.23E+02 9,470 3.54E-05
10 6,368 15.8 2.13E+02 9,040 5.86E-05
5 5,602 15.4 1.08E+02 8,328 6.33E-05
2 4,628 15.9 4.36E+01 7,357 1.17E-04

1 3,929 16.7 2.16E+01 6,607 1.38E-04
20 0.5 3,315 17.9 1.07E+01 5,856 1.75E-04
0.2 2,568 19.9 4.21E+00 4,891 2.55E-04
0.1 1,943 16.3 2.69E+00 4,891 3.81E-04
0.05 1,688 20.1 1.09E+00 3,687 3.86E-04
0.02 1,165 23.1 4.69E-01 2,868 7.19E-04
0.01 918 25.6 2.14E-01 2,300 7.55E-04
15 3,452 31.6 6.23E-01 3,446 1.63E-04
10 3,107 30.9 4.09E-01 3,074 2.16E-04
5 2,553 31.6 2.02E-01 2,506 2.69E-04
2 1,914 32.8 8.08E-02 1,869 3.80E-04

1 1,514 33.6 4.00E-02 1,463 3.46E-04
30 0.5 1,174 35.5 2.01E-02 1,132 4.61E-04
0.2 836 37.1 7.99E-03 784 1.13E-03
0.1 622 36.5 3.98E-03 585 1.08E-03
0.05 324 74.5 1.76E-03 407 1.85E-01
0.02 322 37.2 7.86E-04 283 3.94E-03
0.01 246 38.1 3.87E-04 204 7.46E-03
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Table D.8c: App-4: Flexural Modulus Test Results for Mix-L (C_64-22_10_0.25)

Fitting () a B Y C1 Cc2
Parameters 0.00 4.16 -1.90 -0.45 18.71 129.44
Temp. (°C) Frequency (Hz) Modulus (MPa) Phase Angle (°) Reduced Frequency (Hz) | Modeled Modulus (MPa) | Square of Errors

15 10,152 14.5 5.48E+02 9,608 3.47E-03
10 9,754 13.4 3.69E+02 9,315 3.28E-03
5 9,086 12.5 1.87E+02 8,787 3.28E-03
2 8,168 12.6 7.50E+01 8,032 3.24E-03
1 7,486 12.9 3.80E+01 7,440 3.29E-03
10 0.5 6,809 13.6 1.94E+01 6,832 3.35E-03
0.2 5,944 15.0 7.80E+00 5,993 3.35E-03
0.1 5,158 13.4 3.93E+00 5,356 3.81E-03
0.05 4,559 14.5 1.88E+00 4,681 4.10E-03
0.02 3,871 16.4 7.78E-01 3,905 3.37E-03
0.01 3,395 19.0 3.83E-01 3,318 3.83E-03
15 6,601 15.7 4.14E+02 8,871 3.03E-03
10 6,207 14.6 2.75E+02 8,538 3.00E-03
5 5,560 139 1.39E+02 7,979 3.16E-03
2 4,725 14.2 5.60E+01 7,203 3.22E-03
1 4,118 14.6 2.85E+01 6,600 3.40E-03
20 0.5 3,554 15.4 1.45E+01 5,998 3.53E-03
0.2 2,878 17.1 5.79E+00 5,181 3.66E-03
0.1 2,312 15.5 3.01E+00 4,599 4.00E-03
0.05 1,919 16.9 1.41E+00 3,998 4.11E-03
0.02 1,509 18.4 5.89E-01 3,286 3.66E-03
0.01 1,241 21.6 2.89E-01 2,767 4.43E-03
15 3,702 27.4 6.31E-01 3,727 4.16E-03
10 3,397 26.9 4.12E-01 3,376 3.93E-03
5 2,880 26.7 2.05E-01 2,834 3.68E-03
2 2,261 274 8.13E-02 2,190 4.00E-03
1 1,859 284 4.10E-02 1,777 4.27E-03
30 0.5 1,516 29.1 2.11E-02 1,426 4.14E-03
0.2 1,130 32.1 8.56E-03 1,035 4.26E-03
0.1 868 30.5 4.22E-03 790 4.99E-03
0.05 497 64.8 1.97E-03 579 9.88E-02
0.02 376 40.2 8.86E-04 413 6.43E-02
0.01 322 56.3 3.83E-04 283 1.47E-01
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Table D.9: App-4: Repeated Load Triaxial Test Results

Specimen AV Content Flow Number Average Std. Dev. Std. Dev./Average
ID (%) (Cycles) (Cycles) (Cycles) (%)
Mix-J-1 6.9 724
Mix-J-2 6.6 1,214
Mix-J-3 6.9 1,303 929 333 35.9
Mix-J-4 7.4 1,009
Mix-J-5 7.1 394
Mix-K-1 7.3 2,461
Mix-K-2 7.5 2,648
Mix-K-3 6.5 614 1,594 930 58.3
Mix-K-4 6.6 653
Mix-K-5 7.0 716
Mix-L-1 7.0 1,970
Mix-L-2 6.6 1,673
1,879 323 17.2
Mix-L-3 6.5 1,512
Mix-L-4 7.1 2,360
Table D.10: App-4: Hamburg Wheel Track Test Results
Specimen | AV Content Left Wheel Rutting (mm) Right Wheel Rutting (mm)
ID (%) @5k @15k @25k @5k @15k @25k
Passes Passes Passes Passes Passes Passes
Mix-J-1 7.6
2.44 2.94 3.23 Not tested | Nottested | Not tested
Mix-J-2 7.9
Mix-J-3 7.8
Not tested | Nottested | Not tested 2.43 3.24 4.18
Mix-J-4 7.2
Mix-K-1 7.8
2.00 2.48 2.73 Not tested | Nottested | Not tested
Mix-K-2 8.0
Mix-K-3 7.1
Not tested | Nottested | Not tested 1.52 2.25 2.56
Mix-K-4 7.8
Mix-L-1 7.8
1.70 2.12 2.32 Not tested Not tested Not tested
Mix-L-2 7.0
Mix-L-3 8.0
Not tested | Nottested | Not tested 1.11 1.46 1.64
Mix-L-4 7.2
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Table D.11a: App-4: Flexural Beam Fatigue Test Results for Mix-J (A_64-22)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixJ-B#3-1-B6 7.3 300 1,392,500
MixJ-B#3-2-B6 6.7 300 655,000
MixJ-B#3-2-B7 7.2 309 1,585,000
MixJ-B#3-1-B1 7.5 400 127,500
MixJ-B#3-1-B5 7.1 400 247,500
MixJ-B#3-2-B4 6.5 405 1,008,995
MixJ-B#3-1-B7 7.4 550 137,500
MixJ-B#3-2-B5 6.5 550 48,000
MixJ-B#3-2-B8 6.8 550 26,000

Table D.11b: App-4: Flexural Beam Fatigue Test Results for Mix-K (C_64-22_5_0.25)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixK-B#3-1-B5 7.8 300 1,570,000
MixK-B#3-2-B1 7.8 300 1,715,000
MixK-B#3-2-B3 7.9 300 7,222,500
MixK-B#3-1-B1 8.0 400 280,000
MixK-B#3-1-B2 7.9 400 245,000
MixK-B#3-1-B4 7.4 400 247,500
MixK-B#3-1-B3 7.5 500 102,500
MixK-B#3-1-B6 7.7 500 99,000
MixK-B#3-1-B8 7.8 500 57,000

Table D.11c: App-4: Flexural Beam Fatigue Test Results for Mix-L (C_64-22_10_0.25)

Specimen ID Air-Void Content Test Strain Fatigue Life

(%) (pustrain) (Cycles)
MixL-B#3-1-B7 6.4 320 600,000
MixL-B#3-1-B8 6.9 320 3,632,500
MixL-B#3-2-B4 7.4 326 1,500,000
MixL-B#3-1-B2 6.4 400 287,500
MixL-B#3-1-B3 6.1 400 682,500
MixL-B#3-2-B7 7.3 400 370,000
MixL-B#3-1-B1 6.7 500 25,000
MixL-B#3-2-B5 7.3 500 107,500
MixL-B#3-2-B8 7.9 500 162,500
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Table D.12: App-4: Semicircular Bending Test Results

Specimen ID Air-Void Content Fracture Energy Flexibility Strength

(%) (Jol/m?) Index (MPa)
7.2 2,242 4.27 0.64

Mix-J 6.8 2,740 7.87 0.53
6.9 2,764 6.22 0.59
7.2 2,566 6.85 0.58
7.2 2,237 5.72 0.54

Mix-K 7.6 2,007 4.10 0.60
7.0 2,368 4.92 0.59
6.4 2,205 4.13 0.63
7.1 1,355 0.70 0.67

Mix-L 6.9 2,343 5.47 0.57
6.9 2,136 5.84 0.51
6.6 2,344 5.50 0.51

Table D.13: App-4: Uniaxial Thermal Stress and Strain Test Results

Specimen ID

Air-Void Content

Average UTSST Air-

Average CRIgp,!

Average Fracture

(%) Void Content Temperature
(%)* (%
Mix-J :(1) 6.3 8 -15.2
Mix-K :; 7.0 15 -18.8
7.7
Mix-L 74 5.7 3 -11.6
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APPENDIX E: CalME SIMULATION RESULTS

CalME simulation results are summarized in the following figures:

e Figure E.1 through Figure E.27: Asphalt concrete (AC) overlays on cracked asphalt concrete
e Figure E.28 through Figure E.49: Asphalt concrete overlays on cracked portland cement
concrete (PCC)
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Figure E.1: AC on AC: 0.15 ft. overlays of Mix-A, -B, and -C.
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Figure E.2: AC on AC: 0.15 ft. overlays of Mix- D, -E, and -F.

Figure E.3: AC on AC: 0.15 ft. overlays of Mix-A, -G, and -H.
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Figure E.4: AC on AC: 0.15 ft. overlays of Mix-J, -K, and -L.

UCPRC-RR-2020-06




Predicted Wheelpath Cracking (%)

100

20
80
70
60
50
40
30
20
10

bbb A A A A A

0 5 10 15
Service Life (years)

20

[ -e-High Desert, D_64-22 —-High Desert, D_64-22_5_2.36 —-High Desert, D_64-22_10_2.36 |

Figure E.5: AC on AC: 0.15 ft. overlays of Mix-S, -T, and -U.
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Figure E.7: AC on AC: 0.2 ft. overlays of Mix-A, -B, -C, and RHMA-G (north
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Figure E.6: AC on AC: 0.2 ft. overlays of Mix-A, -B, -C, and RHMA-G (inland

valley).
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Figure E.8: AC on AC: 0.2 ft. overlays of Mix-A, -G, -H, and RHMA-G (inland

valley).
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Figure E.9: AC on AC: 0.2 ft. overlays of Mix-A, -G, -H, and RHMA-G (north

Figure E.11: AC on AC: 0.2 ft. overlays of Mix-J, -K, -L, and RHMA-G (high
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Figure E.10: AC on AC: 0.2 ft. overlays of Mix-D, -E, -F, and RHMA-G (high

desert).
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Figure E.12: AC on AC: 0.2 ft. overlays of Mix-S, -T, -U, and RHMA-G (high

desert).
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Figure E.13: AC on AC: 0.35 ft. overlays of Mix-A, -B, and -C.
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Figure E.14: AC on AC: 0.35 ft. overlays of Mix-A, -G, and -H.

Figure E.15: AC on AC: 0.35 ft. overlays of Mix-D, -E, and -F.
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Figure E.16: AC on AC: 0.35 ft. overlays of Mix-J, -K, and -L.
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Figure E.17: AC on AC: 0.35 ft. overlays of Mix-S, -T, and -U.

Figure E.18: AC on AC: 0.5 ft. overlays of Mix-A, -B, and -C.
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Figure E.19: AC on AC: 0.5 ft. overlays of Mix-A, -G, and -H.

Figure E.20: AC on AC: 0.5 ft. overlays of Mix-D, -E, and -F.
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Figure E.21: AC on AC: 0.5 ft. overlays of Mix-J, -K, and- L.

Figure E.22: AC on AC: 0.5 ft. overlays of Mix-S, -T, and -U.
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Figure E.23: AC on AC: 0.7 ft. overlays of Mix-A, -B, and -C.
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Figure E.24: AC on AC: 0.7 ft. overlays of Mix-A, -G, and -H.
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Figure E.25: AC on AC: 0.7 ft. overlays of Mix-D, -E, and -F.
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Figure E.27: AC on AC: 0.7 ft. overlays of Mix-S, -T, and -U.

Figure E.26: AC on AC: 0.7 ft. overlays of Mix-J, -K, and -L.

UCPRC-RR-2020-06



100
20
80
70
60
50
40
30
20

Predicted Wheelpath Cracking (%)

10

10 15 20
Service Life (years)

—e—Inland Valley, A_64-16

—a—Inland Valley, A_64-16_10_0.25 - ©- North Coast, A_64-16
- 8- North Coast, A_64-16_5_0.25 - a- North Coast, A_64-16_10_0.25

—a—Inland Valley, A_64-16_5_0.25

100
90
80
70
60
50
40
30
20

Predicted Wheelpath Cracking (%)

10

0 5 10 15
Service Life (years)

20

—e—Inland Valley, A_64-16 —@—Inland Valley, A_64-16_5_2.36_DRY
—a—|nland Valley, A_64-16_10_2.36_DRY - e- North Coast, A_64-16
-8- North Coast, A_64-16_5_2.36_DRY - a- North Coast, A_64-16_10_2.36_DRY

Figure E.28: AC on PCC: 0.15 ft. overlays of Mix-A, -B, and -C.

Figure E.29: AC on PCC: 0.15 ft. overlays of Mix-A, -G, and -H.
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Figure E.30: AC on PCC: 0.15 ft. overlays of Mix- D, -E, and -F.
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Figure E.31: AC on PCC: 0.15 ft. overlays of Mix-J, K, and -L.
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Figure E.36: AC on PCC: 0.2 ft. overlays of Mix-A, -G, -H, and RHMA-G (north

coast).

Figure E.37: AC on PCC: 0.2 ft. overlays of Mix-D, -E, -F, and RHMA-G.
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Figure E.38: AC on PCC: 0.2 ft. overlays of Mix-J, -K, -L, and RHMA-G.
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Figure E.39: AC on PCC: 0.2 ft. overlays of Mix-S, -T, -U, and RHMA-G.
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Figure E.40: AC on PCC: 0.35 ft. overlays of Mix-A, -B, and -C. Figure E.41: AC on PCC: 0.35 ft. overlays of Mix-A, -G, and -H.
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Figure E.44: AC on PCC: 0.35 ft. overlays of Mix-S, -T, and -U. Figure E.45: AC on PCC: 0.5 ft. overlays of Mix-A, -B, and -C.
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Figure E.46: AC on PCC: 0.5 ft. overlays of Mix-A, -G, and -H. Figure E.47: AC on PCC: 0.5 ft. overlays of Mix-D, -E, and -F.
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Figure E.48: AC on PCC: 0.5 ft. overlays of Mix-J, -K, and -L.

Figure E.49: AC on PCC: 0.5 ft. overlays of Mix-S, -T, and -U.
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