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PROJECT OBJECTIVES

This study is a continuation of PPRC Project 4.64 (Continued Development of Guidelines for

Determining Binder Replacement in High RAP/RAS Content Mixes), completed under PPRC

Project 4.79 (Guidance, Tests, and Specifications for High Reclaimed Asphalt Pavement/Recycled
Asphalt Shingle Contents in HMA and RHMA Mixes). The objective of Project 4.79 is to develop
guidelines for determining binder replacement rates in high recycled asphalt shingles/reclaimed

asphalt pavement (RAS/RAP) content mixes without the need for binder extraction and performance-

related tests for use in routine mix design and construction quality control/quality assurance. This will

be achieved through the following tasks:

Task 1: Update literature review to include recently completed research.

Task 2: Complete testing of high RAP and RAP/RAS mixes to determine their performance
properties.

Task 3: Complete testing of extracted and recovered RAP, RAP/RAS, and RAP/RAS/virgin binder
blends to assess the effectiveness of different recycling agents.

Task 4: Complete investigation into the use of fine aggregate matrix mix testing to assess the
fatigue performance of mixes and to predict binder properties.

Task 5: Investigate long-term aging effects of high RAP and RAP/RAS mixes using different
laboratory-aging protocols.

Task 6: Monitor field performance of high RAP and RAP/RAS mixes, and use results to evaluate
laboratory-aging protocols.

Task 7: Prepare a research report with recommendations for use of RAP and RAP/RAS as a
binder replacement, and, if applicable, recommendations for accelerated wheel-load testing.

The results presented in this research report complete the work of Task 2 and Task 3 by presenting the

results of the laboratory investigation of the performance-related properties of binders and mixes

containing different virgin binders, RAP materials, RAS, and recycling agents.
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EXECUTIVE SUMMARY

The use of increased amounts of reclaimed asphalt pavement (RAP) and the use of recycled asphalt
shingles (RAS) in hot mix asphalt (HMA) can considerably reduce the economic cost and the
environmental impacts associated to HMA production. The use of RAP and/or RAS is expected to
result in an increase in mix stiffness and rutting resistance, but previous research at the UCPRC
working with Caltrans and industry has identified potential concerns regarding cracking resistance
and similar concerns have been raised by other researchers. These concerns are addressed in PPRC
Project SPE 4.79, “Guidance, Tests, and Specifications for High Reclaimed Asphalt Pavement/Recycled
Asphalt Shingle Contents in HMA and RHMA Mixes” (2020-2023). The research presented in this report
is part of the SPE 4.79 research project.

The goal of the research presented in this report is to study how the mechanical properties of HMA
change with the addition of high RAP content and any amount of RAS, resulting in between 25% and
50% binder replacement, and how the resulting changes on stiffness and resistance to fatigue, rutting,
and cracking can be engineered by using recycling agents and/or by changing the base binder
stiffness. To achieve the goal, 16 mixes and the corresponding binders were fabricated and tested in
the laboratory. The set of mixes included a control gradation (0.5 in. NMAS), two virgin binders

(PG 64-16 and PG 58-28), two RAPs with different levels of aging (PG high of 102°C and 109°C), one RAS,
and two recycling agents (a petroleum-derived aromatic and a tall oil).

The testing of the binders included PG grading, shear stiffness, and Fourier transform infrared (FTIR)
spectroscopy. The mix testing included stiffness (asphalt mixture performance tester [AMPT] axial
dynamic modulus and four-point bending [4PB] dynamic modulus), 4PB fatigue resistance, rutting
resistance (AMPT repeated load testing and Hamburg Wheel-Tracking testing), and the IDEAL
cracking tolerance (IDEAL-CT) test to determine the cracking tolerance index (CTinqex) and Strength.

The mixes included three RAP binder replacement levels: 0%, 25%, and 50%, where the binder
replacement is defined as the sum of RAP and, if used, recycling agent, divided by the sum of virgin
binder, RAP, and, if used, recycling agent. Two of the mixes included RAS in addition to RAP, and the
binder replacement was around 35%, with around 15% coming from the RAS.

The recycling agent dose was determined with the goal of restoring the PG high of the binder blend
back to that of the PG 64 grade control binder, based on binder blends prepared in the laboratory by
blending the virgin binder, the binder extracted and recovered from the RAP/RAS, and the
corresponding recycling agent. This approach has been included in the draft AASHTO standard
developed in NCHRP 9-58, “Evaluating the Effects of Recycling Agents on Asphalt Mixtures with High
RAS and RAP Binder Ratios.”

The experiment was designed to address a number of questions, presented in the following
discussion, and the conclusions obtained regarding each of the questions.
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1. What are the effects of the addition of high RAP content on the mechanical properties of the
HMA?

e Asexpected, the addition of RAP resulted in higher stiffness, particularly at high
temperatures, and higher Strength, higher rutting resistance, and lower CTgex.

e Unexpectedly, the addition of RAP to the control mix with PG 64-16 virgin binder did not
reduce, but instead improved, the 4PB fatigue resistance at a given tensile strain. This
unexpected outcome was related to the poor fatigue performance of the binder source used
in this study. In fact, the fatigue performance of the RAP and RAS (aged) binders was better
than the fatigue performance of the PG 64-16 virgin binder. Since the control mix with
PG 58-28 virgin binder (and no RAP) was not tested, the effect of the RAP addition could not
be determined for this mix.

2. Can the RAP addition effects be predicted based on testing of the blended binder?

e The effects of RAP addition on HMA stiffness, rutting resistance, and IDEAL Strength were
strongly related to the effect on the PG of the binder blend at similar temperatures as the
high performance grade (PGH) mix testing. Mix stiffness at high temperatures and rutting
resistance were correlated to the PGH, mix stiffness at intermediate temperatures and
Strength were correlated to PGI, and mix stiffness at low temperatures was correlated to
PGL. PGH, PGI, and PGL are the PG high, intermediate, and low, respectively, of the binder
blend, with the binder blend being virgin binder plus RAP binder and recycling agent, if
used.

e On the contrary, the effects of RAP and recycling agent on 4PB fatigue life and IDEAL CTingex
did not correlate well with any blended binder property.

3. What are the effects of the recycling agent addition on the mechanical properties of HMA with
high RAP content?

e Asexpected, the recycling agent produced an overall softening (decrease in stiffness and
IDEAL Strength and increase in IDEAL CTna) of the mix. The effect was somewhat the
opposite to the RAP addition.

e The addition of the recycling agent did not consistently produce the same effect on the
rutting resistance of the HMA with RAP.

e Asexpected, the addition of the recycling agent resulted in an improvement in the 4PB
fatigue life for the mix with PG 58-28 binder. Unexpectedly, the addition of the recycling
agent did not improve the 4PB fatigue life for the mix with PG 64-16 binder. This
unexpected outcome was believed to be related to the poor fatigue performance of the
virgin base binder source used in this study.

e The main difference between the two recycling agents was that the aromatic required a
higher dose (around 60% higher) than the tall oil to produce similar effects on the HMA
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mechanical properties. Another difference is that—for a similar effect on the PGH—the
aromatic produced a higher improvement in ATc (more positive ATc) than the tall oil.

4. By using a recycling agent, can the mechanical properties of an HMA with high RAP content be
restored back to the properties of the HMA with low RAP content?

e The answer to this question is that, overall, yes. By using a recycling agent, the stiffness of
the mix with high RAP content can be restored back to the stiffness of the mix with low or
no RAP content, and the same applies to IDEAL Strength, CTina., and fatigue resistance.

5. Are there specific considerations required for the addition of RAS compared with the addition
of RAP?

e The effects of adding RAS on the mix mechanical properties was consistent with the higher
stiffness (higher PG) of the RAS binder compared with the RAP binders. Further, the
addition of a recycling agent produced similar effects on the mix with RAP and RAS as the
effects on the mixes with only RAP.

e No reason was found to treat mix designs with RAS differently from mix designs with RAP
other than the facts that RAS PGH is typically much higher than RAP PGH and that RAS
binder content is typically three to five times higher than RAP binder content. Because of
the high binder content of the RAS compared with the RAP, the mass amount of RAS to
achieve a similar binder replacement to RAP is three to five times lower.

6. Can mixes with 50% RAP content and/or RAS be engineered to have desired properties for
different applications in the pavement structure?

e It was demonstrated that mixes with both 25% and 50% RAP (or RAS and RAP) can be
engineered to have generally the same properties for a surface mix as a mix with the same
base binder and no RAP.

e Itwas also demonstrated that the addition of RAP and/or RAS can be used to stiffen a mix
used below the surface mix for use in thicker overlays and new pavement.

e Mechanical properties for either application can be engineered using different binder
replacement rates, different base binders, different RAP and/or RAS sources, and recycling
agent.

7. What is the recommended approach to determine the recycling agent dose?

e The approach followed in this research study, recommended based on NCHRP 9-58,
which consists of restoring the PGH of the binder blend back to the PGH of the control
binder, may result in unnecessarily high recycling agent doses and the consequent over-
softening of the mix. The high recycling agent dose will increase cost and greenhouse gas
emissions. Further, the soft mixes will underperform in many scenarios, particularly
when used as layers below the surface in overlays or new pavements with more than one
lift of new HMA.
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e Two approaches have been proposed for dosing the recycling agent: Approach 1 and
Approach 2:

o Approach 1 focuses on engineering the mechanical properties of the mix with high
RAP/RAS content to match the properties of a control mix with either no RAP/RAS or
low/standard RAP/RAS content. The dosing goal is to match the stiffness of the HMA at
intermediate temperatures, based on either binder or mix testing. The resulting mix
and/or the extracted binder is then tested for low and high temperatures performance
verification.

o Approach 2 focuses on meeting the required performance-related specifications within
the balanced mix design framework by changing the base binder and/or using the
minimum amount of recycling agent.

Further research is recommended to address several topics not considered in this study. Two of the
recommended topics are the evaluation of the long-term effectiveness of the recycling agent and the
evaluation of the effect of RAP/RAS and recycling agent on the moisture sensitivity of the mix.
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1 INTRODUCTION

1.1 Background

The California Department of Transportation (Caltrans) is interested in finding, developing, and
implementing approaches to reduce life cycle cost and improve the life cycle environmental
performance of its pavements. Caltrans’ goal includes achieving carbon neutrality by 2045 by building
sustainable, resilient, and equitable communities, outlined in The California Climate Crisis Act
(California Assembly Bill 1279) (1). Two approaches under investigation that offer the potential to
advance these goals are the use of increased amounts of reclaimed asphalt pavement (RAP) and the
use of recycled asphalt shingles (RAS) in hot mix asphalt (HMA) materials. Caltrans is investigating the
performance of high RAP content mixes, mixes containing more than 25% RAP. The University of
California Pavement Research Center (UCPRC) has been contributing to the Caltrans investigation of
the use of higher percentages of RAP in HMA through laboratory testing of laboratory-prepared and
field-sampled materials, observations of construction and field performance, mechanistic-empirical
simulations using the performance-related test properties for the mixes, strategic planning, and other
support.

Previous and ongoing research at the UCPRC working with Caltrans and industry has identified
potential concerns regarding using highly aged, stiff RAP (2,3), and similar concerns have been raised
by other researchers (4,5). The addition of RAP to a mix is expected to result in an increase in mix
stiffness and rutting resistance but also in a reduction of mix fatigue life at a given tensile strain under
repeated loading and fracture cracking resistance under monotonic loading. The volumetric mix
design method (SuperPave) and specifications currently used for HMA in California and most of the
rest of the country do not provide much information regarding the effects of high RAP contents and/or
the inclusion of RAS on mix performance-related mechanical properties.

A relatively simple approach to estimate the impacts of RAP addition on HMA mechanical properties
(stiffness, fatigue, fracture, permanent deformation [rutting]) has not been developed yet. The current
performance grade (PG) binder specification provides information regarding stiffness at two critical
temperatures: high temperatures for rutting and low temperatures for low temperature cracking with
aging. The PG specification also includes an intermediate temperature maximum stiffness
specification limit that provides some information regarding stiffness at those temperatures where
fatigue damage is primarily an issue, but it is only applicable for thin overlays and it does not directly
address fatigue damage resistance. Sampling and specimen preparation methods for binder testing
result in complete blending of the RAP and/or RAS binder and recycling agent (RA), if used, with the
virgin binder, which may not be the case in the mix.

Limited work had been done on binder replacement from RAS in California by the UCPRC, Caltrans,
and industry prior to the pilot study presented in this research report. Limited previous work by the
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UCPRC indicated poor results because of the lack of blending of the RAS and virgin binders due to the
very heavy oxidation of the single RAS source used in the initial work (3).

Two main strategies have been used to offset the increased stiffness effects and potential for reduced
fatigue life at a given strain and fracture of the aged RAP or RAS binder: (1) reducing the stiffness of
the virgin binder by “stepping down” the base binder grade (e.g., using PG 58-22 instead of PG 64-16)
and/or (2) adding recycling agents. The latter has been the topic of several research studies (2-6), and
the two strategies have been implemented in several Caltrans pilots in recent years, including ELD 49
(State Route 49 in El Dorado County) (7), SJ 26 (State Route 26 in San Joaquin County), and SBD 215
(State Route 215 in San Bernardino County). Caltrans has several additional pilot studies planned.

The recycling agents, sometimes also referred to as “rejuvenating recycling agents,” have been shown
to soften the asphalt mix through the replacement of the maltene phase lost during its service life at
least partially, and potentially completely, offsetting the aged binder effect on stiffness (4,5). The
expectation is that the softening will also restore—at least in part—the loss of fatigue and fracture
cracking resistance associated with the high RAP and/or RAS addition (hereafter referred to as
RAP/RAS) that is associated with the increased stiffness. Testing conducted in past studies, mainly
based on monotonic loading fracture cracking tests, has shown that the expectation may be realistic. A
National Center for Asphalt Technology (NCAT) study showed that the addition of recycling agents
increased cracking resistance as measured by the Texas Overlay Tester (cyclic loading) and the
University of Florida Energy Ratio approach (4), while a National Cooperative Highway Research
Program (NCHRP) study showed similar outcomes based on the Illinois Flexibility Index Test (5).
Preliminary results from Caltrans high RAP pilots, based on monotonic testing and four-point bending
beam flexural fatigue testing, point in the same direction.

One of the main steps for designing HMA with high RAP/RAS content is determining the recycling
agent dose. Texas A&M Transportation Institute researchers, as part of the NCHRP project, have
proposed the use of the PG high (PGH) of the binder blend (base binder + recycled binder + recycling
agent) as a measure of the recycling agent effect. These researchers have outlined the recycling agent
dose determination approach in a draft AASHTO standard (5). Based on this draft AASHTO standard,
the amount of recycling agent shall be the one that restores the PGH of the binder blend to the PGH
required for the project climate, and the PGH cannot be greater than that level. For example, if a PG 64
material is required for the climate region, then the combination of the virgin binder, the RAP binder,
and the RA must not be greater than the minimum temperature allowed for a PG 64 binder, which is
69.99°C. This approach, conceived for surface mixes, was followed on the Caltrans ELD 49, SJ 26, and
SBD 215 pilot projects, and it has been evaluated in the research presented in this report. Although
PGH is intended to address rutting, and a higher PGH is better for rutting, the intent is that a reduced
PGH will also result in a reduction in low and intermediate PG temperatures, which is beneficial for
low temperature cracking and for thin overlay fatigue cracking.
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Several performance-related tests have been identified to assess the performance of mixes with high
RAP and RAS content, focused on rutting, stiffness, and fatigue. These performance-related tests
include long-established tests such as the Hamburg Wheel-Tracking test, repeated load test (RLT),
four-point bending flexural fatigue test, and flexural and axial dynamic modulus frequency sweep
tests. Some of these tests are key inputs to mechanistic-empirical (ME) modeling of pavement
performance. Other recently developed tests, such as the semicircular bending (SCB) test and the
indirect tensile asphalt cracking test, also known as the IDEAL cracking tolerance (IDEAL-CT) test, are
also being assessed for their potential to provide a quick and simple indicator of mix performance for
mix design and quality control/quality assurance (QC/QA) purposes. During this study, additional
rutting surrogate tests, namely the high temperature indirect tensile strength test (Hot-IDT) and
rutting tolerance index using the rapid rutting test (IDEAL rutting test), were identified in the
literature but not included in the study. They will be considered in future rutting validation studies.
This research report presents the results of an experimental study, based on mixes produced in the
laboratory, to analyze the impacts of high RAP and RAS additions to the mechanical properties of
HMA and how the effects can be engineered by using recycling agents.

1.2 Problem Statement

The following problems have been identified:

e While the overall effect of RAP/RAS addition on the mechanical properties of the HMA has
been identified before (increase in stiffness and rutting resistance, decrease in fatigue and
cracking resistance), a relatively simple approach to quantify the effects has not been
developed. Further, the range of effects on performance-related test results of mix design
variables, including the properties of the virgin and recycled binders, in combination with high
RAP/RAS addition, remains essentially unknown for the unique range of California crude

sources.

e Little is known about the effects of the recycling agent on the mechanical properties of HMA
with high RAP/RAS, other than the softening of the binder and the mix. The effects on mix
stiffness at different temperatures and frequencies, rutting resistance, fatigue resistance, and
monotonic cracking resistance deserve further research. The need for further research is
particularly relevant for the recycling agent effect on fatigue cracking resistance (under
repeated loading) as most studies conducted to date have tested cracking resistance based on
monotonic loading (e.g., the Illinois Flexibility Index Test [I-FIT] or IDEAL-CT test).

e Selection of the recycling agent dose is one of the critical steps in the design of HMA with high
RAP/RAS content. While some relatively simple approaches have been proposed to date (e.g.,
restore PGH of the binder blend), no approach focuses on optimizing the performance of the
mix within a balanced mix design (BMD) framework. The performance optimization would
require consideration of the pavement structure and the location and role of the HMA with
high RAP/RAS in the pavement structure—in addition to HMA and RAP/RAS properties. The
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development of an approach that allows recycling agent dose determination without the need
for binder extraction and recovery would be desirable.

The study presented in this research report is intended to address the three problems stated above.

Other relevant problems have been also identified, though they are not the goal of this research:

The long-term effectiveness of the recycling agent remains unknown. The diffusion of the
recycled binder in the new binder and recycling agent blend, or other processes between the
new binder and RA, is known to take place during mixing, construction, and a period of time in
the service life of the pavement. Consequently, the recycling agent effect as measured in short-
term aged mixes (produced in either the laboratory or plant) will not represent the long-term
conditions in the field. This will be further influenced by the location of those materials in the
pavement structure (e.g., depth in the asphalt layers below the surface and resulting
differences in exposure to heat and air).

The effect of high RAP/RAS addition on the moisture sensitivity of the mix deserves further
research as contradictory results to date exist. Further, the role of the recycling agent on the
moisture sensitivity of the mix is essentially unknown for California aggregate and crude

sources.

1.3 Goal and Questions to Answer

The goal of the research presented in this report is to study how the mechanical properties of the HMA
change upon the addition of high RAP content and/or the addition of RAS resulting in 25% to 50%
binder replacement and how the changes (e.g., increase in stiffness, decrease in monotonic cracking

resistance, changes in fatigue and rutting resistance) can be engineered by using recycling agents for

different applications of HMA in the pavement structure. The study was designed to address the

following questions:

1.

What are the effects of the addition of high RAP content on the mechanical properties of the
HMA?

Can the RAP addition effects be predicted based on testing of the blended binder?

What are the effects of the recycling agent addition on the mechanical properties of HMA with
high RAP content?

By using a recycling agent, can the mechanical properties of an HMA with high RAP content be
restored back to the properties of the HMA with low RAP content?

Are there specific considerations required for the addition of RAS compared with the addition
of RAP?

Can mixes with 50% RAP content and/or RAS be engineered to have desired properties for
different applications in the pavement structure?

What is the recommended approach to determine the recycling agent dose?
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1.4 Experimental Approach

The goal of this research will be addressed by the laboratory evaluation of a set of mixes in a factorial

experiment design. The factorial has been designed to cover the range of variation of the most

relevant variables to the performance of mixes with high RAP content, including binder type, RAP

content and RAP aging condition, and recycling agent type. The evaluation includes the testing

required to conduct the ME simulation of the performance of the mixes as part of an asphalt

pavement. ME simulations were not part of the study.

The approach includes the following steps:

1.

2.

7.

Select a reference HMA design.

Select and sample virgin aggregates and control virgin base binder with a PGH of 64°C (the
most common in California).

Select and sample two RAP sources with different levels of aging.

Select and sample two recycling agents with different chemical approaches (made from
petroleum and made from tall oil from pine trees).

Select and sample a second virgin binder that is softer than the control binder. The PGH of the
second virgin binder must be 58°C (one high temperature grade lower than the PGH of the
control binder). The goal of selecting a second virgin binder that is softer than the control
binder is to evaluate one of the existing strategies to engineer the effects of the high RAP/RAS
addition, stepping down the binder grade.

Evaluate the RAP and recycling agent effects based on binder testing:

a. Test the virgin binder, the RAP binder, and the virgin and RAP binder blends in the
laboratory following Superpave methods, with RAP binder replacement levels of 25%
and 50%.

b. For each binder blend, determine the amount of each of the two recycling agents
required to restore the PGH of the blend to the PGH of the control binder (64°C).

c. Test the binder blends, including each recycling agent at the required dose, following
Superpave binder test methods.

Evaluate the RAP and recycling agent effects based on mix testing:

a. Prepare the HMA in the laboratory, including different levels of each of the following
variables: virgin binder type, RAP source, and binder replacement. Conduct
mechanical characterization of the mixes in the laboratory.

b. For each of the mixes in step 7.a, fabricate in the laboratory the corresponding mix
with the required amount of each recycling agent (dose determined in step 6.b).
Conduct mechanical characterization of the mixes in the laboratory.
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8. Evaluate the effects of the RAS and recycling agent additions by mixing and testing one HMA
with RAS and no recycling agent and the same mix with the recycling agent.

9. Analyze the tests results to address each of the questions stated in Section 1.3.

It should be noted that the mechanical characterization of the mixes in the laboratory includes the
following:

e Axial stiffness, measured with the asphalt mix performance tester (AMPT)

e Flexural stiffness, measured with the four-point bending (4PB) flexural beam apparatus
e Rutting resistance following repeated load testing, measured with the AMPT

e Rutting and moisture resistance following the Hamburg Wheel-Tracking (HWT) test

e Flexural fatigue resistance, measured with the 4PB flexural beam apparatus

e Cracking resistance following the IDEAL-CT test

1.5 Scope of the Report

This study is exclusively based on binders and mixes produced in the laboratory. The mixes were
short-term oven conditioned for four hours at 135°C for mechanical testing (following the former
AASHTO R30), but they were not subjected to any further aging. Long-term effects of the recycling
agent were not evaluated in this study.

Aggregate type effects, while important, were not evaluated in this study, as only one virgin aggregate
source and gradation were used for mix fabrication. Aggregate type is not regarded as an important
variable to address the questions to be answered in this study. The control binder selected for this
study is PG 64-16, one of the most commonly used binders in California. A second binder, with a PGH
of 58°C (step-down binder), was also selected for this study. The suppliers of the two binders are
different from each other. While investigation of RAP addition is one of the goals of this study, limited
testing was conducted for mixes with RAS.

1.6 Measurement Units

In this report, both US and metric units (provided in parentheses after the US units) are provided in
the general discussion. There are two exceptions: (1) the PG of the asphalt binder is reported in metric
units (°C), following AASHTO M 320-21 and (2) the load and displacement measured in the IDEAL-CT
test are reported in metric units following ASTM D 8225-19. A conversion table (US versus metric) is
provided on page xx.
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2 EXPERIMENT DESIGN

The design of the experiment, the methods used for specimen preparation, and the testing methods
used for binder and asphalt mix are described in this chapter.

2.1 Experimental Framework
2.1.1 Mix Designs and Materials

2.1.1.1 Reference Mix Design

The mix design used as a reference in this study was developed by Vulcan Materials for the City of Los
Angeles. The mix is a Marshall dense-graded HMA with 50% RAP and 1/2 in. nominal maximum
aggregate size. Some of the features of the mix design were adopted for this study while others were
modified:

e The virgin binder in the reference mix design was PG 64-10. For this study, another virgin
binder type (PG 64-16) was selected for the control mix (Section 2.1.1.2).

e The virgin aggregates in the reference mix design came from the Vulcan Irwindale plant
alluvial deposit. The same virgin aggregates were used in this study (Section 2.1.1.3).

e The aggregate gradation of the reference mix design was maintained in this study. For each of
the mixes fabricated in this study, the proportions of the different virgin aggregate bins were
adjusted to match the gradation of the reference mix design (Section 2.1.1.3).

e The RAP in the reference mix design was not fractionated, but it was fractionated for this study
(only pass 3/8 in. RAP fraction was used in this study). The two RAPs used in this study are
described in the following discussion (Section 2.1.1.4).

e The recycling agent in the reference mix design was an aromatic extract (RA 5 according to the
ASTM D4552-20 denomination) used at 10% dose (% weight of binder). Two recycling agents
were selected for this study: the same aromatic extract and a tall oil (Section 2.1.1.5).

e The total binder content of the reference mix design was 5.1% (by total weight of mix [TWM]).
For this study, the binder content for each of the mixes was determined following Superpave
specifications to obtain 4% air voids at 85 gyrations (Npesign)-

Two of the mixes tested in this study include RAS in addition to RAP. The mixes with 3% RAS were
based on a commercially available mix from a Sacramento-region HMA plant that included 20% RAP
and 3% RAS. The RAS used in this study is described in the following discussion (Section 2.1.1.4).
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2.1.1.2 \Virgin Binders

The control binder selected for this study is PG 64-16, sampled from a binder producer in Southern
California. In addition to the PG 64-16 control binder, a second virgin binder with a PGH of 58°C was
selected for this study. The goal of selecting a second virgin binder softer than the control binder is the
evaluation of one of the strategies to engineer the effects of the high RAP/RAS addition: stepping down
the binder grade. As previously explained, the second asphalt binder was sampled from a different
binder producer than the first one. Consequently, the binder grade stepping-down strategy in this
study includes a confounding variable, which is the binder source. The binder source within
California is known historically to play an important role in HMA performance (8).

2.1.1.3 Aggregate and Gradations

The target gradation of the reference mix, shown in Figure 2.1, meets the Caltrans 1/2 in. nominal
maximum aggregate size specification. The gradation was reconstituted in the laboratory by using the
corresponding RAP/RAS and the following virgin aggregate bins (bin gradations are shown in Figure 2.2):

e 1/2” virgin aggregate

e 3/8” virgin aggregate

e 1/4” x dust virgin aggregate

e 1/4” x dust virgin aggregate (washed)

e 1/4” x dust virgin aggregate (washed), fraction passing #50

e 1/4” x dust virgin aggregate (washed), fraction passing #100

100 #200 #30 #8  #4  3/g" 17
3/4”
90 1/2”
80

70
60 /
50

—e—(Caltrans limits HMA 1/2"
40

Reference mix design

30
20

10

Pass (%)

)

o

0.001 0.01 0.1 1

Sieve size (in.)

Figure 2.1: Target gradation of the reference mix design.
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Figure 2.2: Virgin aggregate bins, RAP, and RAS gradations.

The virgin aggregates were sampled from Vulcan’s Irwindale plant alluvial deposit in the Los Angeles
area of Southern California.

2.1.1.4 RAPandRAS

Two RAP materials were sampled for this study, referred to as RAP A and RAP B. RAP A was sampled
from an HMA plant in Irwindale in Southern California. The RAP A binder PGH was 102°C. RAP B was
sampled from an HMA plant near Sacramento, in the California Inland Valley. The RAP B binder PGH
was 109°C, indicating that it was likely more aged than the RAP A binder and may include stiffer base
binders.

The RAP was processed by each asphalt plant following Caltrans specifications. Only the passing

3/8 in. fraction was used in this study. The RAP binder content, determined by automatic solvent
extraction (ASTM D 8159), was 4.3% by TWM for RAP A and 4.7% by TWM for RAP B. RAP A and RAP B
gradations are shown in Figure 2.2.

One RAS material was sampled for this study. The RAS was sampled from an HMA plant near
Sacramento in the California Inland Valley. The RAS had a nominal maximum aggregate size of #4
(4.26 mm) and was classified as post-consumer waste, sometimes referred to as “tear offs.” The RAS
binder PGH exceeded the temperature range of the testing equipment (118°C maximum) so the PGH
could not be determined. Nonetheless, the RAS PGH was back-calculated using binder data from the
extracted blended binder of one of the RAS mixes (Mix 23), and it was estimated to be between 130°C
and 140°C. The RAS binder content, determined by automatic solvent extraction, was 22.8% by TWM.
The RAS gradation is shown in Figure 2.2.
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2.1.1.5 Recycling Agents

A number of recycling agents have been used in the United States to date, including paraffinic and
naphthenic oils, aromatic extracts from crude oil refining, triglycerides and fatty acids like treated
wasted vegetable oils, and tall oils from paper manufacturing using certain species of pine trees (9).
Due to time and resource availability, only two recycling agents were selected for this study, an
aromatic extract and a tall oil. The two types of recycling agents have already been used extensively
in different Caltrans pilot projects or by local agencies. The aromatic extract recycling agent was
sourced from a California refinery and the tall oil was sourced from a South Carolina manufacturer.
Following the ASTM D 4552-20 (Standard Classification for Hot-Mix Recycling Agents) classification,
based on a kinematic viscosity at 140°F (60°C), the aromatic extract would be classified as RA 5 and
the tall oil as RA 0.

2.1.1.6 Definition of Total Binder Content, Binder Replacement, and Binder Blend

The total binder content by total weight of the mix is demoted as P in this study. P; is assumed to
include virgin binder, recycled binder, and recycling agent, shown in Equation 2.1:

Pp=Pyg+ Prp + Pra (2.1)

where Pyz is virgin binder content (TWM), Pgz is recycled binder content (TWM from RAP and RAS),
and Pr, is recycling agent content (TWM).

In this study, the binder replacement (BR) is defined as the percentage of virgin binder replaced, and it
is determined based on the sum of the recycled binder and the recycling agent, shown in Equation 2.2:

BRz(PRB+PRA)/(PVB+PRB+PRA) (2.2)

The combination of virgin binder, recycled binder, and recycling agent (if present) is referred in this
report as the “binder blend.”

2.1.1.7 Experiment Mix Designs

Sixteen mixes with different virgin binder types, RAP/RAS sources and contents, and recycling agent
types were fabricated and tested in this study. For each of the mixes, the mix design had to be
adjusted—as explained in the following discussion—to accommodate the different levels of RAP/RAS
and recycling agent added. In all cases, the virgin binder content of the mix was determined with the
goal of obtaining 4% air voids at 85 gyrations (Npesign)-

Mix design adjustments for mixes without RAP or RAS were the following:

e The optimum binder content was determined with the goal of obtaining 4% air voids at 85
gyrations.

RESEARCH REPORT 10 UCPRC-RR-2023-06



The different virgin aggregate bin proportions were adjusted to match the target gradation of
the reference mix as closely as possible (Figure 2.1).

Mix design adjustments for mixes with RAP and no RAS were the following:

The binder replacement is predefined for each mix: 0%, 25%, or 50%.

For each binder replacement level, the ratio between recycling agent and recycled binder
contents (Prs/Prs) is determined to match the PGH of the binder blend to the PGH of the control
base PG 64-16 binder (the PGH target value was 67.5°C, which is around the midpoint between
64°C and the next PGH level of 70°C). For mixes without a recycling agent, Pr/Prs equals 0. An
upper limit of 10% binder replacement from the recycling agent was set based on the
recommendation from previous work that focused on use of aromatic extract recycling agent (5).

Once the ratio Prs/Prs is determined, the proportions of the total binder can be determined as
follows:

a. Pyy/Py=1-BR
b. Prg/Pg=BR X1 /(1 + Pras/Prs)
C. Pra/Pg=BR X Pry/Prp/ (1 + Pra/Prg)

The total binder content (Ps) is determined with the goal of obtaining 4% air voids at 85
gyrations.

The amount of RAP (aggregate and binder) for laboratory mixing is determined based on the
RAP binder content (Pgz) determined previously.

The different virgin aggregate bin proportions are adjusted to fit the target gradation of the
reference mix (Figure 2.1) after considering the contribution from the RAP aggregates.

The design of the two mixes with RAS is similar to the design of the mixes with only RAP except that

the recycling agent dose is predefined and it is not enough to restore the PGH of the binder blend back
to the target PGH.

2.1.1.8 Mix Design Nomenclature

Each mix in this study is referred by a composite name that includes the components and proportions

of the binder blend ingredients. The mix name includes the following information:

Ryg: ratio of virgin binder versus total binder [i.e., Pys / (Pvg + Prg + Pra)]
Virgin binder PGH, preceded by the letters “PG”
Rgg: ratio of recycled binder versus total binder [i.e., Prg / (Pvg + Prg + Pra)l

RAP binder PGH, preceded by the letters “RPG”
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e Rga:ratio of recycling agent versus total binder [i.e., Pra / (Pvs + Prs + Pra)]

e Recycling agent type
Note that Ry + Rgs + Rra must equal 100%.

For example:
e The binder blend (total binder) of the mix “75% PG64, 19% RPG102, 6% Aromatic” includes:
o 75% virgin base binder PGH 64 (25% binder replacement)
o 19% RAP binder with PGH of 102 (RAP A)

o 6% aromatic recycling agent

e The binder blend (total binder) of the mix “75% PG58, 25% RPG109, 0% Rej” includes:
o 75% virgin binder PGH 58 (25% binder replacement)
o 25% RAP binder with PGH of 109 (RAP B)
o No recycling agent
The names of the mixes with RAS also include the ratio of recycled binder from each of RAP and RAS
versus total binder. For example:

e The binder blend (total binder) of the mix “66.1% PG64, 13.3% RPG102, 14.6% RAS, 6%

Aromatic” includes:
o 66.1% virgin binder PGH 64 (33.9% binder replacement)
o 13.3% RAP binder with PGH of 102 (RAP A)
o 14.6% RAS binder

o 6% aromatics as recycling agent

2.1.2 Experimental Factorial
This study was designed to address the questions formulated in Section 1.3. The first question,

repeated below, was addressed by the experiment factorial shown in Table 2.1.

v' What are the effects of the addition of high RAP content on the mechanical properties of the
HMA?
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Table 2.1: Experiment Factorial to Study RAP Effects on HMA Mechanical Properties

25% Binder Replacement
] Linbes RAPA RAPB
(PGH =102) (PGH =109)
64 Tested m1.x Tested mix Tested mix?®
(control mix)
58 Tested mix? Tested mix Tested mix?

2 Except four-point bending stiffness and fatigue.

The second question, repeated below, was addressed by testing the virgin binders and the binder
blends (virgin plus RAP) for the cases shown in Table 2.1, in addition to the RAP binders.

v Can the RAP addition effects be predicted based on testing of the blended binder?

The third and fourth questions, repeated below, were addressed by the experiment factorial shown in

Table 2.2.

v

What are the effects of the recycling agent addition on the mechanical properties of HMA with
high RAP content?

By using a recycling agent, can the mechanical properties of an HMA with high RAP content be
restored back to the properties of the HMA with low RAP content?

Table 2.2: Experiment Factorial to Study Recycling Agent Effects on HMA Mechanical Properties

25% Binder Replacement (RAP A) 50% Binder Replacement (RAP A)
PGH No RAP No Recycling | Recycling No Recycling | Recycling
Recycling Agent: Agent: Recycling Agent: Agent:
Agent Aromatic Tall Oil Agent Aromatic Tall Oil
64 Tested TIX | Tested mix | Tested mix | Tested mix — Tested mix | Tested mix
(control mix)
58 — Tested mix | Tested mix | Tested mix - Tes.teid Tes.te;)d
mix mix
aMix not tested.

b Except four-point bending stiffness and fatigue.

The fifth of the questions, repeated below, was addressed by testing a mix with a relatively high RAS
content (around 15% binder replacement in total binder) and no recycling agent and the same mix

with recycling agent.

v' Are there specific considerations required for the addition of RAS compared with the addition
of RAP?
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The sixth of the questions, repeated below, was addressed by analyzing the results of all mix and
binder testing and the answers to the previous questions.

v Can mixes with 50% RAP content and/or RAS be engineered to have desired properties for
different applications in the pavement structure?

The seventh and last of the questions, repeated below, was addressed by analyzing the results of all
mix and binder testing and the answers to the previous questions.

v' What is the recommended approach to determine the recycling agent dose?

2.2 Specimen Preparation

All constituent raw materials (virgin aggregates, RAP, RAS, virgin asphalt binder, and recycling agent)
were collected from Caltrans-approved suppliers and prepared per the manufacturers’ recommendations.
The applicable ASTM or AASHTO standards were followed for the binder and loose mixture sampling
and preparation. Two database and calculation systems, StonemontQC and the UCPRC online lab
tracking system (OLTS), were used to assist in the production of the mixes and test specimens and for
later access to data for analysis.

2.3 Test Methods

2.3.1 Binder Testing

Binder testing included the following (an overview of the methods and data interpretation is discussed
in the following sections):

e Performance grade (PG)
e Frequency sweep tests to evaluate binder stiffness
e Fourier transform infrared (FTIR) spectroscopy tests to track changes in binder chemistry after

aging

These tests were all performed on virgin binders, binders extracted from the RAP samples, and binder
blends (virgin, recycled, and, if applicable, recycling agent) blended in the laboratory.

2.3.1.1 Performance Grading

A dynamic shear rheometer was used to determine the binder high and intermediate temperature
PGs. Short-term aging of the binders was simulated in the rolling thin-film oven (RTFO) at 325°F
(163°C) for 85 minutes, following AASHTO T 240. Long-term aging of the binder was simulated in a
pressure aging vessel (PAV) at 212°F (100°C) and 310 psi (2.07 Mpa) pressure following the

AASHTO R 28 method for 20 hours. The low temperature PGs were determined on PAV-aged binders
using a bending beam rheometer (BBR), following AASHTO T 313.
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2.3.1.2 Frequency Sweep

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 2.3. The midpoint of the temperature
testing range (40°C) was selected as the reference temperature.

a
1+eBtriogofr

log|G*| =6 + (2.3)
Where:

|G*|: magnitude of complex shear modulus (kPa)

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

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

B, 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)

The reduced frequency in Equation 2.3 can be calculated using the time-temperature superposition
(Equation 2.4) and the Arrhenius equation (Equation 2.5).

logfy = logf + logar (2.4)
—_Ffa A_ 1
logar = R(In10) (T Tr) (2.5)
Where:

f:  frequency sweep test loading frequency (Hz)

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

E,: activation energy (J/mol)

T: testtemperature (°K)

T reference temperature (°K)

R: ideal gas constant, 8.314 J/(°K mol)

Measured dynamic moduli can be horizontally shifted into a single master curve at the reference
temperature using the above equations. The shift factor («T) can be determined using the solver
function in Excel by minimizing the sum of squares error between the predicted and measured
dynamic moduli. Figure 2.3 and Figure 2.4 show examples of the fitting procedure.
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Figure 2.3: Example of modulus master curves (plotted by frequency at tested temperature).
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Figure 2.4: Example of modulus master curves (plotted by shifted frequency).

Several other aging parameters were calculated using the G* and § values, shown in Table 2.3.
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Table 2.3: Summary of Rheological Aging Parameters

Parameters Definition/Source Expected Effect of Aging
Glover-Rowe (GR) GR = G*C.OS;‘S at 15°C and 0.005 rad/sec Increase
Sin
Complex modulus (G*) At 64°C and 10 Hz Increase

Crossover modulus

(Go) Complex modulus value (G*) at § = 45° Decrease

2.3.1.3 Fourier Transform Infrared Spectroscopy

Chemical component changes in the control and blended binders were evaluated using Fourier
transform infrared spectroscopy with attenuated total reflection (FTIR-ATR). The spectra measured by
the FTIR were recorded in a reflective mode, from 4,000 to 400 cm™, at a resolution of 4 cm™. Each
measurement included 24 scans, and an average value was recorded. Nine replicate measurements
were taken to ensure that representative measurements were collected for each binder sample. The
carbonyl component was used to track oxidative aging, which is usually defined by the peak at

1,680 cm™ (10). The tangential integration of the component area index was calculated between the
upper and lower wavenumbers (1,675 and 1,750 cm™).

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 (10). The chemical component area index was then
integrated from the normalized spectra using Equation 2.6. Figure 2.5 shows an example of a spectrum
and the respective component.

Wy i a(wy,i)+a(wy;
I = fwlli” a(w)dw — Al el ul)z (1) (Wi — wi) (2.6)
Where:
I;: index of area i
wii:  lower wavenumber integral limit of area i

Wit upper wave number integral limit of area i

a(w): absorbance as a function of wavenumber
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Figure 2.5: Example of normalized FTIR absorbance spectrum.

2.3.2 Mix Testing

Mix testing included the following (the following discussion includes an overview of the methods and
data interpretation):

e Axial dynamic modulus test (AASHTO T 378; specimens prepared in a gyratory compactor)

e Flexural dynamic modulus test (AASHTO T 321; specimens prepared using a rolling wheel
compactor)

e Flexural fatigue cracking test (AASHTO T 321; specimens prepared using a rolling wheel
compactor)

e Indirect tensile cracking test (ASTM D 8225; specimens prepared in a gyratory compactor)
e Repeated load test (AASHTO T 378; specimens prepared in a gyratory compactor)

e Hamburg Wheel-Tracking test (AASHTO T 324; specimens prepared in a gyratory compactor)

2.3.2.1 Test Specimen Air Void Contents

The bulk densities of the IDEAL-CT and HWT test specimens were determined according to
AASHTO T 166 (saturated surface-dry [SSD] method). The bulk densities of the beams and AMPT
specimens were determined according to AASHTO T 331 (CoreLok). Theoretical maximum specific
gravity (Gmm) was determined according to AASHTO T 209. All specimens for all tests were
compacted to 7% air voids with a 0.5% tolerance around that target.
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2.3.2.2 Axial Dynamic Modulus Test

Axial dynamic modulus testing followed AASHTO T 378 using an AMPT with specimens prepared in a
gyratory compactor. Specimens were tested at 39°F, 70°F, 100°F, and 129°F (4°C, 21°C, 38°C, and 54°C)
and at frequencies between 25 and 0.1 Hz. Measured dynamic moduli were horizontally shifted into a
master curve at 20°C using Equation 2.2 and Equation 2.3 and the Williams-Landel-Ferry shift
function, shown in Equation 2.7.

—C(T-Ty)

Co+(T—Ty) (2.7)

log(ar) =
Where:

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

T, reference temperature in Kelvin (°K)
Crand C,: fitting parameters

2.3.2.3 Flexural Dynamic Modulus Test

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 50°F, 68°F, and 86°F (10°C,
20°C, and 30°C) and at frequencies between 15 and 0.01 Hz. A sinewave function was applied to
produce a tensile strain of 100 pstrain on the longitudinal surface of the beam. The measured
stiffnesses were horizontally shifted into master curves at 68°F (20°C) using Equations 2.2, 2.3, and 2.5.

2.3.2.4 Flexural Fatigue Cracking Resistance Test

Fatigue cracking resistance testing followed AASHTO T 321 on beams prepared using a rolling wheel
compactor. Beam specimens were 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
68°F (20°C). The fatigue life for each strain level was selected at the maximum of the stiffness times
number of cycles, following AASHTO T 321.

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 2.8). Strain levels were selected, based on experience, to achieve fatigue lives between
10,000 and 100,000 load cycles for high strains and between 300,000 and 500,000 load cycles for
medium strains. Additional specimens were then tested at lower strain levels, selected based on the
results of the initial linear regression relationship to achieve a fatigue life of about 1 million load
repetitions. The final regression relationship was then refined to accommodate the measured
stiffness at the lower strain level.

Log(N)=A+ Bxlog(e) (2.8)
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Where:

N: fatigue life (number of cycles)
& strain level (ustrain)
Aand B: model parameters

Test results can also be used to generate the material fatigue response in the CalME simulations when
used with flexural stiffness master curves to calculate estimated strains in the pavement. Flexural
fatigue results can be directly compared without CalME simulations when taking into consideration
the fact that laboratory test results will generally correspond with field fatigue or reflective cracking
performance for overlays thinner than about 0.2 ft. (62 mm) but may not correspond 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.

2.3.2.5 |Indirect Tensile Cracking Test (IDEAL-CT Test)

The IDEAL-CT test uses a loading apparatus and specimen fixture, shown in Figure 2.6. A loading rate
of 50 mm/min was applied until the tested specimen reached failure. An example of a test result from
the IDEAL-CT test is shown in Figure 2.7.

Figure 2.6: Testing machine for IDEAL cracking test with a specimen.
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Figure 2.7: Example load-displacement curve from IDEAL-CT test.

Fracture parameters obtained from the IDEAL-CT test are shown in Table 2.4, along with definitions.
The two parameters of primary interest are the Cracking Tolerance Index (CTinaex), which is intended to
relate to cracking and which the UCPRC has found correlates very well with flexural stiffness at 10 Hz
and 68°F (20°C), and the Strength parameter, which has also been found to have a strong correlation
with flexural stiffness but half the test variability of the CTindex.
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Table 2.4: Fracture Parameters from IDEAL-CT Test

Parameters Equations
e | = Pgs — Pes
1 Hgs — les
Where:
|m;s|: post-peak slope (N/m) Pys = 85% of peak load

Pgs = 65% of peak load
Igs = deformation at Pgs
Iss = deformation at Py

l;5 (mm) Displacement at 75% of the peak load after the peak

w,
__f 6
Gr = x 10
F " Dxt

Gy: failure energy (//m?) Where:
W; = area under load-displacement curve (J)
t = thickness (mm)

D = diameter (mm)

t 1 G
x 225 L

CTypgex: Cracking Tolerance Index CTingex = 257D ol x 106
Peak load
Strength Strength = —

2.3.2.6 Repeated Load Test

Permanent deformation resistance testing followed AASHTO T 378 using an AMPT with specimens
prepared in a gyratory compactor. The RLT parameters assessed included flow number and the
number of cycles to reach 5% permanent axial strain. Specimens were tested with no confinement and
with 5 psi (35 kPa) confinement under a deviator stress of 70 psi (483 kPa) at 122°F (50°C).

2.3.2.7 Hamburg Wheel-Tracking Test

Permanent deformation and moisture resistance testing with the Hamburg Wheel-Tracking (HWT)
apparatus followed AASHTO T 324 with specimens prepared in a gyratory compactor. The HWT
parameters assessed included the number of cycles to 0.5 in. (12.5 mm) and the rutting after 15,000
cycles. Specimens were tested at 122°F (50°C).
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3 EXPERIMENT MIX DESIGNS

This study is based on the reference mix design described in Section 2.1.1.1, corresponding to an HMA
with a ¥ in. nominal maximum aggregate size. This reference mix design was adjusted to fabricate
each of the different mixes evaluated in this research. The mix design adjustment included changes to
the virgin aggregate bin proportions to accommodate the different levels of RAP/RAS and changes to
the asphalt binder content, as explained in Chapter 2, with details in the following discussion.

The target gradation of the combined aggregate blend (virgin aggregates + RAP/RAS aggregates) is kept
constant for the different mixes that were evaluated in this research. The target gradation is shown in
Figure 2.1. As the different mixes included different percentages of RAP and RAS, the proportions of
the different virgin aggregate bins had to be adjusted to match the target gradation. The resulting bin
proportions for the different mixes that were evaluated in this research are shown in Table 3.1, and
the corresponding aggregate gradations are shown in Figure 3.1 (mixes with PGH 64 and no RAS),
Figure 3.2 (mixes with PGH 64 and RAS), and Figure 3.3 (mixes with PGH 58). All mixes fall within
Caltrans specification limits and mix-to-mix differences are relatively small and expected to have very
small effects on the test results.

Table 3.1: Aggregate Bin Combinations

Aggregate Bins
i 1/4” % ” Washed | Washed
Mix Mix ID ” ” / 1/4” x : : ,
# 1/2 3/8 Dust Dust Passing | Passing | 3/8” RAP RAS
(%) (%) Washed %) #50 #100 (%) (%)
(%) (%) (%)
0 0,

1| 100% PG64, 0% RAP, 16.5 31.4 45.7 0.0 2.4 4.0 0.0 0.0

0% Rej
0, 0

o | 100% PGS8, 0% RAP, 20.8 22.2 0.0 57.0 0.0 0.0 0.0 0.0
0% Rej
75% PG64, 25%

3 RPG102, 0% Rej 18.1 13.9 32.0 0.0 4.0 0.0 32.0 0.0
75% PG58, 25%

4 RPG102, 0% Rej 25.3 5.9 0.0 35.5 0.0 0.0 33.3 0.0
75% PG64, 25%

> | RPG109, 0% Rej 23.6 14.0 0.0 34.1 0.3 0.0 28.0 0.0
75% PG58, 25%

6 RPG109, 0% Rej 23.6 14.0 0.0 34.1 0.3 0.0 28.0 0.0
75% PG64, 19%

/ RPG102, 6% Aromatic 18.6 15.7 35.7 0.0 4.0 0.0 26.0 0.0
75% PG58, 21%

8 RPG102, 49 Aromatic 25.2 11.8 0.0 33.7 0.3 0.0 29.0 0.0
75% PG64, 21.8%

® | RPG102, 3.20% Talloil | 2*1 4.8 0.0 0.0 0.0 0.0 32.1 0.0
75% PG58, 22.5%

10 RPG102, 2.5% TallOil 26.9 0.3 39.7 0.0 0.0 0.0 33.1 0.0
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Aggregate Bins
i 1/4” x ' Washed | Washed
LB MiX ID 9 ” / 1/ X . . 9
# 1/2 3/8 Dust Dust Passing | Passing | 3/8” RAP RAS
(%) (%) Washed (%) #50 #100 (%) (%)
0
(%) (%) (%)
50% PG64, 40%
15 RPG102, 10% 16.4 4.5 27.1 0.0 0.0 0.0 52.0 0.0
Aromatic
50% PGS8, 40%
16 RPG102, 10% 14.3 4.5 0.0 26.8 0.0 0.0 58.9 0.0
Aromatic
50% PG64, 41.9%
17 J . . 2 . 20. . . 2 .
RPG102, 8.1% TallOil 8.0 3 0.0 0.6 0.0 0.0 68 0.0
50% PG58, 41.7%
18 RPG102, 8.3% TallOil 15.9 0.0 0.0 22.7 0.0 0.0 61.4 0.0
65.7% PG64, 19.1%
23 RPG102, 15.2% RAS 16.5 20.8 29.1 0.0 5.6 0.0 25.0 3.0
66.1% PG64, 13.3%
24 RPG102, 14.6% RAS, 16.4 24.4 31.6 0.0 6.7 0.0 18.0 3.0
6% Aromatic
100 #200 #8 #4 3/8" - 1”
3/4”
90 1/2"
80
70 — — — Caltrans limits HMA 1/2"
60 ——e— 100% PG64, 0% RAP, 0% Rej
X - —=— 75% PG64, 25% RPG102, 0% Rej
ﬁ —— 75% PG64, 25% RPG109, 0% Rej
40 ——8— 75% PG64, 19% RPG102, 6% Aromatic
30 ——%— 75% PG64, 21.8% RPG102, 3.2% TallOil
20 ——a— 50% PG64, 40% RPG102, 10% Aromatic
10 —— 50% PG64, 41.9% RPG102, 8.1% TallOil
0
0.001 0.01 0.1 1

Sieve size (in.)

Figure 3.1: Aggregate gradations - Mixes with PGH 64 and no RAS.
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100 1
3/4”
90 1/2”
80
70
60 — = = C(Caltrans limits HMA 1/2"
S
«w 50 —e— 100% PG64, 0% RAP, 0% Rej
E 40
—=— 65.7% PG64, 19.1% RPG102, 15.2% RAS,
30 0% Rej
50 —8— 66.1% PG64, 13.3% RPG102, 14.6% RAS,
6% Aromatic
10
0
0.001 0.01 0.1 1
Sieve size (in.)
Figure 3.2: Aggregate gradations—mixes with PGH 64 and RAS.
100 #200 #30 #8 #4 3/8" o 1
3/4”
90 1/2"
80
70 — — — Caltrans limits HMA 1/2"
60 ——e— 100% PG58, 0% RAP, 0% Rej
& —=— 75% PG58, 25% RPG102, 0% Rej
9 50
z —— 75% PG58, 25% RPG109, 0% Rej
40
—a— 75% PG58, 21% RPG102, 4% Aromatic
30 —%— 75% PG58, 22.5% RPG102, 2.5% TallOil
20 —a— 50% PG58, 40% RPG102, 10% Aromatic
10 —»— 50% PG58, 41.7% RPG102, 8.3% TallOil
0
0.001 0.01 0.1 1

Sieve size (in.)

Figure 3.3: Aggregate gradations—mixes with PGH 58.

As explained in Chapter 2 (Section 2.1.1.7), the total binder content of each mix (Ps) was determined
with the goal of obtaining 4% air voids at 85 gyrations (Npesigs). The total binder (Ps) includes the virgin
binder and, if applicable, the binder from the RAP/RAS and the recycling agent. The resulting Ps
values, shown in Table 3.2, were approximately 0.4% (TWM) higher than the reference plant mix. This
difference can be attributed to reduced RAP and virgin aggregate breakdown in the laboratory mixing
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process compared with the plant mixing, which affected the gyratory compaction results. Table 3.2
also shows some Superpave mix design information, including air voids (Va) under laboratory
compaction, voids in mineral aggregate (VMA), and the percent passing the #200 (0.075 mm) sieve.

As explained in Section 2.1.1.7, the recycling agent dose was determined with the goal of restoring the
PGH of the binder blend back to that of the PG 64 grade control binder, based on binder blends
prepared in the laboratory, by blending the virgin binder, the binder extracted and recovered from the
RAP/RAS, and the corresponding recycling agent. In practice, the recycling agent dose was such that
the PGH of the binder blend was 67.5°C. For example, Mix #7 (75% PG 64, 19% RPG 102, 6% Aromatic)
—a blend of 75% PG 64-16 virgin binder, 19% binder extracted from RAP A (Southern California with
PGH of 102°C), and 6% aromatic recycling agent—will have a PGH of 67.5°C. Consequently, the high
temperature PG grade of the binder blend will be PG 64.
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Table 3.2: Mix Design Information

Mixture Volumetrics @ 85 Gyrations
Virgin 1::;/ Pass
Mix # Mix Id Agg. Agg P, Va, Va, VMA, VMA, #200
(%) 5 * (%) Gmm SSD Paraffin SSD Paraffin (%)
(%) @ | ) | @ | ()
100% PG64, 0%
1 RAP, 0% Rej 100.0 0.0 5.4 2.471 4.4 — 15.0 — 4.8
100% PG58, 0%
2 RAP, 0% Rej 100.0 0.0 5.4 2.482 1.2 1.2 12.6 12.6 6.5
75% PG64, 25%
3 RPG102, 0% Rej 68.0 32.0 5.5 2.490 3.5 — 14.5 — 5.3
75% PG58, 25%
4 RPG102, 0% Rej 66.7 33.3 5.5 2.490 1.3 1.3 11.5 11.5 6.8
75% PG64, 25%
5 RPG109, 0% Rej 72.0 28.0 5.5 2.472 0.9 0.8 13.3 13.2 7.6
75% PG58, 25%
6 RPG109, 0% Rej 72.0 28.0 5.5 2.474 1.2 1.0 13.5 13.3 7.6
75% PG64, 19%
7 RPG102, 6% 74.0 26.0 5.7 2.470 3.7 — 15.9 — 5.0
Aromatic
75% PGS58, 21%
8 RPG102, 4% 71.0 29.0 5.7 2.483 — — — — 6.8
Aromatic
75% PG64, 21.8%
9 RPG102, 3.2% 67.9 32.1 5.7 2.476 — — — — 7.3
TallOil
75% PG58, 22.5%
10 RPG102, 2.5% 66.9 33.1 5.7 2.484 1.3 1.2 12.0 11.9 7.2
TallOil
50% PG64, 40%
15 RPG102, 10% 48.0 52.0 5.5 2.484 3.1 — 13.9 — 6.0
Aromatic
50% PG58, 40%
16 RPG102, 10% 41.1 58.9 5.5 2.473 1.1 1.5 11.2 11.5 6.4
Aromatic
50% PG64, 41.9%
17 RPG102, 8.1% 31.8 68.2 5.5 2.476 0.8 0.7 10.4 10.4 7.3
TallOil
50% PGSS, 41.7%
18 RPG102, 8.3% 38.6 61.4 5.5 2.474 0.5 0.6 10.5 10.5 7.4
TallOil
65.7% PG64,
23 19.1% RPG102, 72.0 28.0 5.5 2.480 1.9 — 14.8 — 5.8
15.2% RAS
66.1% PG64,
13.3% RPG102,
24 14.6% RAS, 6% 79.0 21.0 5.7 2.465 1.1 — 14.8 — 5.5
Aromatic
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4 BLENDED BINDER TESTING RESULTS

This chapter discusses the binder testing results from virgin base binders, the RAP binders, and the
blended binders produced in the laboratory following the same ratio of virgin binder, RAP binder, and
recycling agent as was present in the mix, assuming complete blending in the mix. It should be noted that,
in the binder blends, complete blending of the virgin binder, RAP binder, and recycling agent is expected
and that this complete diffusion may not have occurred in the mix at the time of testing. For this chapter,
the ‘R’, ‘RAS’, and ‘RJ’ represent the % of RAP, % of RAS, and % of recycling agent, respectively. As
discussed earlier, two different RAP sources were considered for this study and are denoted as RAP(A) and
RAP(B). The aromatic and tall oil-based recycling agents are denoted as RJ(a) and RJ(b), respectively. For
example, “PG64+R13.3(A)+RAS14.6+R]J6(a)” represents the binder blend with the virgin binder 1 (PG 64-16)
containing 13.3% RAP(A), 14.6% RAS, and 6% aromatic-based recycling agent.

4.1 PG Grading

Table 4.1 summarizes the true grades of the control binders, RAP and RAS binders, and blended binders at
high, intermediate, and low temperatures, as specified in AASHTO M 320. The continuous high
temperature grade is defined as the lowest temperature at which the unaged binder’s G*/sin(6) value
equals 1.00 kPa and the temperature at which the RTFO-aged binder’s G*/sin(5) value equals 2.20 kPa.
Intermediate temperature grading is defined as the temperature where the 20-hour PAV-aged binder’s
G*xsin(8) values equal the maximum allowable stiffness of 5,000 kPa. Low temperature grading is defined
as the highest of the following two temperatures using 20-hour PAV-aged binder: (1) the temperature
where the creep stiffness of 300 MPa occurs or (2) the temperature where an m-value of 0.300 occurs.

Table 4.1 and the plots for high temperature grades (Figure 4.1 and Figure 4.2) show that an increase
in RAP/RAS content increased the continuous grade for all cases. For example, the continuous high
temperature grade for PG64 Virgin was 65.3°C. An increase of about 9°C in high temperature was
observed due to the addition of 25% RAP(A) to PG64 Virgin (the PG64+R25(A) blend). Also, the
extracted binder from RAP(B) showed higher stiffness compared with RAP(A) as indicated by the high
temperature PGs. The continuous high temperature grades observed for the extracted binders from
RAP(A) and RAP(B) were 101.9°C and 108.5°C, respectively. Therefore, the addition of RAP(B) is
expected to cause greater stiffness for the binder blends compared with RAP(A).

The high temperature grades found for the PG64+R25(A) and PG64+R25(B) blends were 74.8°C and
77.3°C, respectively. Therefore, about 2.5°C greater high PG was observed when using RAP(B) instead
of RAP(A) with the same control binder (PG 64) and the same amount of binder replacement (25%).
Adding RAS had a greater effect on the continuous grade than adding RAP, as expected, considering
the types of asphalt binders used in shingles (harder than paving binders) and the extended aging they
typically experience on roofs. Adding 15% RAS binder with 19% RAP binder to PG 64 resulted in a high
temperature grade (83.2°C) similar to the 50% RAP blend (83.0°C) with the same base binder. This
finding is mainly attributed to the higher degree of aging of the RAS materials. An increased high
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temperature true grade indicates better rutting performance at high temperatures, which is the intent
of the PG grading high temperature specification. Therefore, an increase in the RAP/RAS amount is
expected to increase the rutting performance of asphalt mixes. Similar findings were also reported by
other researchers (6,7,12,13).

A reduction in binder high temperature grade was observed with an increase in recycling agent content.
The recycling agent dosages were selected to maintain the high temperature PG of binder blends as
close to that of the control base binder (PG64 Virgin) as possible. Also, an upper limit of 10% recycling
agent by weight of the total binder was maintained to ensure workability, as mentioned previously. In
this study, a 6% addition of aromatic-based RJ(a) was found to reduce the continuous high temperature
grade to 66.8°C for the PG64+R19(A)+RJ6(a) blend. The high temperature grade for the PG64+R25(A)
blend without recycling agent and with the same amount of binder replacement (25%) was 74.8°C.
Therefore, an 8°C reduction in binder continuous high temperature was found for the binder blend after
adding the RJ(a) recycling agent. A similar trend was also observed for other binder blends.

The efficiency of the tall oil-based recycling agent [R](b)] was found to be greater compared with the
aromatic-based recycling agent [R](a)]. The true high temperature grades found for the
PG64+R40(A)+RJ10(a) and PG64+R41.9(A)+R]J8.1(b) blends were 73.6°C and 67.1°C, respectively.
Therefore, 10% use of RJ(a) was found to result in 6.5°C greater continuous high temperature
compared with the use of 8.1% of RJ(b) for the same base binder (PG 64) at 50% binder replacement.
Other researchers have also reported greater efficiency for tall oil-based recycling agents compared
with aromatic-based recycling agents (5). A high continuous temperature of 77.0°C was observed for
the PG64+R13.3(A)+RAS14.6+R]J6(a) blend. For this blend, only 6% of aromatic-based recycling agent
was used to lower the high temperature PG. Therefore, a greater dosage of tall oil-based recycling
agent is required for the PG64+R13.3(A)+RAS14.6+R]J6(a) blend to match the high PG of the control
binder (PG 64).

As expected, lower dosages of recycling agents are required for blends with PG 58 compared with

PG 64. The high true grades found in the laboratory for PG 64 and PG 58 base binders were 65.3°C and
61.8°C, respectively. The amount of tall oil-based recycling agent required to get a high temperature
grade similar to the control binder (PG 64) for the PG64+R21.8(A)+R]J3.2(b) and PG58+R22.5(A)+R]J2.5(b)
blends with RAP(A) were 3.2% and 2.5%, respectively. About 0.7% less RJ(b) showed a similar high
temperature true grade for the PG 58 blend compared with the PG 64 blend. Also, the unaged high
temperatures were higher compared with RTFO-aged high temperatures for most of the PG 64 blends.
For example, the unaged and RTFO-aged high temperatures found for the PG64+R25(B) blend were
79.4°C and 77.3°C, respectively. On the other hand, the unaged high temperatures were lower
compared with the RTFO-aged high temperatures for most of the PG 58 blends. For example, the
unaged and RTFO-aged high temperatures for the PG58+R25(B) blend were 76.9°C and 79.0°C,
respectively. This is mainly attributed to the higher aging susceptibility of the PG58 Virgin binder used
in this study compared with the PG64 Virgin binder, which were from different binder producers.
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Table 4.1: True Binder Grading Results for All Binder Blends

Continuous
High Temp. . . c
Unaged | RTFO-Aged PG Continuous | Continuous Continuous
Correspondin | High PG High PG ¢C) Inter. Ten‘.lp. from | Temp. from ATc Low Temp.
Blend ID ; g (°$2) (°f:) (Minimum Temp. PG Stiffness m-Value (PAV 20) PG
Mix Number | (G*/sind= | (G*/sind= (°C) (PAV 20) (PAV 20) (°C) (PAV 20)
1kPa) | 2.2kpa) | Detween ¢0) ) C)
Unaged and
RTFO Aged)
RAP(A) Not Tested 101.9 102.8 101.9 49.0 -7.9 -5.8 -2.1 -5.8
RAP(B) Not Tested 108.8 108.5 108.5 51.1 -3.3 -1.9 -1.3 -1.9
PG64 Virgin #1 66.6 65.3 65.3 28.7 -19.7 -21.4 1.7 -19.7
PG58 Virgin #2 61.8 63.6 61.8 18.2 -31.5 -32.7 1.2 -31.5
PG64+R15(A) Not Tested 74.0 71.9 71.9 31.2 -18.1 -18.2 0.1 -18.1
PG64+R25(A) #3 74.8 75.0 74.8 32.9 -16.1 -16.8 0.7 -16.1
PG58+R25(A) #4 75.6 77.4 75.6 24.9 -28.6 -24.0 -4.7 -24.0
PG64+R25(B) #5 79.4 77.3 77.3 34.4 -16.6 -15.5 -1.1 -15.5
PG58+R25(B) #6 76.9 79.0 76.9 26.2 -27.5 -22.9 -4.7 -22.9
PG64+R19(A)+RJ6(a) #7 67.3 66.8 66.8 26.5 -19.0 -22.5 3.5 -19.0
PG58+R21(A)+RJ4(a) #8 68.3 70.6 68.3 22.4 -29.1 -28.3 -0.7 -28.3
PG64+R21.8(A)+R]3.2(b) #9 68.7 67.5 67.5 27.7 -22.6 -22.4 -0.2 -22.4
PG58+R22.5(A)+R]J2.5(b) #10 67.7 69.2 67.7 20.3 -31.8 -27.5 -4.3 -27.5
PG64+R50(A) Not Tested 84.5 83.0 83.0 36.6 -14.6 -13.8 -0.8 -13.8
PG64+R40(A)+RJ10(a) #15 73.7 73.6 73.6 30.7 -17.0 -19.3 2.3 -17.0
PG58+R40(A)+RJ10(a) #16 71.4 72.3 71.4 25.9 -26.0 -25.4 -0.6 -25.4
PG64+R41.9(A)+RJ8.1(b) #17 68.6 67.1 67.1 22.9 -27.5 -27.4 -0.1 -27.4
PG58+R41.7(A)+RJ8.3(b) #18 66.9 66.6 66.6 16.9 -34.2 -34.2 0.0 -34.2
PG64+R19.1(A)+RAS15.2 #23 83.2 84.0 83.2 35.6 -15.6 -14.8 -0.8 -14.8
PG64+R13.3(A)+RAS14.6+RJ6(a) #24 77.0 77.6 77.0 32.9 -19.5 -16.0 -3.5 -16.0

Notes: R(A): Southern California RAP(A) (PGH of 102°C); R(B): Inland Valley RAP(B) (PGH of 109°C); RAS: reclaimed asphalt shingles (RAS); RJ(a): aromatic-based recycling agent;

RJ(b): tall oil-based recycling agent.
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Figure 4.1: Continuous high temperature performance grades for blends with PG 64 base binder.

100
| @Unaged SRTFO Aged mTrue High PG |

94
o
O 88
<
Ei
©
5 82
o
3
= 76
o
I
] Upper Limit
g 70 =~ @ el S— Bt T / 4B 2N L R ——
g 9
T R N : - ZNM_
© § Lower Limit

RN

& N
& o®
4\ %0
& >
(<]
Q

Notes: R(A): Southern California RAP(A) (high PG of 102°C); R(B): Inland Valley RAP(B) (high PG of 109°C); RAS:
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Figure 4.2: Continuous high temperature performance grades for blends with PG 58 base binder.
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Figure 4.3 and Figure 4.4 show the high, intermediate, and low continuous grades for blends with
PG 64 and PG 58 base binders, respectively. The intermediate temperatures were found to increase
with an increase in RAP content. However, an increase in recycling agent dosages was found to
counteract the effect of RAP content on intermediate temperature PGs. A higher intermediate binder
true grade temperature indicates that the mix will be stiffer at intermediate temperatures, which for
thin overlays will often produce lower fatigue and reflective cracking resistance. Therefore, the
addition of RAP is expected to show lower fatigue resistance for thin overlays. Also, base binder 2
(PG 58) showed a much lower intermediate temperature compared with the control base binder

(PG 64). The intermediate true grades found for the PG 64 and PG 58 base binders were 28.7°C and
18.2°C, respectively. Therefore, blends with PG 58 base binders are expected to show better fatigue
resistance for thin structures.

The tall oil-based recycling agent [R](b)] showed a greater decrease in intermediate temperatures
compared with the aromatic-based recycling agent [R](a)] for the dosage rates that had been set based
on matching the high temperature grade of the control binder. The intermediate temperatures found
for the PG58+R21(A)+RJ4(a) and PG58+R22.5(A)+R]J2.5(b) blends were 22.4°C and 20.3°C, respectively.
Therefore, the tall oil-based recycling agent was found to show greater efficiency in improving the
intermediate temperature. The addition of RAP(B) resulted in a slightly greater intermediate true
grade compared with RAP(A). The intermediate temperatures obtained for the PG64+R25(A) and
PG64+R25(B) blends were 32.9°C and 34.4°C, respectively. A similar effect was observed for both high
and intermediate temperature grades with the addition of RAP and recycling agent.

The continuous low temperature true grades observed for the control base binder 1 (PG 64) and base
binder 2 (PG 58) were -19.7°C and -31.5°C, respectively. A binder with a more negative low temperature
grade is expected to withstand more severe low temperatures in the field with regard to low
temperature cracking. The binder blends with the PG 58 base binder satisfied the limit of -16°C for all
cases. The blend with 25% of RAP(B) without any recycling agent for PG 58 [PG58+R25(B)] showed a
better low temperature grade (-22.9°C) compared with the control binder (PG64). The addition of
RAP/RAS was found to produce more low temperature cracking prone blends, while both recycling
agents [R](a) and R]J(b)] were found to improve the low temperature cracking resistance. Other
researchers have also reported similar findings due to the addition of RAP/RAS (5,7,14).

The tall oil-based recycling agent [R](b)] showed greater efficiency in improving the low temperature
grade compared with the aromatic-based recycling agent, shown in Figure 4.3 and Figure 4.4. For
example, the continuous low temperature grades observed for the PG64+R19(A)+RJ6(a) and
PG64+R21.8(A)+R]3.2(b) blends were -19.0°C and -22.4°C, respectively. Therefore, about 3°C better
continuous low temperature grade was observed for RJ(b) compared with RJ(a) with 2.8% less dosage,
where the dosage had been determined based on matching the high temperature grade of the control
binder. The binder blend with RAS and RJ(a) recycling agent [PG64+R13.3(A)+RAS14.6+RJ6(a)]
marginally satisfied the low temperature requirement of -16°C.
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Figure 4.3: Continuous performance grades for blends with PG 64 base binder.
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Figure 4.4: Continuous performance grades for blends with PG 58 base binder.
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Figure 4.5 and Figure 4.6 show the delta T. values for blends with PG 64 and PG 58, respectively. Both

PG 64 and PG 58 virgin binders showed positive delta Tc values after 20 hours of pressurized aging vessel
(PAV) aging, indicating that low temperature performance is controlled more by creep stiffness than
slope, which is considered an indication of better performance with regard to block cracking (15). All the
binder blends met the specification for a delta T. value greater than -5.0. However, the tall oil-based
recycling agent [R](b)] was found to show a slightly more negative delta T. value compared with the
aromatic-based recycling agent [R](a)]. For example, the delta T.values for the PG58+R21(A)+RJ4(a) and
PG58+R22.5(A)+R]J2.5(b) blends were -0.7 and -4.3°C, respectively. Therefore, RJ(b) is expected to
produce more aging-prone asphalt mixes compared with RJ(a).

The use of the softer base binder (PG 58) with highly aged RAP resulted in more negative delta T.
values compared with the PG 64 base binder with the same RAP. The delta T. values observed for the
PG64+R25(B) and PG58+R25(B) blends were -1.1°C and -4.7°C, respectively. A similar trend was also
observed for blends with RAP(A) [PG64+R25(A) and PG58+R25(A) blends]. In this study, PAV aging up
to 20 hours was considered to evaluate the long-term aging effect. PAV aging at 40 hours is expected to
show more negative delta T. values, as suggested by other researchers (5,7).
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Figure 4.5: ATc values for blends with PG 64 base binder (PAV 20).
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Figure 4.6: ATc values for blends with PG 58 base binder (PAV 20).

4.2 Frequency Sweep

Figure 4.7 and Figure 4.9 show the master curves for the RTFO-aged PG 64 and PG 58 binder blends,
respectively. Figure 4.8 and Figure 4.10 plot the curves normalized to the control binder (PG 64) to
facilitate comparison of the PG 64 and PG 58 binder blends, respectively. The master curves for binder
blends with RAS were plotted separately with RAP(A)and RAP(B) to compare RAP stiffness to the
stiffness of the RAS binder blends. The master curves were developed at a reference temperature of
15°C using dynamic moduli and phase angles from frequency sweep tests (test temperatures of 4°C,
10°C, 25°C, and 40°C).

The addition of RAP was found to increase the stiffness of asphalt binder blends at low reduced
frequencies (high temperatures) with a greater increase when more RAP was included. At 15°C and
1E-05 Hz, which nearly corresponds to 64°C and 10 Hz on a trafficked pavement based on the time-
temperature superposition principle, the normalized moduli of the blends containing 25% RAP(A) and
RAP(B) with PG 64 base binder were 8.4 and 6.0 times higher than the control binder, respectively.
These results indicate greater rutting resistance at higher temperatures and slower speeds for mixes
containing RAP.

However, the addition of a recycling agent was found to reduce the blend modulus values at low
reduced frequencies. The blend with PG 64 base binder and tall oil-based recycling agent
[PG64+R41.9(A)+RJ8.1(b)] at 50% binder replacement showed half of the stiffness at 1E-05 Hz reduced

RESEARCH REPORT 35 UCPRC-RR-2023-06



frequency compared with the control binder, shown in Figure 4.8. Also, a higher drop in the binder
moduli was observed due to the addition of a tall oil-based recycling agent compared with the
aromatic-based recycling agent. The binder moduli found at 1E-05 Hz reduced frequency for the
PG64+R19(A)+RJ6(a) and PG64+R21.8(A)+R]3.2(b) blends were 2.6 kPa and 1.7kPa, respectively.
Therefore, lower stiffness was observed with RJ(b) compared with RJ(a) despite the dose of RJ(b) being
smaller than the dose of RJ(a). The rutting resistance of asphalt mixes might be a point of concern
when adding the tall oil-based recycling agent.

Figure 4.9 and Figure 4.10 show that the binder blends with PG 58 had lower binder modulus values
compared with blends with PG 64, as expected. The complex modulus value observed at 15°C and
1E-05 Hz for the PG64+R25(B) blend was 1.5 times higher compared with the PG58+R25(B) blend.
Therefore, early-stage rutting could be seen for asphalt mixes placed in hot climate regions with PG 58
base binder.

The complex modulus values at higher frequencies (>1E+04 Hz at 15°C) can be considered an indicator
of low temperature performance (15). However, it was found in the literature that the master curve
regression model is often not precise at these higher frequencies (17). Therefore, BBR tests are
considered in this study to be more indicative of low temperature performance.
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Notes: R(A): Southern California RAP(A) (high PG of 102°C); R(B): Inland Valley RAP(B) (high PG of 109°C); RAS:
reclaimed asphalt shingles (RAS); RJ(a): aromatic-based recycling agent; RJ(b): tall oil-based recycling agent.

Figure 4.7: Frequency sweep master curves for RAP blends with PG 64 base binder at 15°C (RTFO aged).
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Figure 4.8: Frequency sweep master curves for RAP blends with PG 64 base binder normalized
to PG 64 virgin binder at 15°C (RTFO aged).
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reclaimed asphalt shingles (RAS); RJ(a): aromatic-based recycling agent; RJ(b): tall oil-based recycling agent.

Figure 4.9: Frequency sweep master curves for RAP blends with PG 58 base binder at 15°C (RTFO aged).
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Figure 4.10: Frequency sweep master curves for RAP blends with PG 58 base binder normalized
to PG 64 virgin binder at 15°C (RTFO aged).

Figure 4.11 shows the master curves for the RTFO-aged binders and Figure 4.12 plots the curves
normalized to the control binder (PG64 Virgin) for RAP binders and RAS binder blends. As expected,
much higher complex modulus values were observed for these blends at low reduced frequencies,
indicating better rutting resistance. Complex modulus values about 800 times higher were found for
extracted RAP binders compared with the control base binder at the 1E-05 Hz reduced frequency. The
RAS binder blend without recycling agent [PG64+R19.1(A)+RAS15.2] showed complex modulus values
50 times higher compared with the control binder. The 6% addition of RJ(a) to the RAS blend lowered
the complex modulus values, shown in Figure 4.12. However, the PG64+R13.3(A)+RAS14.6+R]J6(a)
blend still showed complex modulus values about 10 times higher compared with the control binder at
the 1E-05 Hz reduced frequency. The blends with RAP(A) and RAP(B) had flatter master curves above
the 10 Hz frequency compared with the control binder. As discussed earlier, the master curve
regression model is often not precise at these higher frequencies for highly aged RAP binders.
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Figure 4.11: Frequency sweep master curves for extracted RAP binders and blends
with RAS at 15°C (RTFO aged).
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Figure 4.12: Frequency sweep master curves for extracted RAP binders and blends
with RAS normalized to PG 64 virgin binder at 15°C (RTFO aged).
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4.3 Glover-Rowe Analysis Results

Figure 4.13 and Figure 4.15 present the black space diagram (stiffness versus phase angle) with
stiffness at a temperature of 15°C and frequency of 8 (10) Hz for blends with PG 64 and PG 58 base
binders, respectively. Three aging conditions are considered in this study: (1) unaged, (2) RTFO aged,
and (3) 20-hour PAV aged. Imposed on the plot are the Glover-Rowe (GR) thresholds that have been
identified to correlate with an increased risk of low temperature and age-related cracking. The GR
value is Gxcos(8)?/sin(6), where G is dynamic shear modulus and 6 is phase angle. GR values less than
180 kPa generally indicate a low risk of cracking, 180 to 450 kPa indicate a transition zone, and greater
than 450 kPa indicate that the binder is prone to cracking (18). Figure 4.14 and Figure 4.16 show the
GR values for blends with PG 64 and PG 58 base binders, respectively.

Figure 4.13 and Figure 4.15 show that different base binders follow different paths in the black space
diagram. The path for the binder blends in the black space diagram is also governed by the base
binder types. The blends with PG 58 were found to have much lower phase angle values compared
with the blends with PG 64, shown in Figure 4.13 and Figure 4.15. The RTFO and PAV aging in the
laboratory were found to increase the GR values for all binder blends. The GR values observed for the
PG virgin binder at unaged, RTFO-aged, and 20-hours of PAV-aged conditions were 0.04, 0.92, and
53.87 kPa, respectively. An increase in RAP binder content in the PG64+R25(A) blend increased the
cracking potential, shown in Figure 4.14. The GR value for this blend after PAV aging was 638 kPa,
which was higher than the 450 kPa limit value. However, the addition of 6% recycling agent with
19% RAP [PG64+R19(A)+R]J6(a)] reduced the GR parameter to 65.21 kPa after 20 hours of PAV aging,
which was close to the GR parameter of the base binder (53.87 kPa) at the same aging condition.

The tall oil-based recycling agent was found to show better efficiency in improving the GR values
compared with the aromatic-based recycling agent. The GR values observed after 20 hours of PAV
aging for the PG64+R19(A)+RJ6(a) and PG64+R21.8(A)+R]3.2(b) blends were 65.2 and 34.7 kPa,
respectively. Both GR values were found to be below the lower limit of 180 kPa. However, a lower
dosage (3.2% by total weight of binder) of tall oil-based recycling agent is required compared with the
aromatic-based recycling agent (6% by total weight of binder) to result in the same or better GR values.
RJ(a) was found to perform better in terms of delta T. values compared with RJ(b) after 20 hours of
PAV aging for most cases. Comparing the delta T. values, which were worse for RJ(b) than RJ(a), and
the GR parameters for the two recycling agents, the results are contradictory. This finding may
indicate that delta T. values may not be a reliable tool in evaluating the efficiency of recycling agents
in terms of temperature and age-related cracking.

Figure 4.17 presents the black space diagram and Figure 4.18 shows the GR values for extracted RAP
binders and blends with RAS. The RAS blend with recycling agent [PG64+R13.3(A)+RAS14.6+R]6(a)]
after PAV aging had a GR value of 753 kPa (in the cracking zone shown in Figure 4.17), indicating that
higher doses of recycling agent would be required for the PG64+R13.3(A)+RAS14.6+R]J6(a) binder blend
to eliminate the cracking potential. Hence, this GR diagram can be potentially used in combination
with rutting parameters to optimize recycling agent dosage rates in asphalt mixes. Care must be taken
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to ensure that optimal recycling agent rates are not exceeded as this may lead to over-softening of the
binder, which can lead to rutting or to a tendency to replace virgin binder contents with recycling
agent beyond what is needed to prevent cracking risk, in addition to increasing the cost of the mix.

The results for the two extracted RAP binders shown in Figure 4.17 show that the more aged RAP(B)
shows little change in stiffness or phase angle with increased aging from RTFO and PAV conditioning,
indicating that most molecules in it that can age already have aged prior to conditioning.
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Notes: R(A): Southern California RAP(A) (high PG of 102°C); R(B): Inland Valley RAP(B) (high PG of 109°C); RAS:
reclaimed asphalt shingles (RAS); RJ(a): aromatic-based recycling agent; RJ(b): tall oil-based recycling agent.

Figure 4.13: Black space plot for RAP blends with PG64 base binder.
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Figure 4.14:Glover-Rowe (GR) parameters for RAP blends with PG 64 base binder.
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Figure 4.15: Black space plot for RAP blends with PG 58 base binder.
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Figure 4.16:Glover-Rowe (GR) parameters for RAP blends with PG 58 base binder.
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Figure 4.17:Black space plot for extracted RAP binders and blends with RAS.
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Figure 4.18: Glover-Rowe (GR) parameters for extracted RAP binders and blends with RAS.

4.4 Fourier Transform Infrared Spectroscopy

Binder blends were tested in unaged, RTFO-aged, and PAV-aged conditions for the carbonyl (CA) and
sulfoxide (SUL) area indices, which are indicators of aging-related chemical products in the binder.
Figure 4.19 and Figure 4.20 show the plots for the CA indices for blends with PG 64 and PG 58 base
binders, respectively. Figure 4.21 and Figure 4.22 show the SUL indices for blends with PG 64 and

PG 58 base binders, respectively. The increasing CA and SUL indices indicate greater aging (6,7).
Table A.2 shows the summary of the FTIR test results.

Figure 4.19 and Figure 4.20 show that the CA indices were found to increase with laboratory aging for
all binder blends. The control base binder 1 (PG 64) had larger initial but lower final CA values
compared with base binder 2 (PG 58), indicating that the control base binder is less aging susceptible.
The CA indices found for the PG64 Virgin binder under the unaged, RTFO-aged, and PAV-aged
conditions were 0.18, 0.47, and 1.14, respectively (Table A.2). The CA indices observed for the

PG58 Virgin binder under the unaged, RTFO-aged, and PAV-aged conditions were 0.12, 0.40, and 1.24,
respectively. The addition of RAP was found to increase the CA indices for all aging conditions. The CA
indices found for the PG64+R25(A) blend under the unaged, RTFO-aged, and PAV-aged conditions
were 0.84, 1.05, and 1.70, respectively (Table A.2). Therefore, the CA index can be used for tracking the
use of aged binder from RAP/RAS in asphalt mixes. Similar findings have been found in previous
UCPRC studies (6,7). However, the binder blend with 25% RAP(A) and no recycling agent
[PG64+R25(A)] had a CA index for all aging conditions similar to the blend with 19% RAP(A) and
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6% RJ(a) [PG64+R19(A)+RJ6(a)], shown in Table A.2. This finding was unexpected given that the
addition of a recycling agent is expected to reduce the degree of aging of asphalt binders and was
attributed to the presence of CA in the recycling agent.

The CA indices for the aromatic-based recycling agent [R](a)] under the unaged, RTFO-aged, and PAV-
aged conditions were 1.89, 1.95, and 2.52, respectively. The CA index was zero for the tall oil-based
recycling agent [R](b)]. Based on these results, a modified CA parameter (cAmod) was proposed to
track the aging of binder blends containing RJ(a), shown in Equation 4.1 (6). In this equation, the CA
values of recycling agent were selected based on the aging conditions (unaged, RTFO-aged, or PAV-
aged) of the rejuvenated binder blends. The cAmod values are shown in Appendix Table A.3 and are
further considered to evaluate the correlation between binder chemical and rheological parameters.

cAmod = Measured CA - [(% Recycling agent used) * CA of Recycling agent] 4.1)

Figure 4.21 and Figure 4.22 show that the SUL indices were not increasing consistently with the
increase in degree of aging. The SUL indices observed for the PG64+R25(B) blend under the unaged,
RTFO-aged, and PAV-aged conditions were 3.05, 2.94, and 5.25, respectively. Therefore, a lower SUL
index was observed after RTFO aging compared with the unaged condition for the PG64+R25(B) blend.
Inconsistent SUL index results with aging were also observed for other blends, shown in Figure 4.21
and Figure 4.22. An earlier study also reported similar findings for blends containing RAP/RAS and
recycling agent (7).

Previous literature indicates that the CA index is a good indicator of the changes in binder rheological
properties with different amounts of aging for rutting at high temperatures and for stiffness related to
different types of cracking at lower temperatures (6,7,19). The findings of one study suggested that the
correlation between binder chemical and rheological properties depends on the base binder grades
and sources (6). For mixes with RAP, the blended binder properties also play an important role in
defining the relation between chemical and rheological parameters (5). The results obtained in this
research, shown below, indicate a strong correlation between the modified CA index (cAmod) and the
stiffness at 64°C and 10 Hz (Figure 4.23), Glover-Rowe criteria (Figure 4.24), and the crossover modulus
(Figure 4.25) for both base binder types. The crossover modulus is the stiffness at which the phase
angle is 45 degrees, with a decreasing crossover modulus indicating less ability to relax stresses under
thermal contraction. The results show how the risk of temperature-related cracking increases with
aging while the risk of rutting decreases.
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Figure 4.19: Carbonyl area (CA) index changes after aging for RAP and RAS blends with PG 64 base binder.
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reclaimed asphalt shingles (RAS); RJ(a): aromatic-based recycling agent; RJ(b): tall oil-based recycling agent.

Figure 4.20: Carbonyl area (CA) index changes after aging for RAP and RAS blends with PG 58 base binder.
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reclaimed asphalt shingles (RAS); RJ(a): aromatic-based recycling agent; RJ(b): tall oil-based recycling agent.
Figure 4.22: Sulfoxide area index changes after aging for RAP and RAS blends with PG 58 base binder.
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Figure 4.23: Modified carbonyl area (CA) versus G* at 10 Hz and 64°C for all binders.
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Figure 4.24: Modified carbonyl area (CA) index versus Glover-Rowe (GR) parameter for all binders.
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Figure 4.25: Modified carbonyl area (CA) index versus crossover modulus for all binders.

RESEARCH REPORT 49 UCPRC-RR-2023-06



5 MIXTESTING RESULTS

The results of the laboratory testing of the mixes are presented in this chapter. In Chapter 6, the same
results are regrouped for presentation within the context of each of the questions posed in Section 1.3
and discussed to answer the questions.

5.1 Axial Dynamic Modulus Test

The results of the axial dynamic modulus testing are shown in Figure 5.1 and Figure 5.2 for the mixes
with PGH 64 and in Figure 5.3 for the mixes with PGH 58. The reduced frequency range in the figures
(10”° to 10™ Hz) corresponds to the range of temperature and frequency applied in the AMPT dynamic
modulus testing (39°F-129°F [4°C-54°C] and 0.1-25 Hz).
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100 000 —4—75% PG64, 25% RPG109, 0% Rej
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Figure 5.1: Axial dynamic modulus test results at 68°F (20°C)—mixes with PGH 64 and RAP.
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Figure 5.2: Axial dynamic modulus test results at 68°F (20°C)—mixes with PGH 64 and RAS.
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Figure 5.3: Axial dynamic modulus test results at 68°F (20°C)—mixes with PGH 58 and RAP.

5.2 Flexural Dynamic Modulus Test

The results of the flexural dynamic modulus testing are shown in Figure 5.4 and Figure 5.5 for the
mixes with PGH 64 and in Figure 5.6 for the mixes with PGH 58. The reduced frequency range in the
figures (10* to 10" Hz) correspond to the range of temperature and frequency applied in the four-point
bending (4PB) dynamic modulus testing (50°F-86°F [10°C-30°C] and 0.01-15 Hz). There is a strong
correlation between the flexural dynamic modulus and axial dynamic modulus (measured in the
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AMPT), as expected, shown in Figure 5.7. Overall, the flexural dynamic modulus is around 35% less
than the axial dynamic modulus, most likely due to the anisotropy associated to the compaction (mix
stiffer in vertical than in horizontal direction) and the AMPT loading (compression and shear)
mobilizing the aggregate skeleton more than the 4PB flexural loading (tension and compression).
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Figure 5.4: Flexural dynamic modulus test results—mixes with PGH 64 and RAP.
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Figure 5.5: Flexural dynamic modulus test results—mixes with PGH 64 and RAS.
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Figure 5.6: Flexural dynamic modulus test results—mixes with PGH 58 and RAP.
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Figure 5.7: Relationship between axial dynamic modulus (AMPT) and flexural dynamic modulus—all mixes.

5.3 Flexural Fatigue Cracking Test

The results of the flexural fatigue testing are shown in Figure 5.8 and Figure 5.9 for the mixes with the
PG 64 control binder and in Figure 5.10 for the mixes with the PG 58 binder. Surprisingly, the addition
of the RAP did not have a negative effect on the fatigue life of the mixes at a given strain. In fact, the
fatigue life of the mixes with RAP improves compared with the control mix with no RAP (Figure 5.8),
including the mix with 25% RAP and no recycling agent, despite a significant increase in stiffness. The
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same applies to the addition of both RAP and RAS to the PG 64 mixes (Figure 5.9). The PG 58 mixes
with RAP also have better fatigue performance than the PG 64 control mix with no RAP (Figure 5.10),

regardless of whether they include recycling agent or not.
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Figure 5.8: Flexural fatigue test results—mixes with PGH 64 and RAP.
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Figure 5.9: Flexural fatigue test results—mixes with PGH 64 and RAS.
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Figure 5.10: Flexural fatigue test results—mixes with PGH 58 and RAP.

5.4 IDEAL-CT Test

The results of the IDEAL-CT test are shown in Figure 5.11 and Figure 5.12 for the mixes with the PG 64
base binder and in Figure 5.13 for the mixes with PG 58 base binder. As explained above, two
measures that result from the IDEAL-CT test are the Cracking Tolerance Index (CTma.x) and the Strength.
There is poor correlation between CTjnq.. and 4PB fatigue life, shown in Figure 5.14 (g; is the strain at
which the 4PB fatigue life is 10° cycles). The same poor correlation was reported in a previous UCPRC
study (20). The CTpa. is correlated to the Strength, though the correlation is binder and most likely mix
dependent. As shown in Figure 5.15, the relationship between CTa.. and Strength differs between the
mixes with PG 64 base binder and the mixes with PG 58 base binder. In contrast, the relationship
between axial dynamic stiffness at intermediate temperatures (and therefore also with flexural
stiffness) and Strength is the same for the two groups of mixes (Figure 5.16). Similar outcomes were
shown in the previously mentioned UCPRC study (20).
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Figure 5.11: IDEAL-CT test results—mixes with PGH 64 and no RAS.
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Figure 5.12: IDEAL-CT test results—mixes with PGH 64 and RAS.
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Figure 5.16: Relationship between axial dynamic stiffness at 77°F (25°C) and 1 Hz and IDEAL Strength.

5.5 Repeated Load Test

The results of the AMPT repeated load testing are shown in Figure 5.17 to Figure 5.20 for the mixes with
PG 64 base binder and in Figure 5.21 and Figure 5.22 for the mixes with PG 58 base binder. The figures
include the unconfined and confined (5 psi [35 kPa]) flow number at 122°F (50°C), with a repeated axial
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loading deviator stress of 483 psi (70 kPa). While there is a good correlation between the confined and
unconfined flow number, there are also some outliers versus the overall trend (Figure 5.23).
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Figure 5.17: Repeated load test results at 122°F (50°C) and 5 psi (35 kPa) confinement—
mixes with PG 64 and RAP.
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Figure 5.18: Repeated load test at 122°F (50°C) and no confinement—mixes with PG 64 and RAP.
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Figure 5.19: Repeated load test results at 122°F (50°C) and 5 psi (35 kPa) confinement—
mixes with PG 64 and RAP.
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Figure 5.20: Repeated load test results at 122°F (50°C) and no confinement—mixes with PG 64 and RAS.
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Figure 5.21: Repeated load test results at 122°F (50°C) and 5 psi (35 kPa) confinement—
mixes with PG 58 and RAP.
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Figure 5.22: Repeated load test results at 122°F (50°C) and no confinement—mixes with PGH 58 and RAP.
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Figure 5.23: Relationship between unconfined and confined (5 psi [35 kPa]) flow number.

5.6 Hamburg Wheel-Tracking Test

The results of the Hamburg Wheel-Tracking (HWT) test are shown in Figure 5.24 and Figure 5.25 for
the mixes with PG 64 base binder and in Figure 5.26 for the mixes with PG 58 base binder. The
maximum number of passes applied in the HWT test was 35,000. There is poor correlation between
the HWT test results (number of passes to 0.5 in. [12.5 mm]) and the AMPT flow number, both
confined and unconfined, shown in Figure 5.27 and Figure 5.28, respectively.
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Figure 5.24: Hamburg Wheel-Tracking test results—mixes with PGH 64 and no RAS.
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Figure 5.25: Hamburg Wheel-Tracking test results—mixes with PGH 64 and RAS.
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Figure 5.26: Hamburg Wheel-Tracking test results—mixes with PGH 58.
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Figure 5.27: Relationship between confined (5 psi [35 kPa]) AMPT flow number and HWT test
number of passes to 0.5 in. (12.5 mm); both tests conducted at 122°F (50°C).
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6 DISCUSSION OF RESULTS

The results of the testing of mixes and binders are discussed in this chapter. The discussion is

organized around the different questions that this research study was expected to answer (Section 1.3).

6.1 What Are the Effects of the Addition of High RAP content on the Mechanical Properties of the HMA?

The effects of the RAP addition can be evaluated by comparing the mechanical properties of the mixes

with 25% RAP and no recycling agent versus the mechanical properties of the two mixes without RAP

(with a PGH of either 64°C or 58°C). The 50% binder replacement mixes were only evaluated with

recycling agent. The addition of RAP to HMA produced the following effects:

HMA stiffness: The HMA stiffness increased (Figure 6.1). The same conclusion has been
reported by other studies (2,3,4). As shown in Figure 6.1, the RAP addition shifts the dynamic
modulus master curve of the HMAs with no RAP (“100% PG64, 0% RAP, 0% Rej” and “100%
PG58, 0% RAP, 0% Rej”) to the left (decreasing reduced frequency), which results in increasing
stiffness for the same reduced frequency, or equivalently increasing stiffness for the same
temperature.

HMA IDEAL-CT test results: The IDEAL-CT test load-displacement curves showed increased
strength and a steeper post-peak curve of load versus displacement (Figure 6.2). As shown in
Figure 6.2, the curves expand in the y-axis direction (higher load) while contracting in the
x-axis direction (lower displacement). Increased strength in this test has been highly correlated
with axial and flexural stiffness at intermediate temperatures and frequencies of loading
(Figure 5.16). The CTimaex is a function of the strength and other parameters describing the
shape of the load-displacement curve (see Section 2.3.2.5) and decreased with the inclusion of
25% RAP (Figure 6.3).

HMA fatigue resistance: The 4PB flexural fatigue life slightly increased (Figure 6.4) with the
inclusion of 25% RAP. This outcome was not expected, and it is believed to be related to the
virgin binder used in the control mix (“100% PG64, 0% RAP, 0% Rej”). To test the hypothesis,
the 4PB fatigue life of the control mix with no RAP was compared with the fatigue life of other
HMAs with a similar binder PG grade but from different sources and RAP contents from 0% to
25%. The comparison in Figure 6.5 shows that the fatigue life of the control mix is much lower
than the fatigue life of HMAs produced with binders with same or similar PG grade from other
sources for mixes with 0% to 25% RAP. Further, Figure 6.6 shows that increased binder
replacement for the PG 64 control mix results in a greater &, with an increased €s meaning
longer fatigue life at a given tensile strain, which indicates that the RAP binder alone and the
combination of RAP binder and recycling agent provide better fatigue resistance than the base
binder (PG 64) used in this study.

HMA rutting resistance: The rutting resistance increased (Figure 6.7 and Figure 6.8) with the
addition of RAP. The same conclusion has been reported by other studies (2,3,4). Figure 6.7
shows the improvement in rutting resistance based on AMPT repeated load testing. Figure 6.8
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shows the same result based on HWT test with one exception: the 25% RAP(A), which had less
aging, did not improve the HWT rutting performance. In the two figures, the mixes with PG 64
and 25% RAP must be compared with the mix with PG 64 and 0% RAP while the mixes with

PG 58 and 25% RAP must be compared with the mix with PG 58 and 0% RAP.

e Others: For all variables (stiffness, IDEAL CTi.qx and Strength, and rutting resistance), the effect
of the Inland Valley RAP(B) was greater than the effect of the Southern California RAP(A). This
outcome agrees with the higher degree of aging of the Inland Valley RAP(B), whose PGH is
109°C, compared with the Southern California RAP(A), whose PGH is 102°C.
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Figure 6.1: Effect of RAP on HMA stiffness.
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Figure 6.5: Comparison of fatigue life of the control mix (100% PG64, 0% RAP, 0% Rej) versus other HMAs
with similar PG grade (either PG 64-16 or PG 64-10) and different binder sources with 0% to 25% RAP.
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Figure 6.7: Effect of RAP on HMA rutting resistance (AMPT confined repeated load testing).
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Figure 6.8: Effect of RAP on HMA rutting resistance (HWT testing).

6.2 Can the RAP Addition Effects Be Predicted Based on Testing of the Blended Binder?

The answer to the research question is addressed below for each of the HMA mechanical properties

that were evaluated in this study:

HMA stiffness: There is a strong correlation between HMA stiffness at high, intermediate, and
low temperatures and the respective high, intermediate, and low PGs of the binder blend
(Figure 6.9, Figure 6.10, and Figure 6.11, respectively). The increase in HMA stiffness at the
high temperature (Figure 6.9) is also consistent with the high temperature PG of the RAP
binder: higher for RAP(B) (PGH 109) than for RAP(A) (PGH 102), as expected. The relationships
presented in Figure 6.9 to Figure 6.11 cannot be directly applied to other HMAs. Nonetheless, a
similar pattern is expected for other HMAs: an increase in the PG high, intermediate, and low
of the binder blend will be an indication of the HMA stiffening at high, intermediate, and low
temperatures due to the RAP addition.

HMA IDEAL-CT test results: There is a good correlation between the strength of the HMA,
measured in the IDEAL-CT test, and the intermediate PG of the binder blend (Figure 6.12). This
outcome is consistent with the good correlation found between HMA stiffness at the
intermediate temperature and binder blend intermediate temperature PG (Figure 6.10), on the
one hand, and between HMA stiffness at the intermediate temperature and IDEAL Strength
(Figure 5.16), on the other hand. Unfortunately, the performance grade intermediate (PGI) of
the binder blend was not a good indicator of the RAP effect on HMA IDEAL CTix (Figure 6.13).
The same conclusion applies to the high and low temperature PGs (figures not shown in the
report).
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o HMA fatigue resistance: Only one of the HMAs with RAP was tested for 4PB flexural fatigue
together with the corresponding mix with no RAP: the HMA with a PGH of 64°C and
25% RAP(A) (PGH of 102°C). While the PGI of the binder blend increased due to the RAP
addition (from 28.7°C to 32.9°C), the fatigue resistance did not drop, which was the expected
outcome. The PGI of the binder blend was not a good indicator of RAP effect on HMA fatigue
resistance. The same conclusion applies to the PGHs and performance grade lows (PGLs)
(figures not shown in the report).

e HMA rutting resistance: The increase in rutting resistance, measured with AMPT repeated
load testing and HWT testing, is consistent with the increase in the PGH of the binder blend.
There is a good correlation between rutting resistance and PGH, shown in Figure 6.15 (AMPT,
unconfined flow number), Figure 6.16 (AMPT, confined flow number), and Figure 6.17 (HWT
test, number of passes to 0.5 in. [12.5 mm]). The relationship between rutting resistance and
PGH is somewhat less consistent for the unconfined flow number (Figure 6.15) than for the
other two variables. Again, while the relationships presented in Figure 6.15 to Figure 6.17
cannot be directly applied to other HMAs, similar pattern is expected: an increase in the PGH
of the binder blend will be an indication of the HMA improved rutting resistance due to the

RAP addition.
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Figure 6.9: Relationship between HMA stiffness at high temperature
(low reduced frequency) and binder blend PGH.
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6.3 What Are the Effects of the Recycling Agent Addition on the Mechanical Properties of HMA with High
RAP Content?

The effects of the recycling agent addition can be evaluated by comparing the mechanical properties

of the mixes with recycling agent (either aromatic or tall oil) versus the mechanical properties of the

same mixes without recycling agent. Only mixes with 25% binder replacement were tested without

recycling agent. The addition of the recycling agent produced the following effects on the HMA:

o HMA stiffness: The HMA stiffness decreased due to the recycling agent softening effect
(Figure 6.18 and Figure 6.19). As shown in Figure 6.18 and Figure 6.19, the recycling agent
addition shifts the dynamic modulus master curve of the HMAs with RAP (“75% PG64,

25% RPG102, 0% Rej” and “75% PG58, 25% RPG102, 0% Re;j”) to the right, in a manner that is
somewhat (although not exactly) opposite to the RAP addition effect.

e HMA IDEAL-CT test results: The load-displacement curves contracted in the y-axis direction
(lower load), as expected, due to the softening effect of the recycling agent (Figure 6.20 and
Figure 6.21). The effect on the x-axis direction varied from mixes with PG 64 binder, where the
recycling agent produced a flatter post-peak slope, versus the mixes with PG 58 binder, where
the recycling agent reduced the strength but did not have much effect on the post-peak slope.
Consequently, while the addition of the recycling agent improved the CTineex 0f the mixes with
PG 64 binder, it did not improve the CTqex of the mixes with PG 58 binder (Figure 6.22).

o HMA fatigue resistance: The addition of recycling agent did not produce a considerable
change in the 4PB flexural fatigue life of the mix with PG 64 binder (Figure 5.8 and Figure 6.23).
This result was not expected, and it is believed to be related to the fact that the RAP addition
did not reduce the fatigue life of the control mix without RAP. On the contrary, for the mix with
PG 58 binder, the addition of the aromatic recycling agent resulted in an improvement in the
4PB flexural fatigue life (Figure 5.10) compared with the mix with 25% RAP and no recycling
agent. The & increased 25% after adding the aromatic recycling agent (Figure 6.23).

e HMA rutting resistance: The addition of the recycling agent did not consistently produce the
same effect on the rutting resistance of the HMA with RAP. Depending on the combination of
base binder (PG 64 or PG 58), recycling agent (aromatic or tall oil), and test (AMPT
confined/unconfined, or HWT test), the rutting resistance increased, decreased, or remained
roughly unchanged. (See HWT test results in Figure 6.24 and Figure 6.25.)

o Difference Between Recycling Agents: The only clear difference between the two recycling agents
was that the aromatic required a higher dose (around 60% higher) than the tall oil to produce
similar effects on the HMA mechanical properties. The NCHRP 9-58 study also concluded that the
(petroleum-based) aromatic recycling agents required higher dose than the tall oils to produce
similar effects on the HMA mechanical properties (5). The difference reported is not as high, likely
due to changes in the chemistry of the different recycling agents since the NCHRP project was
completed. That project reported a drop in the PGH of the binder blend of 1.38°C and 1.82°C
(around 30% higher) for every 1% increase in aromatic and tall oil content, respectively.
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Figure 6.18: Effect of recycling agent addition on HMA stiffness—mixes with PGH 64.
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Figure 6.19: Effect of recycling agent addition on HMA stiffness—mixes with PGH 58.
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Figure 6.20: Effect of recycling agent addition on HMA IDEAL-CT test results—mixes with PGH 64.

16

—e— 100% PG58, 0% RAP, 0% Rej
—8—75% PG58, 25% RPG102, 0% Rej

Load (kN)

—8—75% PG58, 21% RPG102, 4% Aromatic

——75% PG58, 22.5% RPG102, 2.5% TallOil

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Displacement (mm)

Figure 6.21: Effect of recycling agent addition on HMA IDEAL-CT test results—mixes with PGH 58.
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Figure 6.23: Effect of recycling agent addition on HMA 4PB fatigue life.
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Figure 6.24: Effect of recycling agent addition on HMA rutting resistance (HWT testing)—
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Figure 6.25: Effect of recycling agent addition on HMA rutting resistance (HWT testing)—
mixes with PG 58.
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6.4 By Using a Recycling Agent, Can the Mechanical Properties of an HMA with High RAP Content Be

Restored Back to the Properties of the HMA with Low RAP Content?

The answer to the research question is addressed in the following discussion for each of the two

strategies considered in this study: (1) adding recycling agent while maintaining the base binder and

(2) adding recycling agent while replacing the base binder with a softer binder.

The first strategy is adding recycling agent while maintaining the base binder (PGH 64). The effects on
the HMA are the following:

HMA stiffness: The recycling agent (RA) addition produced an effect on the stiffness of the mix
that was roughly the opposite of the RAP addition effect (Figure 6.26). Consequently, by
selecting the right amount of recycling agent, the dynamic modulus master curve of the mix
with high RAP content can be restored back to the master curve of the control mix with no RAP
(or with low or regular RAP content in general). It should be noted that in Figure 6.26 the
dynamic modulus of some mixes with RAP and recycling agents are within +20% of the control
mix for most of the reduced frequency range.

HMA IDEAL-CT test results: The RA addition produced an effect on the load-displacement
curves that was roughly the opposite of the RAP addition effect (Figure 6.27). Consequently, by
selecting the right amount of recycling agent, the IDEAL-CT test parameters (in particular,
CTaer and Strength) of the mix with high RAP content can be restored back to values similar to
the mix with no RAP (or with low or regular RAP content in general). Since CTin. and Strength
are strongly correlated to the mix stiffness (for a particular mix and binder), the recycling
agent dose required to restore the stiffness will be similar to the dose required to restore the
IDEAL-CT test parameters.

HMA fatigue resistance: A conclusion could not be reached based on this study’s experimental
data as the RAP addition did not reduce the 4PB flexural fatigue life of the mix with PGH 64
binder (Figure 5.8 and Figure 6.23).

HMA rutting resistance: Since the RAP addition improved the rutting resistance, there is no
need to restore this property back to the same value of the control mix with no RAP. The caveat
is that the recycling agent addition may make the mix rutting susceptible. This issue is
discussed in Section 6.6.
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Figure 6.26: Comparison of recycling agent (RA) versus RAP addition effects on the stiffness
of the HMA—mixes with PG 64.
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Figure 6.27: Comparison of recycling agent (RA) versus RAP addition effects on the
load-displacement curves of the IDEAL-CT test—mixes with PGH 64.
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The second strategy is adding recycling agent while replacing the base binder by a softer binder
(PGH 58). The effects on the HMA are the following:

e HMA stiffness: Both RAP and recycling agent modify the dynamic modulus master curve
around the master curve of the mix with PGH 58 binder and no RAP. The RAP shifts the master
curve in the direction of decreasing frequencies while the recycling agent shifts it in the
direction of increasing frequencies. Since the master curves of the two mixes without RAP
differ from each other, PGH 64 versus PGH 58 (Figure 6.28), the master curve of the mixes with
PGH 58 binder and RAP and recycling agent will only partially match the master curve of the
control mix with PGH 64 and no RAP (Figure 6.29). In other words, the recycling agent brings
the master curve back to the master curve of the mix with PGH 58 and no RAP but not to the
control mix with PGH 64 and no RAP.

e HMA IDEAL-CT test results: Both RAP and recycling agent modify the load-displacement
curves around the curve of the mix with PGH 58 binder and no RAP. The RAP shifts the curves
in the direction of increasing load while the recycling agent shifts it in the direction of
decreasing load. Since the load-displacement curves of the two mixes without RAP differ from
each other (PGH 64 versus PGH 58), the load-displacement curve of the mixes with PGH 58
binder, RAP, and recycling agent will only partially match the curve of the control mix with
PGH 64 and no RAP (Figure 6.30).

e HMA fatigue resistance: A final conclusion could not be reached based on this study’s
experimental data as the 4PB fatigue life of the mixes with PGH 58 base binder, RAP, and no
recycling agent was higher than the 4PB fatigue life of the control mix (PGH 64 binder and
no RAP). Nonetheless, the fact that the recycling agent improved the 4PB fatigue life of the
mixes with PGH 58 base binder and RAP suggests that restoring the fatigue resistance of a
generic control mix by using step-down binder and recycling agent is possible.

e HMA rutting resistance: Since the RAP addition improved the rutting resistance, there is no
need to restore this property back to the same value of the control mix with no RAP. The caveat
is that the recycling agent addition may make the mix rutting susceptible. This issue is
discussed in Section 6.6.
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Figure 6.28: Comparison between the stiffness of the two mixes without RAP.
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Figure 6.30: Comparison of recycling agent (RA) versus RAP addition effects on the load-displacement
curves of the IDEAL-CT test—mixes with PGH 58.

6.5 Are There Specific Considerations Required for the Addition of RAS Compared with the Addition of RAP?

The RAS binder is typically much stiffer (harder) than the RAP binder and, consequently, it is expected
to produce a bigger impact on the mix mechanical properties than the RAP binder. In this study, the
PG of the RAS binder could not be determined as the dynamic shear rheometer loading was not high
enough to produce the required testing strain. Nonetheless, the PG of the binder blend with RAS could
be determined. The PGH was very high compared with the binder blends with only RAP while the PGI
and the PGL were comparable to the binder blends with only RAP.

Overall, the RAS addition effect on the mix mechanical properties was consistent with the higher
stiffness (higher PG) of the RAS binder compared with the RAP binder:

e HMA stiffness: The RAS effect on mix stiffness at high, intermediate, and low temperatures
was consistent with the PGH (Figure 6.31), PGI (Figure 6.32), and PGL (Figure 6.33),
respectively, of the binder blend. The RAS effect was particularly relevant at high

temperatures.

e HMA IDEAL-CT test results: The RAS effect on the IDEAL CTing. and Strength was consistent
with the PGI of the binder blend (Figure 6.34).

o HMA fatigue resistance: The RAS effect on the flexural fatigue life was consistent with the
binder replacement ratio (Figure 6.35). As previously explained, the RAP binder alone provided
better fatigue resistance than the base binder (PGH 64) used in this study. Based on the fatigue
results presented in Figure 6.35, the same applies to the combination of RAP and RAS binders.
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HMA rutting resistance: The increase in rutting resistance due to the RAS addition was,
overall, high compared with the effect of the RAP addition (Figure 6.36). This outcome is
consistent with the high PGH of the binder blend with RAS compared with the binder blends
with only RAP.

The addition of the recycling agent produced similar effects on the mix with RAP and RAS compared

with the mixes with only RAP: overall reduction of stiffness, contraction of the IDEAL-CT test load-

displacement curves in the y-direction with the consequent reduction of strength and expansion in the

x-direction with the consequent increase of CTp.4.x, and not much effect on the flexural fatigue life. For

the mix with RAP and RAS, the recycling agent addition reduced the rutting resistance.

The dynamic modulus versus PG data shown in Figure 6.31 to Figure 6.33 indicate that the mixes with

RAP and RAS follow similar pattern that the mixes with only RAP. The same conclusion can be drawn
in terms of the IDEAL-CT test results (Figure 6.34). Overall, other than the high values of the RAP
binder PG, no main difference was found between the way that RAS and RAP impact the mechanical

properties of the mix.
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Figure 6.31: Comparison between RAP and RAS effects—HMA stiffness at high temperature
(low reduced frequency).

RESEARCH REPORT 87 UCPRC-RR-2023-06



1400 000

e 100% PG64, 0% RAP, 0% Rej
1200 000 = _
& . m 75% PG64, 25% RPG102, 0% Re]
‘»
3 2 1000000 ,
=N A 75% PG64, 25% RPG109, 0% Rej
8T °
€ — 800000
S A 0 100% PG58, 0% RAP, 0% Rej
£ET 600000 O
cQ 0 75% PG58, 25% RPG102, 0% Rej
=9
— 400000
28 o A75% PG58, 25% RPG109, 0% Rej
200 000
m 65.7% PG64, 19.1% RPG102, 15.2%
0 RAS, 0% Rej

0 10 20 30 40
PG intermediate of binder blend (°C)
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Figure 6.36: Comparison between RAP and RAS effects—HWT test rutting resistance.

6.6 Can Mixes with 50% RAP Content and/or RAS Be Engineered to Have Desired Properties for
Different Applications in the Pavement Structure?
As has been discussed throughout this report, different types of properties are desired for different
applications of HMA. For thinner (less than 0.2 ft. or, in some cases, 0.25 ft.) overlays on cracked
asphalt pavement or full-depth recycled pavement, the generally desired properties are rutting
resistance and fatigue resistance versus tensile strain, without great concern about stiffness at
intermediate temperatures. As overlays become thicker than 0.25 ft. on cracked asphalt pavement or
concrete pavement, or new asphalt in reconstructed pavement, the HMA layers below the top 0.15 to
0.25 ft. surface layer generally will produce better pavement performance as they become stiffer,
provided the fatigue resistance versus tensile strain property is not reduced too much by the increased
stiffness. As was found with the control PG 64 binder used in this study, stiffness and fatigue
resistance are not highly correlated, and for some PG 64 binders poor fatigue resistance results even
when they are tested in mixes without RAP or RAS.

To find the required thicknesses for the combination of these variables for a given project’s context,
Caltrans designers use pavement fatigue and reflective cracking simulation to determine the predicted
performance, considering the complex interactions of stiffness, fatigue resistance, pavement asphalt
layer thicknesses, the rest of the pavement structure below the asphalt, climate, and truck traffic. The
use of high RAP contents and/or RAS adds some further complexity but also add new tools to the
designer’s toolbox. RAP and RAS can be tools to engineer mixes that have increased stiffness for the
layers below the surface, but the effects of the stiffness on fatigue need to be considered as well as the
appropriate risks of rutting, fracture cracking, and moisture damage at these greater depths.
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The question formulated in this section of the report is addressed for surface layers and for layers
below the surface as follows:

e Surface layers: Many of the mixes in this study were engineered to have blended base binder,
RAP and/or RAS, and recycling agent resulting in the same PGH as the PG 64 control base
binder, with the intent of matching mix stiffness and fatigue properties of the mix with only
the base binder and no RAP or RAS. The binder and mix testing results from this study,
presented in Section 6.4, for the mixes designed to meet that objective show that this extreme
case can be engineered using a recycling agent potentially combined with changes in the base
binder PG grade.

e Layers below the surface layer: The results for mixes with the PG 64 base binder and the PG 58
base binder and 25% RAP show that increased stiffness can be engineered using RAP and a
base binder source and low PG, with or without use of a recycling agent (Figure 6.1). The
results also show that fatigue resistance can be engineered using RAP (Figure 6.4 and
Figure 6.5) and using RAP, a recycling agent, and changes in base binder (Figure 6.6). As shown
in Figure 6.4 and Figure 6.5 for RAP and in Figure 6.35 for RAS, replacing the base binder with
RAP and/or RAS binder should not be assumed to always result in reduced fatigue resistance
versus tensile strain. The overall answer is that the stiffness and fatigue properties of the mix
depend on the properties of the base binder source (and not just the PG of the base binder),
and the RAP and/or RAS source and their properties, and these properties can be engineered
using these tools to achieve desired outcomes.

It must be noted that these conclusions are based only on short-term aged materials, and additional
work to evaluate medium-term aging stiffness and fatigue properties should be done to reach final
recommendations. It should also be noted that the best combinations of stiffness and fatigue
resistance for layers below the surface should be determined using CalME simulations and trying
different mixes to find the most economical combination in the different asphalt layers to achieve the
required design life for a given application.

6.7 What Is the Recommended Approach to Determine the Recycling Agent Dose?
6.7.1 Initial Considerations

6.7.1.1 What s the Goal of Adding the Recycling Agent?

The standard goal of adding the recycling agent is restoring the properties of the mix with high
RAP/RAS content back to the properties of the control mix with either no RAP/RAS or low/standard
RAP/RAS content. This is the goal of Approach 1 is outlined in Section 6.7.2. Underlying this goal is the
assumption that the RAP/RAS addition is a detriment to the mechanical properties of the mix. This
outcome is not necessarily true within the framework of the balanced mix design (BMD), where the
goal is optimizing the mix mechanical properties to maximize pavement performance. In the BMD
context and in certain scenarios (e.g., non-surface layers of relatively thick asphalt pavements), the
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increase in stiffness associated with the RAP/RAS addition may result in improved pavement
performance even if the RAP/RAS addition also results in loss of fatigue cracking resistance at a given
strain level as measured in the 4PB fatigue test. Optimizing mix properties within the BMD framework
is the goal of Approach 2 outlined in Section 6.7.3.

6.7.1.2 What Mix Mechanical Properties Should Be Considered?

The mechanical properties to consider for determining the recycling agent dose are the properties
that have a relevant effect on pavement performance:

e Properties of short-term oven aged (STOA) mix (or mix as sampled from the plant):
o Rutting resistance
e DProperties of medium-term oven aged (MTOA) mix (20 hours at 100°C):

o Stiffness
o Fatigue cracking resistance

While the research presented in this report does not consider medium-term aged mixes, the two
approaches for determining recycling agent dose (Sections 6.7.2 and 6.7.3) do consider these mixes.

The resistance to moisture-induced damage, not evaluated in this research, is another relevant mix
property that the two proposed approaches consider.

6.7.1.3 Does the Current Method of Determining Recycling Agent Result in Overdosing?

A common approach for determining the recycling agent dose, including the approach recommended in
the draft AASHTO standard developed in NCHRP 9-58 (5) and the approach adopted in this study,
consists of restoring the PGH of the binder blend back to the PGH of the base binder. Nonetheless, there
is no benefit from keeping the PGH of the binder blend at the PGH of the base binder, since PGH is
intended to address rutting at high temperatures and a higher PGH will usually result in better rutting
resistance. The assumption of this approach is that by keeping the blended binder PGH at the base
binder PGH, a commensurate maintenance of the intermediate and low temperature properties of the
blended binder will also occur. This approach is graphically shown in Figure 6.37 and Figure 6.38.

The first issue with this approach is that it unnecessarily increases the cost and may also increase the
environmental impact of the mix by requiring more of the relatively expensive and environmentally
impactful recycling agent than is needed. The second issue with this approach is that it may
unintentionally result in a PGI that is too low and, consequently, in a mix that is too soft at
intermediate temperatures. Such a mix would perform poorly as part of a thicker structure when used
as the intermediate or bottom layer and, if the stiffness is particularly low, it may result in poorer
performance for a thin overlay. This outcome is referred in this report as “overshooting” as it indicates
that the dose of recycling agent was more than needed. The overshooting is due to the RAP/RAS binder
and recycling agent not producing exactly opposite effects on the blended binder PG.
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For example, consider the binders for the mixes with PGH 64 base binder and 50% binder
replacement, shown on the right side of Figure 6.37. The RAP addition results in a PGH increase of
around 17°C above that of the base binder; the dose of tall oil required to bring the PGH back to 64°C is
8.1%. Such a relatively high dose makes the PGI drop to around 6°C below the PGI of the base binder.
The same problem can be seen for the binder in the PGH 58 mixes, shown in Figure 6.38. The
consequence is that the stiffness of the mixes with RAP and recycling agent are too low at intermediate
temperatures, around 50% the stiffness of the control mix (Figure 6.39) for some of the mixes with
either PG 64 or PG 58 base binder. The intent is that the intermediate temperature stiffnesses should
match that of the of the control mix, indicated by the black line in Figure 6.39.

The same figure also shows that the current practice of stepping down the base binder from PG 64 to
PG 58 for the 25% RAP binder replacement mixes resulted in overshooting at intermediate
temperatures, which were reduced by approximately 30% compared with the control mix. These
mixes that have significantly reduced stiffnesses compared with the control mix would perform poorly
in terms of fatigue and reflective cracking if used as an intermediate or bottom layer of an asphalt
overlay or pavement that is thicker than about 0.2 to 0.25 ft. (62 to 75 mm) and—most likely—in quite a
few other scenarios.
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Figure 6.37: Recycling agent dose overshooting in terms of PG—mixes with PGH 64.
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6.7.1.4 Does RAP/RAS Binder Fully Blend with the Virgin Binder and Recycling Agent?

The question of whether the RAP/RAS binder fully blends with the virgin binder and recycling agent is
not easy to answer as there is no test to directly measure the degree of blending between RAP/RAS and
base binders. One approach to answer this question is to compare a property measured in the binder
blend, where full blending is certain, and a similar property measured in the actual mix where full
blending is questionable, such as dynamic stiffness (flexural or axial) or the IDEAL-CT test Strength,
which is highly correlated with mix stiffness. Figure 6.40 and Figure 6.41 show the stiffness and
Strength of the mix, where the extent of blending is unknown, versus the PGI of the binder blend,
where full blending is certain. The mixes with 0%, 25%, and 50% binder replacement using RAP all
follow the same pattern of a linear correlation between stiffness or strength versus the PGI true
temperature, which suggests that the RAP binder fully blended with the virgin binder and, where
used, with the recycling agent during the mixing and short-term laboratory conditioning (four hours at
275°F [135°C] followed by two hours at compaction temperature). The mixes with 34% BR (with RAP
and RAS) follow the same pattern as the mixes with only RAP, which suggest that the RAS binder fully
blended with the virgin binder and, where used, with the recycling agent. Mixes with less than
complete blending would be expected to exhibit deviations from this straight line relationship because
the binder blend in the mix would not have the same recycled binder content and to a lesser extent

because the active binder content in the mix would be reduced.
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Figure 6.40: Mix stiffness and IDEAL Strength versus PGl of the binder blend—mixes
with PG 64 base binder.
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Figure 6.41: Mix stiffness and IDEAL Strength versus PG Intermediate of the binder blend—mixes
with PG 58 base binder.

6.7.1.5 Does Meeting High Performance Grade Ensure Meeting Hamburg Wheel-Tracking Test Requirements?

While there is a good correlation between the PGH of the binder blend and the rutting performance of
the mix (Figure 6.15 to Figure 6.17), meeting the PGH requirement does not ensure meeting the HWT
rutting requirement, shown in Figure 6.42 (PG 64 mixes) and Figure 6.43 (PG 54 mixes). There is one
case in each figure where the binder blend meets the PGH requirement (>64°C) while the mix fails the
Caltrans HWT test requirement (at least 15,000 passes to 0.5 in. rut). The mix with PG 58 base binder
and no RAP or RAS also fails the specification.
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Figure 6.43: Relationship between HMA rutting resistance (HWT test) and
binder blend PG high—mixes with PGH 58.

6.7.1.6 Does a High ATc Ensure Meeting Requirements for Cracking?

The parameter ATc is the difference between the binder critical low temperatures for stiffness and
slope, determined following AASHTO T 313. ATc has been recommended for limiting the risk of age-
related cracking related to poor relaxation properties of the asphalt mix (15), and it has been proposed
that it also provides information regarding reflective cracking and top-down fatigue cracking
(15,20,21,23,24,25). A minimum ATc of -5°C after 20-hour PAV aging has been suggested (15,20,21).
Nonetheless, the experimental data collected in this study do not support these recommendations.
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Figure 6.44 and Figure 6.45 compare the results of the two cracking tests, fracture cracking under

monotonic loading at intermediate temperatures (IDEAL-CT test) and flexural fatigue under repeated

loading (4PB), respectively, versus the ATc of the binder blend. There is almost no correlation between
CTmaex and ATc and, in two cases, the RA addition resulted in a drop in ATc (Figure 6.44, left). This
outcome does not correspond with the expected change in ATc. For the mixes with PG 64 base binder

(Figure 6.44), ATc was negatively correlated to €, which again does not correspond with the presumed

relationship between fatigue and ATc discussed in the studies cited here.
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Figure 6.44: Relationship between cracking test results and ATc of the binder blend—
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6.7.2 Draft Specification Approaches for Mixes Containing RAP and/or RAS

The following are two draft approaches for specifying binders and mixes with up to 50% RAP and/or
RAS binder replacement. The specification is applicable to any binder replacement from 15% to 50%.
Note that use of the HWT as the rutting test is for illustration purposes. The ability of the HWT test to
adequately identify mixes with poor rutting performance is being investigated in an ongoing study for
Caltrans (2023-2026), based on observed field and/or accelerated pavement testing performance.

6.7.2.1 Approach 1: Engineering Desirable Mechanical Properties of the Control Mix

This approach assumes that there is a control mix whose indirect tensile strength (Strength) after STOA
(if the mix will be placed more than 0.5 ft. [152 mm] below the pavement surface) or MTOA (if the mix
will be placed within 0.5 ft .[152 mm] of the pavement surface) has been determined using the
IDEAL-CT test. The Strength is regarded a surrogate for mix stiffness. The Strength results of the STOA
and MTOA control mix are referred as Strength$T0A MTOA
of the STOA and MTOA control mix are referred as CTIST°* and CTIMTOA | respectively. Note that the

subscript “T” stands for “Target.” It is also assumed that there are PG requirements for the binder

and Strength , respectively, while the CTpex

(PGHzg, PGIg, and PGLR) and rutting and moisture sensitivity requirements for the mix (e.g., based on
the HWT test and AASHTO T283, respectively). A note that the subscript “R” stands for “Required.”

The recycling agent dose and the base binder shall be selected to restore the stiffness of the mix at
intermediate temperature:

e Based on binder testing: restore PGI of the binder blend (virgin binder + RAP binder +
recycling agent) to PGIg
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e Based on mix testing:

o If the mix will be used within 0.5 ft. (150 mm) of the pavement surface: restore the
Strength of the MTOA mix to Streng hMTOA

o If the mix will be placed more than 0.5 ft (150 mm) below the pavement surface: restore
the Strength of the STOA mix to Strength STOA

Checks after recycling agent dose is determined:
e Binder blend:
o PGH > PGHg
o PGI < PGl (if recycling agent dose determination was based on mix testing)
o PGL < PGLg

e STOA mix or mix as sampled from the plant (if the mix will be placed less than or equal to
0.5 ft. below the pavement surface, or heavy vehicle truck traffic is expected prior to placement
of the succeeding lifts):

o Mix passes rutting requirements
e MTOA mix (if the mix will be used within 0.5 ft. of the pavement surface):

o Strength within £15% Strength¥TO4 (if recycling agent dose determination was based on
binder testing)

0 CTimex Within £15% CTIMTOA

e STOA mix or mix as sampled from the plant (if the mix will be placed more than 0.5 ft below
the pavement surface):

o Strength within £15% Streng h3'°4 (if recycling agent dose determination was based on
binder testing)

0 CTnue Within £15% CTIZTOA
e Wet-conditioned mix (mix conditioning as indicated in the corresponding testing procedure):
o Mix passes moisture-sensitivity requirements
For relevant projects (those that have more than 100,000 tons of HMA), an additional check based on
4PB fatigue testing may be introduced at job mix formula verification. This check may include
considering setting the fatigue test result based on the CalME simulation to include the combined
effect of stiffness and fatigue resistance. In an ongoing study for Caltrans (2023-2026), a suitable

fatigue test that is faster, less costly, and easier than the current 4PB fatigue test is being investigated
for use in BMD performance-related specifications (PRS) projects.
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6.7.2.2 Approach 2: Optimize Mix Properties Within Balanced Mix Design Framework

This approach is based on the assumption that there are PRSs for the mix based on IDEAL-CT test results,

in addition to rutting and moisture sensitivity requirements (e.g., based on the HWT test and AASHTO

T283, respectively), within the framework of BMD. A preliminary version of such a specification is shown

in Table 6.1 (the proposal of the BMD PRS is the goal of an ongoing Caltrans research project). It is also
assumed that there are PG requirements for the binder (PGHg, PGIz, and PGL&g).

Table 6.1: Draft Routine Balanced Mix Design Performance-Related Specifications Framework
for Controlling Stiffness, Rutting, and Moisture Sensitivity

Short-Te.rm Short-Term Medium- Hamburg
New Asphalt Oven Aging . Term Oven .
- . Oven Aging . Wheel- Moisture
Lifts in Pavement Lift (STOA) Aging . cpr s
(STOA) Tracking Sensitivity
Structure IDEAL IDEAL CT (MTOA) (HWT)
Strength ndex | IDEAL CTindex
Surface 100-175 psi® > 502 >50% STOA? Sect. 39° Sect. 39°
One or two lifts
Below surface > 150 psi >40 >50% STOA Sect. 39" Sect. 39"
Surface 125-175 psi® > 502 >50% STOA? Sect. 39° Sect. 39°
Below surface and
<0.5 ft. from >175 psi >35 >50% STOA Sect. 39" Sect. 39"
Three or more
. surface
lifts
Below surface and S]:eCtsﬁ?]):?'(lazzlclll

>0.5 ft. from > 175 psi >35 Not required to trJuck Sect. 39°

surface .

traffic

Note: Test values are preliminary.
2 Assuming conventional HMA as surface lift; values would change if HMA-PM or RHMA-G surface layer.
b As prescribed in Caltrans Standard Specifications Section 39.

The combination of the base binder and the recycling agent dose shall be the minimum dose that
results in meeting the specifications shown above for the mix and that results in meeting the following
binder specifications for the binder blend (virgin binder + RAP binder + recycling agent):

1. PGH > PGHgy
2. PGL < PGLg

For relevant projects (those with more than 100,000 tons of HMA), an additional check based on 4PB
fatigue testing may be introduced at job mix formula verification. This check may include considering
setting the fatigue test result based on the CalME simulation to include the combined effect of stiffness
and fatigue resistance. A suitable fatigue test that is faster, less costly, and easier than the current 4PB
fatigue test is being investigated for use in BMD PRS projects.
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7 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

The goal of the research presented in this report is to study how the mechanical properties of HMA
change with the addition of high RAP content and RAS resulting in between 25% and 50% binder
replacement and how the resulting changes on stiffness at different temperatures and frequencies and
resistance to fatigue, rutting, and monotonic cracking can be engineered by using recycling agents
and changing the base binder stiffness. To achieve the goal, 16 mixes and the corresponding binders
were fabricated and tested in the laboratory. The set of mixes included a control gradation

(0.5 in. NMAS), two virgin binders (PG 64-16 and PG 58-28), two RAPs with different levels of aging
(PG high of 102°C and 109°C), one RAS, and two recycling agents (a petroleum-derived aromatic and a
tall oil). The testing of the binders included PG grading, shear stiffness, and FTIR spectroscopy. The
mix testing included stiffness (AMPT axial dynamic modulus and 4PB flexural dynamic modulus),
flexural fatigue resistance (4PB), rutting resistance (AMPT repeated load testing [RLT] and HWT), and
IDEAL-CT test to determine the CTi.x and Strength.

7.2 Conclusions

The conclusions are summarized in the following discussion, and they have been grouped to address
the main questions this research intended to answer.

1. What are the effects of the addition of high RAP content on the mechanical properties of the
HMA?

e Asexpected, the addition of RAP resulted in higher stiffness, particularly at high
temperatures, and higher Strength, higher rutting resistance, and lower CTngex.

e Unexpectedly, the addition of RAP to the control mix with PG 64-16 virgin binder did not
reduce, but instead improved, the 4PB fatigue resistance at a given tensile strain. This
unexpected outcome was related to the poor fatigue performance of the binder source used
in this study. In fact, the fatigue performance of the RAP and RAS (aged) binders was better
than the fatigue performance of the PG 64-16 virgin binder.

2. Can the RAP addition effects be predicted based on testing of the blended binder?

e The effects of RAP addition on HMA stiffness, rutting resistance, and IDEAL Strength were
strongly related to the effect on the PG of the binder blend at similar temperatures as the
mix testing. Mix stiffness at high temperatures and rutting resistance were correlated to
PGH, mix stiffness at intermediate temperatures and ITS were correlated to PGI, and mix
stiffness at low temperatures was correlated to PGL. PGH, PGI, and PGL are the PG high,
intermediate, and low, respectively, of the binder blend, with the binder blend being virgin
binder plus RAP binder and recycling agent, if used.
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e On the contrary, the effects of RAP and recycling agent on 4PB fatigue life and IDEAL CTingex
did not correlate well with any blended binder property.

3. What are the effects of the recycling agent addition on the mechanical properties of HMA with
high RAP content?

e Asexpected, the recycling agent produced an overall softening (decrease in stiffness and
IDEAL Strength and increase in IDEAL CTae) of the mix. The effect was somewhat the
opposite to the RAP addition.

e The addition of the recycling agent did not consistently produce the same effect on the
rutting resistance of the HMA with RAP.

e Asexpected, the addition of the recycling agent resulted in an improvement in the 4PB
fatigue life for the mix with PG 58-28 binder. Unexpectedly, the addition of the recycling
agent did not improve the 4PB fatigue life for the mix with PG 64-16 binder. This
unexpected outcome was believed to be related to the poor fatigue performance of the
virgin base binder source used in this study.

e The main difference between the two recycling agents was that the aromatic required a
higher dose (around 60% higher) than the tall oil to produce similar effects on the HMA
mechanical properties. Another difference is that—for a similar effect on the PGH—the
aromatic produced a higher improvement in ATc (more positive ATc) than the tall oil.

4. By using a recycling agent, can the mechanical properties of an HMA with high RAP content be
restored back to the properties of the HMA with low RAP content?

e The answer to this question is that, overall, yes. By using a recycling agent, the stiffness of
the mix with high RAP content can be restored back to the stiffness of the mix with low or
no RAP content, and the same applies to IDEAL Strength, CTma.x, and fatigue resistance.

e The negative impact of the recycling agent on the rutting performance of the HMA is a
possibility that must be considered and tested accordingly by conducting a rutting
performance on the HMA with high RAP content and recycling agent.

5. Are there specific considerations required for the addition of RAS compared with the addition of RAP?

e The effects of adding RAS on the mix mechanical properties was consistent with the higher
stiffness (higher PG) of the RAS binder compared with the RAP binders. Further, the
addition of recycling agent produced similar effects on the mix with RAP and RAS as the
effects on the mixes with only RAP.

e No reason was found to treat mix designs with RAS differently from mix designs with RAP
other than the facts that RAS PGH is typically much higher than RAP PGH and that RAS
binder content is typically three to five times higher than RAP binder content. Because of
the high binder content of the RAS compared with the RAP, the mass amount of RAS to
achieve a similar binder replacement to RAP is three to five times lower.
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6. Can mixes with 50% RAP content and/or RAS be engineered to have desired properties for

different applications in the pavement structure?

It was demonstrated that mixes with both 25% and 50% RAP (or RAS and RAP) can be
engineered to have generally the same properties for a surface mix as a mix with the same
base binder and no RAP.

It was also demonstrated that the addition of RAP and/or RAS can be used to stiffen a mix
used below the surface mix for use in thicker overlays and new pavement.

Mechanical properties for either application can be engineered using different binder
replacement rates, different base binders, different RAP and/or RAS sources, and recycling
agent.

7. What is the recommended approach to determine the recycling agent dose?

The approach followed in this research study, recommended after NCHRP 9-58, which
consists of restoring the PGH of the binder blend back to the PGH of the control binder,
may result in unnecessarily high recycling agent doses and the consequent over-softening
of the mix. The high recycling agent dose will increase cost and greenhouse gas
emissions. Further, the soft mixes will underperform in many scenarios, particularly
when used as layers below the surface in overlays or new pavements with more than one
lift of new HMA.

Two approaches have been proposed for dosing the recycling agent: Approach 1 and
Approach 2.

o Approach 1 focuses on engineering the mechanical properties of the mix with high
RAP/RAS content to match the properties of a control mix with either no RAP/RAS or
low/standard RAP/RAS content. The dosing goal is to match the stiffness of the HMA at
intermediate temperatures, based on either binder or mix testing (PGI and ITS are used
as surrogates for HMA stiffness). The resulting mix and/or the extracted binder is then
tested for low and high temperatures performance verification.

o Approach 2 focuses on meeting the required PRSs within the BMD framework by
changing the base binder and/or using the minimum amount of recycling agent.

Other questions addressed in this study are the following:

8. Does RAP/RAS binder fully blend with the virgin binder and recycling agent?

Based on the comparison of mix test results, for which full bending is unknown, versus
binder test results, for which full bending is guaranteed, it appears that the RAP and RAS
binders fully blended or nearly fully blended with the virgin binder. This result was found
for mixes prepared with laboratory mixing and short-term oven aging conditioning (four
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9.

hours at 135°C followed by two hours at 138°C compaction temperature). Blending level will
increase as the mix ages.

Does meeting PGH ensure meeting HWT test requirements?

e While there is a good correlation between PGH of the binder blend and rutting
performance of the mix, meeting the PGH requirement does not ensure meeting the HWT

rutting requirement.

10. Does a high ATc ensure meeting requirements for fracture and fatigue cracking?

e Asexpected, ATc becomes more negative upon RAP/RAS addition. Nonetheless, no
correlation was found between ATc of the binder blend and IDEAL CTi.. or 4PB fatigue.
Further, the addition of the tall oil recycling agent resulted in worse ATc (more negative)
than the petroleum-based recycling agent in some cases.

7.3 Recommendations

It is recommended that Caltrans moves forward with pilot implementation of high RAP content HMA,

up to 50% binder replacement, in the field. It is recommended that Approach 1 is followed for

determining the recycling agent dose in the beginning. Once Caltrans implements a BMD approach

for HMA, the use of Approach 2 for determining the recycling agent dose would be recommended. No

specific recommendation was formulated regarding the type of recycling agent.

Further research is recommended to address several topics not considered in this study:

The long-term effectiveness of the recycling agent.
The effect of RAP/RAS and recycling agent on the moisture sensitivity of the mix.
Volumetric limits, if applicable, for HMA with greater than 25% RAP/RAS.

A maximum amount of 10% recycling agent was adopted in this research, where the
percentage refers to the sum of virgin binder, recycled binder, and recycling agent. Further
research is required to set the limits for each recycling agent type.

Neither CTrax not ATc showed correlation with the fatigue resistance of the mix, as determined
in the 4PB test. Further research is needed to select a simple performance-related test that can
be used in QC/QA of regular asphalt concrete paving projects.

Completion and piloting of BMD limits for the recommended categories of HMA use (surface layers,
layers below the surface to a depth of 0.5 ft. and layers below the surface and deeper than 0.5 ft.).

o IDEAL Strength and CTina.. for 3/8”, 1/2", 3/4”, and 1” nominal aggregate sizes.
o Validation of HWT test or an alternative simple rutting test for QA/QC in production.

Life cycle assessment (LCA) and life cycle cost analysis (LCCA) to quantify the benefits of using
high RAP/RAS content in HMA while considering performance and the economic and
environmental costs of the recycling agent.
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APPENDIXA BINDERTEST RESULTS

Complete mix design and performance-related test results are available by request and stored in the

UCPRC transmittal databases (Internal Online Lab Tracking System [OLTS] and Stonemont Solutions

Mix Design and QC Management System).

Table A.1: Summary Glover-Rowe Values for All Binder Blends

el Cor.responding GR (kPa)
Mix Number Unaged RTFO-Aged | PAV 20-Aged
RAP(A) Not Tested 3.25E+03 1.20E+04 2.85E+04
RAP(B) Not Tested 2.16E+04 2.56E+04 4.51E+04
PG64 Virgin #1 4.34E-02 9.22E-01 5.39E+01
PG58 Virgin #2 1.74E-01 3.18E+00 6.99E+01
PG64+R15(A) Not Tested 3.45E+00 7.19E+00 2.63E+02
PG64+R25(A) #3 7.67E+00 7.12E+01 6.38E+02
PG58+R25(A) #4 4.64E+00 3.58E+01 2.38E+02
PG64+R25(B) #5 4.95E+00 3.57E+01 4.92E+02
PG58+R25(B) #6 5.72E+00 4.28E+01 2.36E+02
PG64+R19(A)+RJ6(a) #7 2.47E-01 4.39E+00 6.52E+01
PG58+R21(A)+RJ4(a) #8 1.40E+00 1.71E+01 1.14E+02
PG64+R21.8(A)+R]3.2(b) #9 5.61E-01 2.77E+00 3.47E+01
PG58+R22.5(A)+RJ2.5(b) #10 1.10E+00 1.16E+01 6.73E+01
PG64+R50(A) Not Tested 2.39E+02 8.71E+02 2.54E+03
PG64+R40(A)+R]J10(a) #15 4.34E+00 3.94E+01 3.05E+02
PG58+R40(A)+R]10(a) #16 3.34E+00 3.42E+01 1.25E+02
PG64+R41.9(A)+R]8.1(b) #17 9.32E-02 7.00E-01 1.21E+01
PG58+R41.7(A)+R]8.3(b) #18 1.69E-01 2.07E+00 2.91E+01
PG64+R19.1(A)+RAS15.2 #23 2.30E+02 6.62E+02 1.99E+03
PG64+R13.3(A)+RAS14.6+R]6(a) #24 2.05E+01 1.05E+02 7.54E+02

Notes: R(A): Southern California RAP(A) (high PG of 102°C); R(B): Inland Valley RAP(B) (high PG of 109°C); RAS:
reclaimed asphalt shingles; RJ(a): aromatic-based recycling agent; RJ(b): tall oil-based recycling agent.
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Table A.2: Summary FTIR Test Results for All Binder Blends

. CA Index SUL Index
Blend ID Cor.resPondlng RTFO- RTFO-
Mix Number Unaged Aged PAV-Aged | Unaged Aged PAV-Aged
RAP(A) Not Tested 2.95 3.04 3.58 9.28 8.32 8.34
RAP(B) Not Tested 3.07 3.12 3.45 7.90 9.87 8.19
PG64 Virgin #1 0.18 0.47 1.14 0.63 1.85 4.08
PG58 Virgin #2 0.12 0.40 1.03 0.60 1.24 3.86
PG64+R15(A) Not Tested 0.57 0.94 1.60 1.83 2.37 4.64
PG64+R25(A) #3 0.84 1.05 1.70 2.94 2.77 4.85
PG58+R25(A) #4 0.79 1.04 1.62 2.66 2.63 4.50
PG64+R25(B) #5 0.80 1.05 1.60 3.05 2.94 5.25
PG58+R25(B) #6 0.78 1.06 1.57 2.88 3.10 4.85
PG64+R19(A)+R]6(a) #7 0.79 1.14 1.55 2.17 2.26 4.59
PG58+R21(A)+RJ4(a) #8 0.70 1.05 1.55 2.67 3.20 4.21
PG64+R21.8(A)+RJ3.2(b) #9 0.29 0.50 1.25 2.73 2.73 5.00
PG58+R22.5(A)+RJ2.5(b) #10 0.41 0.64 1.38 2.49 2.53 4.86
PG64+R50(A) Not Tested 1.54 1.76 2.24 4.96 4.76 6.15
PG64+R40(A)+RJ10(a) #15 1.35 1.59 2.12 4.67 4.23 5.68
PG58+R40(A)+RJ10(a) #16 1.24 1.52 2.08 4.04 4.00 5.69
PG64+R41.9(A)+RJ8.1(b) #17 0.41 0.61 1.23 3.97 3.36 5.10
PG58+R41.7(A)+R]8.3(b) #18 0.45 0.68 1.25 4.06 3.30 5.10
PG64+R19.1(A)+RAS15.2 #23 1.33 1.55 2.04 2.55 2.97 4.19
PG64+R13.3(A)+RAS14.6+RJ6(a) #24 1.24 1.53 2.07 2.21 2.65 4.15

Notes: R(A): Southern California RAP(A) (high PG of 102°C); R(B): Inland Valley RAP(B) (high PG of 109°C); RAS: reclaimed asphalt shingles;
RJ(a): aromatic-based recycling agent; RJ(b): tall oil-based recycling agent.
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Table A.3: Modified Carbonyl Area (CAmod) Indices for All Binder Blends

4 CA Index CAmod Index
Blend ID Cot:respon ing TFO- PAV- TFO- PAV-
Mix Number Unaged l}Age((: Aged Unaged l}Age((: Aged
RAP(A) Not Tested 2.95 3.04 3.58 2.95 3.04 3.58
RAP(B) Not Tested 3.07 3.12 3.45 3.07 3.12 3.45
PG64 Virgin #1 0.18 0.47 1.14 0.18 0.47 1.14
PG58 Virgin #2 0.12 0.40 1.03 0.12 0.40 1.03
PG64+R15(A) Not Tested 0.57 0.94 1.60 0.57 0.94 1.60
PG64+R25(A) #3 0.84 1.05 1.70 0.84 1.05 1.70
PG58+R25(A) #4 0.79 1.04 1.62 0.79 1.04 1.62
PG64+R25(B) #5 0.80 1.05 1.60 0.80 1.05 1.60
PG58+R25(B) #6 0.78 1.06 1.57 0.78 1.06 1.57
PG64+R19(A)+RJ6(a) #7 0.79 1.14 1.55 0.67 1.02 1.40
PG58+R21(A)+R]J4(a) #8 0.70 1.05 1.55 0.62 0.98 1.44
PG64+R21.8(A)+RJ3.2(b) #9 0.29 0.50 1.25 0.29 0.50 1.25
PG58+R22.5(A)+RJ2.5(b) #10 0.41 0.64 1.38 0.41 0.64 1.38
PG64+R50(A) Not Tested 1.54 1.76 2.24 1.54 1.76 2.24
PG64+R40(A)+RJ10(a) #15 1.35 1.59 2.12 1.17 1.39 1.86
PG58+R40(A)+RJ10(a) #16 1.24 1.52 2.08 1.05 1.32 1.83
PG64+R41.9(A)+RJ8.1(b) #17 0.41 0.61 1.23 0.41 0.61 1.23
PG58+R41.7(A)+RJ8.3(b) #18 0.45 0.68 1.25 0.45 0.68 1.25
PG64+R19.1(A)+RAS15.2 #23 1.33 1.55 2.04 1.33 1.55 2.04
PG64+R13.3(A)+RAS14.6+RJ6(a) #24 1.24 1.53 2.07 1.12 1.41 1.92

Notes: R(A): Southern California RAP(A) (high PG of 102°C); R(B): Inland Valley RAP(B) (high PG of 109°C); RAS: reclaimed asphalt shingles;
RJ(a): aromatic-based recycling agent; RJ(b): tall oil-based recycling agent.
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