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EXECUTIVE SUMMARY

The national desire to move toward a sustainable pavement system has encouraged state
DOTs to contemplate increasing the amount of reclaimed asphalt pavement (RAP) being
used in asphalt pavements. Currently, the maximum amount of RAP that the lllinois
Department of Transportation (IDOT) allows in high-volume roads is, on average, 15%. This
research project provides data related to the laboratory performance characteristics of
mixtures with high RAP content relative to mixtures with no RAP.

Several downsides have hindered the use of high RAP content in asphalt
pavements, including high fines content, aging of asphalt binder, and variability in aggregate
gradation. Special laboratory measures were undertaken to process RAP material before
initiating the mix design process to make sure it was representative of the RAP stockpiles
from which the RAP was sampled. Two aggregate and RAP sources were used to develop
eight hot-mix asphalt (HMA) mix designs. The Bailey method of aggregate packing was
used to design HMAs with 0% (control), 30%, 40%, and 50% RAP for each material source.
Significant effort was put forth to achieve similar voids in mineral aggregates (VMA) in each
mix. This ensured that the performance-testing results of the mechanical properties of the
mixtures are independent of volumetrics and solely dependent on the mix designs and,
hence, the percentage of RAP included.

In addition to evaluating the effect of RAP content, a testing program was designed
to characterize the effect of single and double binder-grade bumping on the performance
properties of the mixtures. Along with evaluating the moisture susceptibility of the prepared
mixtures, performance tests—complex modulus, flow number, wheel tracking, semi-circular
bending (SCB), and beam fatigue—were conducted.

The HMAs with high RAP content showed promising results and outperformed the
control (0% RAP) mixtures on most tests. The results showed that the presence of RAP
reduced the mixture rutting potential, improved fatigue behavior as measured by the
conventional fatigue curve slope, and did not compromise mix resistance to moisture
susceptibility. Single bumping PG 58-22 proved to be effective in improving fatigue behavior.
The low-temperature fracture energy of the HMA decreased when 30% RAP or more was
added compared to control mix. Hence, asphalt binder with grade bumping at low
temperatures becomes necessary.

This study proved it is possible to design high-quality HMA with up to 50% RAP that
meets IDOT’s desired volumetrics for binder mixtures and performs equal to or better than
the control mixtures when appropriate asphalt binder is used.

In addition to appropriate mix design that meets volumetric requirements, RAP
fractionation is necessary to achieve desired field performance. Both single and double
binder-grade bumping are recommended to be used for HMA containing 30% RAP,
depending on stiffness of aged binder. However, for HMA with higher RAP content, double
or higher binder grade bumping may be necessary to reduce potential thermal cracking of
the mixtures.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

During the past four decades, the demand for and use of reclaimed asphalt
pavement (RAP) has continually increased. The desire to recycle the old pavement
arises not only from the proven cost savings but also from an increase in environmental
awareness. In an era in which every industry yearns to adopt greener and more
sustainable approaches, asphalt recycling is a step forward in the direction of
sustainable pavement systems.

Apart from hot-in-place recycling (HIPR) or cold-in-place recycling (CIPR), which
can utilize 80% to 100% RAP, the percentage of RAP in conventional asphaltic mixture
design seldom increases above 20% to 25%. One of the main reasons for RAP’s limited
use is the variability in aggregate gradation introduced with RAP especially when RAP
stockpiles are not properly managed, separated, and processed to eliminate variability
such as segregation. In addition, the high percentages of fines in RAP, increased
stiffness of aged asphalt binder, and the need for overheating virgin aggregates in
asphalt plants pose challenges to mixture design and production. The current economic
crisis, coupled with environmental concerns, has forced departments of transportation
(DOTs) in the United States to increase the amount of RAP up to 50% in flexible
pavements. Apart from introducing complexities in mix designs, use of such a high
amount of RAP (50%) has the potential to impact durability and structural performance
of the pavements. Limited studies have been conducted to illustrate the impact of
including a high amount of RAP on the fatigue, fracture, and permanent deformation
characteristics of HMA.

Many researchers consider it proven that HMA mix designs with low RAP
percentages (up to 15%) are not significantly affected by RAP variability (Bukowski
1997; Huang et al. 2004; Shah et al. 2007); however, higher RAP contents can
considerably change the overall performance of the HMA mixture. Solaimanian and
Tahmoressi (1996) observed that the use of a high percentage of RAP did not influence
densities as much as it influenced the asphalt binder content of the plant mix. Projects
with higher variation in the binder content of the RAP material also had higher variation
in binder content of plant mix. Similarly, projects with higher variability in stiffness of RAP
binder also showed higher variability in stiffness of plant mix binder. Moreover,
numerous studies on RAP have indicated that the addition of the RAP in asphalt mixes
changes the physical behavior of the mix. The increased stiffness of the RAP binder is
believed to be the cause of increased modulus of asphalt mixes. Likewise, RAP also
affects fatigue behavior and low-temperature cracking of the mixes (McDaniel et al.
2000; Shu et al. 2008).

Voids in mineral aggregates (VMA) play an important role in the performance of
flexible pavements. Al-Qadi et al. (2009) observed that in one material, VMA decreased
with increased RAP percentage, but for another material, VMA increased with increased
RAP percentage. Inconsistent findings were reported by other researchers. West et al.
(2009) and Kim et al. (2009) demonstrated similar results—that is, a decrease in
optimum binder content and VMA with an increase in RAP percentage. Similar trends
were observed by Mogawer et al. (2009) and Daniel and Lachance (2005). The lllinois
Department of Transportation (IDOT) identified, quantified, and correctly adjusted the
assumed aggregate (dry) bulk specific gravity (Gsp) for RAP in the early 2000s. This
eliminated the use of effective specific gravity (Gse), which was leading to lower-than-
desired optimum binder contents.



This report addresses the volumetric issues induced by inclusion of high
percentages of RAP in HMA. The effects of single (PG 58-22) and double (PG 58-28)
bumping of binder grade on the performance of HMAs with high RAP content were
thoroughly investigated, and the results are presented herein. In this study, single
binder-grade bumping corresponds to one grade reduction in the higher temperature
grade, whereas double binder-grade bumping corresponds to one grade reduction at
both the higher and lower temperature limit in the binder grade. For example, PG 58-22
and PG 58-28 represent single and double binder-grade bumps, respectively, with
respect to PG 64-22.

1.2 RESEARCH OBJECTIVES AND SCOPE

The economics of asphalt concrete production are driving the desire to recycle
higher percentages of RAP in HMA. It has long been thought that higher blending
percentages (up to 50%) are achievable in the field. What has not been investigated until
recently is whether any quantified difference in performance can be documented on high
RAP mixtures compared to standard no-RAP HMA.

In a first-phase study on the residual binder of RAP (Al-Qadi et al. 2008), it was
illustrated that the blending that occurred did not significantly impact the mix design
procedure. Hence, the main objective of this study was to examine the impact of high
RAP in HMA on the mix performance through the following main tasks:

e Characterize complex modulus, fracture, and fatigue properties of HMA with

high RAP and compare to standard (no-RAP) mixes.

o Determine the need and impact of using single- and/or double-bumped

asphalt binder.

e Evaluate durability of mixes with high RAP using wheel tracking tests, tensile

strength ratio (TSR), and visual strip ratings.

1.3 RESEARCH METHODOLOGY

Agencies in lllinois are currently striving to use up to 50% RAP in HMA.
Research activities undertaken in this project aimed to design and characterize the
performance of HMA with high RAP content. To achieve the objectives of the study, a
comprehensive literature review was conducted that focused on the use, production, and
laboratory performance of HMA with high RAP. The detailed literature review is attached
as Appendix A.

An experimental program was designed to determine structural and durability
characteristics of HMA with high RAP and to compare results to HMA without RAP. Two
control (0% RAP) HMAs and six mixtures with 30%, 40%, and 50% RAP were prepared.
The Bailey method (Vavrik et al. 2002) of aggregate packing was used to develop all the
mix designs. The performance of all the HMAs with RAP was determined using various
performance tests, including complex modulus, beam fatigue, fracture, wheel tracking,
and moisture susceptibility. The effect of softer binders on the performance of mixtures
with RAP was also evaluated using two relatively softer binders (PG 58-22 and PG 58-
28). All the properties were then compared with HMA made with virgin material (control
mix).

This report includes five chapters. Chapter 1 is a brief introduction to the study.
Chapter 2 presents a summary of the literature review conducted as part of the project.
Chapter 3 focuses on details of the experimental program and the mix design procedure.
Testing results are presented and discussed in Chapter 4. The summary and
conclusions are provided in Chapter 5, as well as the recommendations based on the
findings of the study.



CHAPTER 2 LITERATURE REVIEW (SUMMARY)

When asphalt concrete pavements reach the end of their service lives, the
remaining materials can be salvaged and used for construction of new pavements. Apart
from reducing the cost of the new asphalt pavement, asphalt recycling acts as an
environmentally sound option for pavement rehabilitation. RAP is commonly mixed with
various percentages of new aggregates and asphalt binders to produce new asphalt
pavements. RAP can be used in the lower pavement layers (i.e., binder and base layers)
to provide improved layer support for traffic loads as well as in wearing-surface layers.
Extensive research has been published describing methods and strategies of asphalt
recycling, their laboratory and field performances, and binder and mix properties. This
chapter presents a summary of the detailed literature review in Appendix A.

Many states have had good experiences with RAP, but there are still many
issues to be resolved regarding the use of high percentages of RAP in asphalt mix
designs. Some of the major barriers and technical issues that keep states from using
high percentages of RAP are stockpile management, availability of RAP, and asphalt
binder and mix issues. Asphalt binder issues mainly deal with bumping grades and
properties of the final binder blend. Mix issues can further be divided into mix design
issues and mix performance issues. The key issues that need further investigation are
contribution of asphalt binder from RAP (i.e., amount of blending), the volumetrics of
asphalt mixtures containing RAP, and the need for additional testing to predict
performance of mixes with RAP.

2.1 ASPHALT MIX DESIGN INCLUDING RECLAIMED ASPHALT PAVEMENT

Earlier practitioners who used RAP in HMA quickly realized a need for proper mix
design. In 1989, the Asphalt Institute developed blending charts to incorporate RAP in
HMA design. In 1997, Kandhal and Foo developed a procedure for selecting the
performance grade (PG) of virgin asphalt binder to be used in recycled mixtures. Later in
the same year, the Federal Highway Administration’s (FHWA) RAP expert task force
developed interim guidelines for the design of SuperPave™ HMA containing RAP
(Bukowski 1997). The developed methodology was based on a tiered approach to
determine the level of testing required in the design of HMA containing RAP. McDaniel
and Anderson (2001) also recommended a tiered approached for incorporating RAP in
HMA (see Table A-1 in Appendix A). The limits of these tiers depend on the RAP binder
grade: with softer RAP binders, higher percentages of RAP can be used. Once the
physical properties and critical temperatures of the recovered RAP binder are known,
two blending approaches may be used. In the first approach, the percentage of RAP that
will be used in an HMA is known, but the appropriate virgin asphalt binder grade for
blending must be determined. In the second approach, the maximum percentage of RAP
that can be used in an HMA while still using the same virgin asphalt binder grade must
be determined.

One of the issues with designing RAP-containing HMA is the difficulty in precisely
measuring the bulk specific gravity (Gg,) of the extracted RAP aggregate due to the
changes in aggregate gradation and properties resulting from the extraction process.
Many agencies use aggregate effective specific gravity (Gsgg) in lieu of Gg, for those
reasons. The methodology recommended in NCHRP Report 452 (McDaniel and
Anderson 2001) consists of assuming a value for the absorption of the RAP aggregate.

Some states estimate this value quite accurately based on past experience.
Recently, Hajj et al. (2008) concluded that using G, instead of Gg, resulted in
overestimating both the combined aggregate Gy, and the VMA since, for a given



aggregate, Gg, is always smaller than Gg.. A test method for measuring the Gg, of RAP
aggregates was introduced by Murphy Pavement Technology (Hajj et al. 2008). This
method uses the binder content of the RAP material (P,) and the maximum theoretical
specific gravity (Gnm) of a RAP sample to determine Gg.. The aggregate G, of the RAP
aggregate is then calculated using an equation based on the local aggregate absorption
and geological formations within each region or state. Kvasnak et al. (2010) also
recommended determining RAP Gg, by using the G, method when a known regional
absorption is available. If a regional absorption is not available, then the RAP Gg, should
be determined from extracted aggregate. As stated earlier, IDOT identified, quantified,
and correctly adjusted the assumed aggregate dry Gg, for RAP in the early 2000s.
Anderson and Murphy (2004) presented the findings of a study at the World of Asphalt
conference. The study showed, for the first time, that Gg, of RAP aggregate should be
used instead for Gee.

Al-Qadi et al. (2009) observed that VMA at optimum asphalt content (AC) had
opposite trends for two materials. For one material, VMA decreased with an increase in
RAP percentage, but it showed the opposite trend for the other material. A study by
West et al. (2009) VMA showed a decreasing trend with an increase of RAP percentage.
The optimum asphalt content of the mixtures also decreased by 1% as RAP increased
from 0% to 45%. Kim et al. (2009) also demonstrated similar results—that is, a decrease
in optimum asphalt content and VMA with an increase in RAP amount. The study by
Mogawer et al. (2009) showed the same trend as well. Daniel and Lachance (2005),
however, observed some contrary results in their study on RAP. They found an increase
in VMA and voids filled with asphalt (VFA) in the mixtures with 25% RAP and 40% RAP.
They hypothesized that the difference between VMA values was the result of blending
the RAP material with the virgin materials. Hajj et al. (2008) also observed similar
increasing trends in VMA and VFA with an increase in RAP contents.

2.2 LABORATORY EVALUATION AND PERFORMANCE TESTING OF RAP
MIXTURES

Considering the potential benefits and adverse effects of RAP, researchers have
looked at various performance measures, including rutting and cracking, of mixtures with
RAP. It is not only traffic loading that leads to pavement deterioration but also the aging
of the asphalt binder. After the pavement is removed from the field, RAP materials may
age even more during the stockpiling process because of exposure to air. Moreover,
when RAP is added to HMA, the aged binder in the RAP mixes to some unknown
degree with the virgin binder. This produces a composite effective binder system with
unknown material properties and, hence, unpredictable pavement performance.
Numerous studies on RAP have indicated that addition of the RAP in HMA changes the
physical behavior of the mix. The increased stiffness of the RAP binder is believed to be
the cause of increased modulus of HMA. Similarly, it also affects the mixtures’ fatigue
behavior and low-temperature cracking.

Daniel and Lachance (2005) observed that the complex modulus of the
processed mixtures with RAP increased from the control to 15% RAP level, whereas the
mixtures with 25% and 40% RAP had complex modulus curves similar to the control
mixture for both tension and compression, which was an unexpected result. The creep
compliance curves showed similar trends. A combination of gradation, asphalt content,
and volumetric properties was identified as the cause of these unexpected trends.
Similarly, Shah et al. (2007) reported that the results from complex modulus testing
showed no increase in stiffness with the addition of 15% RAP compared with the control
mix. However, the addition of 25% and 40% RAP resulted in an increase in the moduli.



Li et al. (2008) investigated the effect of RAP percentage and sources on the
properties of HMA by performing complex modulus and semi-circular bending (SCB)
tests. At high temperatures, the HMA containing 40% RAP was found to have higher or
similar complex modulus compared to mixtures with 20% RAP. On the contrary, most
mixtures containing 20% RAP were observed to have the highest complex modulus at
lower temperatures or high frequencies. Fracture testing results indicated that mixtures
with 20% RAP exhibited similar fracture resistance abilities to the control mixtures, which
had the highest fracture energies. The addition of 40% RAP significantly decreased the
low-temperature fracture resistance. Tam et al. (1992) studied thermal cracking of
recycled hot mix (RHM) and confirmed the belief that RHM is less resistant than
nonrecycled mixes to thermal cracking. The thermal cracking properties of laboratory
and field mixes were analyzed using McLeod’s limiting stiffness criteria and the
pavement fracture temperature (FT) method.

Gardiner and Wagner (1999) found that including RAP decreased the rutting
potential and temperature susceptibility and increased the potential for low-temperature
cracking. They also observed that an increase in RAP was accompanied by an increase
in tensile strength ratio (TSR). Sondag et al. (2002) reported an increase in resilient
moduli and no effect on TSR values with the addition of RAP. Widyatmoko (2008)
prepared wearing and base course mixes with 10%, 30%, and 50% RAP. Contrary to
what was found in most existing studies, Widyatmoko determined that mixtures
containing RAP show lower resistance to permanent deformation compared with
equivalent mixtures without RAP. Widyatmoko also found a reduction in stiffness as RAP
content increased. This behavior was explained by the fact that with an increase of RAP
percentage, more rejuvenators or softer binder is added to the mix, resulting in a softer
mix. For the same reasons, the RAP mixes showed at least similar to or better fatigue
resistance than mixes without RAP. It was also concluded that these mixes with RAP
were not susceptible to moisture damage (stiffness ratio > 0.8).

Regarding fatigue life of the mixtures with RAP, tests conducted for the NCHRP
9-12 study confirmed that asphalt concrete with RAP content greater than 20% had a
lower fatigue life than virgin mixes (McDaniel et al. 2000). Shu et al. (2008) observed
that, based on the failure criterion of a 50% reduction in stiffness (obtained from beam
fatigue tests), incorporating RAP increased the fatigue life of HMA. However, based on
the plateau values from the beam fatigue test, incorporating RAP would cause input
energy to turn into damage, which may result in shorter fatigue life.

2.3 SUMMARY

The purpose of asphalt mix design is to produce pavements that withstand rutting
and fatigue, have thermal resistance, and show overall durability. Past research on RAP
has focused on understanding the effect of RAP’s aged binder and gradation on the
performance of HMA. The multi-tier system introduced by FHWA is generally used, with
a few minor changes, throughout the United States. The amount of fines present in RAP
limits the amount of RAP that can be incorporated in HMA. Use of higher percentages of
RAP has been reported when RAP is fractionated into different sizes before adding it to
virgin material. Currently, the volumetrics of the asphalt mix designs have been
determined based on the assumption that RAP releases all the binder and fines material
during the mixing process. However, it is not yet possible to measure the exact amount
of fines and binder released by RAP for blending. This problem generates uncertainty in
determining the VMA.

Although the stiffness of RAP tends to increase resistance of an asphalt mix to
rutting, it decreases the mix’s resistance to thermal cracking. Conflicting observations



have been made about the effect of RAP on fatigue performance of HMA. While some of
the tests showed improvement in fatigue resistance, others showed a decrease.

Maximizing the use of RAP while maintaining the performance of the asphalt
mixture comparable to virgin mixtures is the primary objective of research activities
currently being carried out in the United States. Continuing increases in fuel prices,
along with environmental concerns, limited natural resources, and the nation’s current
economic situation, demand that use of RAP be maximized in HMA pavements. In fact,
initial spadework has been completed by FHWA to encourage use of high percentages
of RAP. In 2007, an expert task group was formed by FHWA to explore the use of RAP
in the construction and rehabilitation of flexible pavements for highways and roads. One
of the goals of the task group is to initiate several field projects using high percentages
of RAP (25% or more) to increase awareness of the benefits of RAP in asphalt mixture
production and develop best practices for designing, processing, and handling RAP in
asphalt mixtures (FHWA 2008).

The lllinois Department of Transportation (IDOT) also wants to increase use of
RAP in asphalt mixture production. Accordingly, the current project was undertaken to
address volumetric issues resulting from high percentages of RAP in HMA. Additionally,
the effect of single and double bumping of binder grade on the performance of HMA with
a high RAP content was investigated.



CHAPTER 3 EXPERIMENTAL PROGRAM

A laboratory experimental program was developed to characterize the effect of
high RAP content on HMA. Table 3.1 shows the various mixtures examined in the study.

Table 3.1. Mix Design Matrix

Mix Type / RAP Source RAP (%) Total
0 30 40 50
District 1 1 4
District 5 1
Total 2 2 2 2

Two sources of aggregate and RAP material were used in the project. An asphalt
binder (PG 64-22) was used in all the HMAs. A single-bumped binder (PG 58-22) and a
double-bumped binder (PG 58-28) were used to fabricate the samples to capture the
effects of softer asphalt binders on the performance of HMAs with high RAP.

3.1 MATERIALS

The virgin aggregate and RAP for this project were obtained from two source
locations, District 1 and District 5. District 1 material was collected from Gallagher
Asphalt Co. in Thornton, Illinois. Five aggregate gradations were collected from District
1. CM11, CM16, FM20, FM22, and mineral filler (baghouse fines). FM22 was obtained
from Hanson Material Services in Thornton. Two gradations of 3/4-in (19-mm) nominal
maximum aggregate size (NMAS) RAP [+3/8 and —3/8 in (9.5 mm)] were also obtained
from the same source. Table 3.2 shows the stockpile gradation for District 1 aggregates.

Table 3.2. Stockpile Aggregate Gradation (District 1)

Mineral +3/8-in —3/8-in

Sieve CM11 | CM16 | FM20 | FM22 Filler RAP’ RAP’

1in 100.0 100.0 | 100.0 | 100.0 100.0 100.0 100.0

3/4 in 90.9 100.0 | 100.0 | 100.0 100.0 96.9 100.0

1/2 in 435 100.0 | 100.0 | 100.0 100.0 81.5 100.0
3/8in 18.8 98.4 100.0 99.6 100.0 64.8 98.9
No. 4 5.6 27.8 99.7 60.0 100.0 43.0 69.4
No. 8 4.2 5.2 81.0 14.0 100.0 31.4 47.0
No. 16 3.6 3.7 49.4 5.4 100.0 24.6 34.3
No. 30 3.3 3.2 31.0 4.2 100.0 19.8 26.2
No. 50 3.1 3.1 17.4 3.8 100.0 14.5 19.7
No. 100 3.0 3.0 10.3 3.6 95.0 9.3 12.9
No. 200 2.7 2.8 5.6 3.4 90.0 7.0 9.6
Binder Content (%) — — — — — 4.2 5.1

"Extracted gradation

District 5 material was collected from Open Road Paving in Urbana. The source
of the virgin aggregate was Vulcan in Kankakee. The material collected from District 5
was CM11, CM16, and FM20. The same FM22 used for District 1 HMA designs was
used for District 5 HMA mix designs. Table 3.3 shows the stockpile gradation for District




5 aggregates. Open Road Paving also provided two gradations of 1/2-in NMAS RAP,
+3/8 and -3/8 in.

Table 3.3. Stockpile Aggregate Gradations (District 5)

Mineral +3/8-i*n —3/8-i*n
Sieve CM11 | CM16 | FM20 | FM22 Filler RAP RAP
1lin 100.0 | 100.0 | 100.0 | 100.0 100.0 100.0 100.0
3/4in 82.1 100.0 | 100.0 | 100.0 100.0 99.3 100.0
1/2in 39.1 100.0 | 100.0 | 100.0 100.0 90.8 100.0
3/8in 19.0 97.3 | 100.0 99.6 100.0 78.6 99.3
No. 4 3.9 36.7 98.6 60.0 100.0 39.0 71.7
No. 8 2.7 6.8 74.6 14.0 100.0 26.5 48.6
No. 16 2.4 3.1 43.9 5.4 100.0 19.1 32.6
No. 30 2.2 2.3 24.6 4.2 100.0 14.8 24.2
No. 50 2.1 2.2 14.5 3.8 100.0 10.7 17.2
No. 100 2.1 2.1 9.7 3.6 95.0 7.7 12.7
No. 200 2.0 2.0 7.1 3.4 90.0 6.0 10.1
Binder Content
(%) — — — — — 3.9 5.5

"Extracted gradation

For all mixes, asphalt binders PG 64-22 and PG 58-22 were obtained from
Emulsicoat Inc., Champaign, lllinois, and asphalt binder PG 58-28 was procured from
Indiana. The true PGs for all binders, including the RAP binder, were determined in the
lab. The PG grades for RAP binders were also determined, as shown in Table 3.4.

Table 3.4. PG Grades for Virgin and RAP Binders

Binder Type True grades | PG grades
District 1 PG 64-22 66.7—24.2 64-22
District 5 PG 64-22 67.0-22.9 64-22
PG 58-22 62.3-22.4 58-22
PG 58-28 61.4-27.4 58-22
District 1 RAP 82.4-13.7 82-10
District 5 RAP 89.3-14.9 88-10

"Not a true PG 58-28

Aggregate bulk specific gravities (Gsp) were determined for each RAP by IDOT’s
Bureau of Materials and Physical Research (BMPR). The theoretical maximum specific
gravity (G.m) was used to determine the RAP material’'s effective specific gravity (Gee). In
this study, Gg, of the RAP aggregates was calculated using the following empirical
relationship, Equation 3.1. IDOT, on the other hand, uses 0.1 as a reduction factor for
slag RAP to determine G4, of RAP aggregates. However, this study involved natural
aggregate, so the value of 0.075 was used.

G, (RAP) =G (RAP)-0.075 (3.1)




3.2 ASPHALT MIX DESIGNS

Eight HMA mix designs were prepared for the study (Table 3.1); four mix designs
were prepared for each district. The HMAs designed were binder course 3/4-in (19-mm)
N90 mixtures with an air void content of 4.0%, minimum VMA of 13.0%, and VFA of 65%
to 75%. For each source of material, a control mix design (0% RAP) and three mix
designs with 30%, 40%, and 50% RAP, respectively, were developed. The Bailey
method (Vavrik et al. 2002) was used to develop all mix designs. That method, based on
the aggregate packing theory, is an efficient approach that can be used in HMA mix
design. It provides useful insight into the aggregate packing effect on HMA volumetrics.

3.2.1 District 1 Asphalt Mix Designs

All virgin and RAP aggregates were fractionated in different sieve sizes and
blended back to required average stockpile gradation listed for RAP in the mix design.
Prior to fractionation, the RAP material was dried by heating it to 132°F (50°C) for 36 to
48 hr. The gradation obtained from fractionating the RAP (“apparent gradation”) was
then used to batch the samples for asphalt extraction and G, samples.

The gradation of the extracted aggregate was determined and then used in the
HMA mix design to determine the final blends. A step-by-step procedure to determine
apparent gradation is described elsewhere (Al-Qadi et al. 2008). The apparent and
extracted gradations for the District 1 RAP material are presented in Table 3.5.

Table 3.5. Apparent and Extracted Gradations of District 1 RAP Aggregate

Retained on Each Sieve (%) Passing (%)
Apparent Gradation Extracted/Actual Gradation
Sieve +3/8-in RAP | —3/8-in RAP | +3/8-in RAP | —3/8-in RAP
3/4in 3.0 — 100.0 100.0
1/2in 33.1 — 96.9 100.0
3/8in 27.2 — 81.5 100.0
No. 4 17.9 43.3 64.8 98.9
No. 8 8.7 24.8 43.0 69.4
No. 16 — 15.2 31.4 47.0
No. 30 5.9 9.1 24.6 34.3
No. 50 — — 19.8 26.2
No. 100 — — 14.5 19.7
No. 200 — — 9.3 12.9
Pan 4.3 7.6 7.0 9.6
Binder Content (%) — — 4.2 5.1

As previously explained, the Bailey method was used to determine all HMA mix
designs. The unit weights of virgin aggregates—which take into account the effects of
aggregate gradation, texture, shape and size, and compaction effort— were determined
as part of the Bailey method. The unit weight test was not performed on RAP and
mineral filler. Detailed information about the HMA design is provided in the following
sections.

3.2.1.1 Aggregate Blend and Gradation

At the start of the study, a control (0% RAP) mix design was provided by IDOT,
but due to the relative high specific gravities of procured virgin aggregate, the target



blend was modified to achieve acceptable volumetrics, including air void (AV) contents
and VMA. The aggregate blend for the control HMA mix is presented in Table 3.6.

After designing an HMA control mix, various percentages of RAP were added.
The aggregate percentages, after including RAP, were altered such that the new blends
containing RAP had the same percentage passing through the primary control sieve
(PCS) as the control mix. The primary control sieve is defined as the closest sieve size
to the product of 0.22 x NMAS. For example, for a 3/4-in (19-mm) NMAS mixture, the
PCS is a No. 4 sieve.

To maintain the desired split of coarse and fine aggregate, the percentage that
passed through the PCS were kept approximately the same for virgin and RAP blends.
Moreover, coarse aggregate (CA) ratio values were kept the same because there were
two coarse aggregates in virgin and RAP blends. In addition, the blend by mass of virgin
fine aggregates in the virgin and RAP blends was the same [See Vauvrik et al. (2002) for
details about PCS and the Bailey method]. Initially, keeping the passing #200 material
constant for all mix designs was considered, but the idea was dropped because of the
presence of high amounts of fines (minus #200) in RAP. The HMA mix blends with RAP
were finalized such that similar volumetrics were achieved for all HMAs.

Table 3.6 and Figure 3.1 show design aggregate blends, and Table 3.7 shows
aggregate stockpile percentages for the District 1 control mix and the HMAs with 30%,
40%, and 50% RAP.

Table 3.6. Design Aggregate Blend for District 1 Asphalt Mix Designs

Sieve Size Control 30% 40% 50%
1lin 100.0 100.0 100.0 100.0
3/4in 96.1 96.1 96.4 96.6
1/2in 75.6 75.9 77.8 79.1
3/8in 64.5 63.7 65.6 66.6
No. 4 39.5 38.0 37.9 37.3
No. 8 27.5 23.2 225 21.7
No. 16 17.8 16.2 16.3 16.2
No. 30 12.3 12.4 12.8 13.1
No. 50 8.3 9.4 9.9 10.1
No. 100 6.2 6.8 7.1 7.2
No. 200 4.6 5.4 5.7 5.8
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Figure 3.1. Aggregate blends for District 1 HMA designs.

3.2.1.2 Mix Design and Volumetrics

As described in the literature review, researchers have faced considerable
difficulties in achieving the required VMA values with RAP mixes. Changes in VMA are
the result of variation in RAP aggregate gradation and characteristics (i.e., shape,
texture, and strength). By adopting a stringent approach for aggregate and RAP
processing and using the Bailey estimation process, similar VMA values were achieved
for all mixes, including the ones with various RAP contents. Therefore, any variation in
mixture performance is independent of VMA. Table 3.7 shows the volumetrics, including
VMA, for all District 1 mixes. Detailed volumetrics for each mix are in Appendix B.

Table 3.7. Stockpile Percentages and Volumetrics of District 1 Asphalt Mix Designs

Control 30% RAP 40% RAP 50% RAP
CM11 (%) 43.2 37.7 31.0 25.5
CM16 (%) 27.1 12.5 13.3 14.0
FM20 (%) 28.5 8.5 4.0 0.0
FM22 (%) — 10.5 11.0 10.0
+3/8-in RAP (%) — 15.0 25.0 35.0
—3/8-in RAP (%) — 15.0 15.0 15.0
Mineral Filler (%) 1.2 0.8 0.7 0.5
Binder Content (%) 4.9 4.9 5.1 5.0
Air Voids (%) 4.0 4.0 4.0 4.0
VMA (%) 13.7 13.6 13.7 13.7
VFA (%) 70.8 70.6 70.8 70.8
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Table 3.8 presents a comparison between the design mix formula (DMF) and the
extracted aggregate gradation of G, samples of HMAs with 30%, 40%, and 50% RAP.
Stringent specimen preparation and RAP processing protocols helped ensure that
gradation variability was insignificant.

Table 3.8. Comparison Between Target and Achieved Aggregate Gradations
for District 1 Mixtures

30% RAP 40% RAP 50% RAP
Sieve DMF Extracted | DMF | Extracted DMF Extracted
lin 100.0 99.5 100.0 100.0 100.0 100.0
3/4in 96.1 95.9 96.4 96.2 96.6 97.4
1/2'in 75.9 76.3 77.8 77.9 79.1 79.7
3/8in 63.7 64.8 65.6 65.8 66.6 67.4
No. 4 38.0 38.4 37.9 38.4 37.3 37.8
No. 8 23.2 23.4 22.5 22.7 21.7 22.0
No. 16 16.2 16.3 16.3 16.5 16.2 16.3
No. 30 12.4 12.6 12.8 13.1 13.1 134
No. 50 9.4 9.6 9.9 10.1 10.1 10.5
No. 100 6.8 7.0 7.1 7.5 7.2 7.6
No. 200 5.4 5.7 5.7 6.0 5.8 6.2

Optimum binder content was obtained by determining the volumetrics of mixtures
at three different binder contents (at estimated optimum binder content, optimum + 0.5%,
and optimum — 0.5%). In this study, asphalt mix designs with RAP were created
assuming a 100% contribution of asphalt binder from RAP. In addition, IDOT’s method of
incorporating RAP was adopted—that is, the RAP percentages represents the actual
RAP (including binder) not the RAP aggregate. For example, if 15% RAP is used with
particular binder content, then the actual aggregate contribution by RAP to total
aggregate blend will be less than 15%, based on the RAP binder content. Table 3.9
illustrates the actual percentages of virgin and aged RAP binders and aggregate
contributed by RAP for various HMAs.

Table 3.9. Asphalt Binder and Aggregate Contribution from RAP for District 1 Mixtures

Binder Contribution (%) Aggregate Contribution (%)
Virgin RAP New RAP
Mix Type Binder Binder Total | Aggregate | Aggregate | Total
Control Mix 100.0 0.0 100.0 100.0 0.0 100.0
30% RAP Mix 72.4 27.6 100.0 71.0 29.0 100.0
40% RAP Mix 65.4 34.6 100.0 61.1 38.9 100.0
50% RAP Mix 56.3 43.7 100.0 51.1 48.9 100.0
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3.2.1.3 Moisture Susceptibility Test

IDOT’s moisture susceptibility test (lllinois Modified AASHTO T 283-07; IDOT
2011) was conducted using PG 64-22 as part of the mix design evaluation. Six samples
were compacted at 7 + 0.5% air void content. The specimens prepared were 6 in (150
mm) diameter and 3.75 in (95 mm) height. The indirect tensile strength (ITS) test was
performed on three dry specimens and three conditioned specimens. Visual stripping
inspection was conducted after the ITS test. Figures 3.2 and 3.3 show the tensile
strength and tensile strength ratios (TSRs) for each of the control and RAP mixtures
respectively. Detailed results are tabulated in Appendix C.

140.0

m Unconditioned = Conditioned
120.0

)

psi

100.0

R

80.0 -
60.0 -

40.0 -

Tensile Strength

20.0 -

0.0 -
0 30 40 50

Amount of RAP (%)
Figure 3.2. Tensile strength of District 1 conditioned and unconditioned specimens.

All the tested specimens passed IDOT'’s minimum requirement of 85% TSR. With
the exception of mixtures with 40% RAP, TSRs increased with an increase in RAP
content. This observation was similar to the trend noted in an earlier study by Al-Qadi et
al. (2009). One of the factors contributing to the strength increase could be the presence
of the aged binder because indirect tensile strength is a test that is relatively more
dependent on asphalt binder.
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Figure 3.3. Tensile strength ratios (TSRs) for District 1 control and mixtures with RAP.

Visual inspection was carried out on split TSR specimens. The specimens
revealed that the stripping susceptibility of mixtures with RAP remained similar to that of
the control mixture (0% RAP), with the exception of specimens with 50% RAP—which
showed the least resistance to stripping for the coarse aggregate. Table 3.10 shows the
stripping rating for mixtures. A rating of 1 indicates no stripping, 2 indicates moderate
stripping, and 3 indicates severe stripping. If a RAP used in the HMA wasn’'t exposed to
moisture damage during its service life, it could strip during a moisture sensitivity test
after being recoated with new asphalt binder. On the other hand, if it has been in the
field for a long time without moisture damage, it most probably would not strip during the
moisture sensitivity test.

Table 3.10. Stripping Rating for District 1 Control and Mixes with RAP

RAP (%) 0 30 40 50
Dry (coarsel/fine) 1/1 1/1 1/1 1/1
Wet (coarse/fine) 2/2 2/2 2/2 3/2

3.2.2 District 5 Asphalt Mix Designs
3.2.2.1 Aggregate Blend and Gradation

Apparent gradations obtained after fractionating the District 5 RAP are shown in
Table 3.11. The extraction and theoretical maximum specific gravity (Gnm) batches were
made using the apparent gradation. The specimens were extracted at IDOT's facility in
Springfield, and the values obtained were used to determine the bulk specific gravity
(Gv) Of the RAP aggregates, utilizing Equation 3.1.

The extracted RAP aggregate gradations are also shown in Table 3.11. As
discussed previously, the apparent gradation was used throughout the project for
batching the samples in order to determine the extracted gradations shown in Table
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3.11. Table 3.12 and Figure 3.4 show the design aggregate blend for District 5 control
mix and for mixtures with RAP.

Table 3.11. Apparent and Actual Gradations of District 5 RAP Aggregate

Retained on Each Sieve (%) Passing (%)
Sieve Apparent Gradation Extracted/Actual Gradation
+3/8-in RAP | =3/8-in RAP | +3/8-in RAP | —3/8-in RAP
3/4in 3.4 — 99.3 100.0
1/2'in 17.6 — 90.8 100.0
3/8in 22.0 15 78.6 99.3
No. 4 37.4 33.2 39.0 71.7
No. 8 9.7 29.4 26.5 48.6
No. 16 — — 19.1 32.6
No. 30 6.1 28.7 14.8 24.2
No. 50 — 10.7 17.2
No. 100 — 7.7 12.7
No. 200 — 6.0 10.1
Pan 3.9 7.2 — —
Binder Content (%) — — 3.9 5.5

Table 3.12. Design Aggregate Blend for District 5 Asphalt Mix Designs

Sieve Control 30% 40% 50%
lin 100.0 100.0 100.0 100.0
3/4in 93.1 93.7 94.4 95.2
1/2in 76.6 77.6 79.3 81.2
3/8in 67.8 68.3 69.7 71.4
No. 4 38.7 39.5 39.3 39.9
No. 8 21.7 22.4 22.3 23.3
No. 16 13.6 14.6 14.8 15.6
No. 30 9.0 10.6 11.0 11.7
No. 50 6.8 7.9 8.2 8.6
No. 100 5.6 6.3 6.4 6.6
No. 200 4.9 5.3 54 54
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Figure 3.4. Aggregate blends for District 5 HMA designs.
3.2.2.2 Mix Design and Volumetrics

The District 5 control mix and RAP mixes were developed using PG 64-22, in
accordance with IDOT specifications and using the Bailey method of aggregate packing.
The District 5 control mix has already been used in the field. Slight modifications were
applied to achieve the required volumetrics in the lab. Table 3.12 presents the designed
aggregate blend for District 5 material; the stockpile percentages and volumetrics of all
District 5 mix designs are shown in Table 3.13.

Table 3.13. Stockpile Percentages and Volumetrics of District 5 Asphalt Mix Designs

Control 30% RAP 40% RAP 50% RAP
CM11 (%) 38.5 34.5 31.2 25.6
CM16 (%) 37.9 155 125 9.5
FM20 (%) 21.6 9.0 6.5 4.8
FM22 (%) — 10.0 9.0 9.6
+3/8-in RAP (%) — 15.0 25.0 35.0
—3/8-in RAP (%) — 15.0 15.0 15.0
Mineral Filler (%) 2.0 1.0 0.8 0.2
Binder Content (%) 5.2 5.2 5.2 5.2
Air Voids (%) 4.0 4.0 4.0 4.0
VMA (%) 13.8 13.8 13.6 135
VFA (%) 71.0 71.0 70.8 70.4

Again, it is important to note that similar VMA has been achieved for all the mix
designs. Since shape, texture, and strength of the RAP aggregates are usually different
than those for virgin aggregates, matching the aggregate gradation of the RAP mixes to
that of the control mixture does not provide the desired VMA. The targeted VMA could
be achieved by slightly modifying the gradation of the trial fractionated RAP blends. The
Bailey method was used, which reduced the number of trials to reach the desired
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volumetrics (detailed volumetrics of the final trial for each mix design are presented in
Appendix B).

Table 3.14 presents the design mix formula (DMF) and the extracted aggregate
gradation of G, or separate extraction samples for HMA with 30%, 40%, and 50%
RAP. Table 3.15 shows the actual percentages of virgin and RAP asphalt binders and
new and RAP aggregates for various HMAs.

Table 3.14. Comparison Between Target and Actual Aggregate Gradations for
District 5 Mixtures

Sieve 30% RAP 40% RAP 50% RAP
DMF | Extracted | DMF | Extracted | DMF Extracted
lin 100 100.0 100.0 100 100.0 100.0
3/4in 93.7 94.9 94.4 03.8 95.2 95.5
1/2in 77.6 78.4 79.3 78.4 81.2 80.9
3/8in 68.3 68.0 69.7 69.1 71.4 715
No. 4 39.5 39.4 39.3 39.2 39.9 40.1
No. 8 22.4 222 223 224 23.3 23.2
No. 16 14.6 15.1 14.8 14.8 15.6 15.4
No. 30 10.6 10.5 11.0 11.0 11.7 11.7
No. 50 7.9 7.7 8.2 7.9 8.6 8.6
No. 100 6.3 6.3 6.4 6.3 6.6 6.7
No. 200 53 5.3 5.4 5.3 54 5.6

Table 3.15. Asphalt Binder and Aggregate Contributions from RAP for District 5 Mixtures

Binder Contribution (%) Aggregate Contribution (%)
Mix Type Virgin RAP New RAP
P Bin?:ler Binder Total Aggregate | Aggregate Total
Control Mix 100.0 0.0 100.0 100.0 0.0 100.0
30% RAP Mix 73.9 26.1 100.0 71.0 29.0 100.0
40% RAP Mix 66.6 33.4 100.0 61.1 38.9 100.0
50% RAP Mix 59.2 40.8 100.0 51.1 48.9 100.0

3.2.2.3 Moisture Susceptibility Test

The moisture susceptibility of District 5 RAP mixtures was also evaluated.
Figures 3.5 and 3.6 depict the tensile strength and TSRs of tested mixtures (detailed
results are tabulated in Appendix C). An increase in tensile strength with an increase in
RAP content was found for both conditioned and unconditioned specimens.
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Figure 3.5. Tensile strength ratios (TSRs) of District 5
conditioned and unconditioned specimens.
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Figure 3.6. Tensile strength ratios (TSRs) for District 5
control and mixtures with RAP.

District 5 mixtures exhibited reductions in TSR values. The visual evaluation did
not show any significant stripping, however. Table 3.16 presents the stripping ratings for
District 5 mixtures. With the exception of the mixture with 40% RAP, all other mixtures
passed IDOT’s minimum criterion of 85% TSR. It is important to note that the District 5
control mixture is known to be moisture susceptible (tensile strength less than 60 psi),
which is evident in mixtures with RAP as well. Unlike the District 1 mixes, the addition of
RAP did not bring any improvement in the TSR values, although an increase in the
tensile strength was observed.
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Table 3.16. Stripping Rating for District 5 Control and Mixtures with RAP

RAP (%) 0 30 40 50
Dry (coarselffine) 1/1 1/1 1/1 1/1
Wet (coarselfine) 1/2 2/2 2/1 2/2

3.3 LABORATORY PERFORMANCE TESTS

The following sections provide a description of the laboratory tests conducted to
evaluate the impact of high RAP on HMA. These tests include complex modulus, flow,
fatigue, wheel track, and fracture. The data analysis and discussion of the results from
those tests are presented in Chapter 4.

3.3.1 Complex Modulus (E*) and Flow Number Tests

Complex modulus (E*) describes the modulus characteristics of HMA as a
function of sinusoidal loading frequency and temperature. E* is a fundamental linear
viscoelastic material property (in compression) and is used in the Mechanistic Empirical
Pavement Design Guide (MEPDG) as a primary material input for pavement HMA layer
thickness design. An E* test was conducted on specimens from both material sources.
Sixty test specimens were fabricated based on the eight asphalt mix designs (i.e., mixes
with 0%, 30%, 40%, and 50% RAP for both District 1 and District 5). Three binder types
(PG 64-22, PG 58-22, and PG 58-28) were used.

Specimens were compacted in the SuperPave™ Gyratory Compactor (SGC) to
obtain 7.0 = 0.5% air void content level. SGC samples were then cored and cut to obtain
specimens for E* tests. The tests were conducted at various frequencies and
temperatures in accordance with AASHTO TP 62 specifications. Dynamic loading was
adjusted to obtain an axial deformation of 50 microstrains. The matrix for the E* tests is
presented in Table 3.17.

Table 3.17. E* Testing Matrix for Each Material Source

Temperatures RAP (%)

(°F I°C) 0 [ 3 [ 4 | 50 | '@

14/ -10 3t 9’ 9 9 30
39/4 3 9 9 9 30
70/ 21 3 9 9 9 30

100/ 38 3 9 9 9 30

129 / 54 3 9 9 9 30
Total 15 45 | 45 45 150

The same three samples were tested at all temperatures and at the
following frequencies: 0.1, 1, 5, 10, 25 Hz

Three test sets (no binder bump, single bump, double bump)

Flow number (Fy) is used as a performance indicator for permanent deformation
resistance of HMA. An Fy test is one of three SuperPave simple performance tests
(SPT). It simulates different loading conditions by placing repetitive loading on a
cylindrical sample. A specimen at the end of the test is shown in Figure 3.7. The flow
numbers test was performed at 129°F (58°C) after the E* tests on the same specimens.
The test was conducted until the completion of 10,000 cycles or 5% permanent strain,
whichever occurred first.
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Figure 3.7. A specimen at the
conclusion of a flow number test.

3.3.2 Beam Fatigue Test

The flexural beam fatigue test is used to characterize the fatigue behavior of

HMA at intermediate pavement operating temperatures. The test is believed to simulate
the fatigue life of HMA pavements as a result of vehicular loading. In this study, a strain-
controlled four-point beam fatigue test was conducted at 68°F (20°C) at levels of 1000,
800, 700, 500, 400, and 300 microstrains. A total of 120 beams were tested utilizing the
eight HMAs from the two material and RAP sources (Districts 1 and 5) and three
different asphalt binders. The failure criterion used in the study was the traditional 50%
reduction in initial stiffness (i.e., the initial stiffness is the stiffness at the 50th load cycle).

A rolling wheel compactor (RWC) was used to compact the HMA beams to 14.8
in X 4.956 in x 2.953 in (376 mm x 125.9 mm x75 mm). The weight of the mixtures was
adjusted to achieve 7% air void content. Each compacted beam was cut into two smaller
fatigue beams of 14.8 in x 2.48 in x 1.968 in (376 mm x 63 mm x 50 mm). Table 3.18
presents the beam fatigue test matrix for the project.

Table 3.18. Beam Fatigue Testing Matrix for Each Material Source

Strain Level (y-strains) | Control | 30% RAP | 40% RAP | 50% RAP
1000 1 3 3 3
800 1 3 3 3
700 1 3 3 3
500 1 3 3 3
400 1 3 3 3
300 1 3 3 3
Total 6 18 18 18

"Three beams (no binder bump, single bump, double bump)
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3.3.3 Wheel Tracking Test

A torture test (wheel tracking test) was conducted to evaluate the rutting potential
of the control and the HMAs with various RAP contents. SGC specimens were
compacted to 7.0% * 1% air void content to create the test specimens. Although control
mix (0% RAP) specimens were fabricated using only the base PG binder (PG 64-22),
mixtures with RAP were tested with base, single-bumped (PG 58-22), and double-
bumped (PG 58-28) binders. The wheel tracking test was performed on wet-conditioned
(submerged in water) specimens at 122°F (50°C) for 20,000 passes of 150 Ib (222 N) of
steel wheel or until 0.5 in (12.5 mm) of deformation. The test matrix for the wheel
tracking test is shown in Table 3.19.

Table 3.19. Wheel Tracking Testing Matrix for Each Material Source

. RAP (%)
Condition Total
0 30 40 50
Wet 3t 92 9 9 30
Dry 3 9 9 9 30
Total 6 18 18 18 60

Mhree replicates
2Three replicates x three binder types

3.3.4 Semi-Circular Bending (SCB) Fracture Test

Low-temperature fracture properties of the mixtures were determined using a
semi-circular bending (SCB) test. The test setup is shown in Figure 3.8. A specimen 2 in
(50 mm) thick was used instead of a 1-in (25-mm) specimen because 3/4-in (19-mm)
NMAS was used in the study. To fabricate an SCB test specimen, a 2-in (50-mm) slice
was cut from the middle of a 4.5-in (115-mm) gyratory specimen compacted at 7% air
void content. The slice was cut into two halves, making semi-circular specimens of 2.91
in (74 mm) in radius, 5.9 in (150 mm) long, and 1.97 in (50 mm) thick.

'! o e - ‘{“ p »
Figure 3.8. Semi-circular bending (SCB) test.
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The test was conducted at two temperatures: 35.6°F (2°C) below and 50°F
(10°C) above the lower limit of the base PG (64-22) grade. The two testing temperatures
were —11.2°F (-24°C) and 10.4°F (-12°C) for the base PG grade, in accordance with a
draft AASHTO test protocol. Table 3.20 presents the SCB test matrix for each material
source.

Table 3.20. Semi-Circular Bending (SCB) Test Matrix for Each Material Source

RAP (%)
Temperatures (°C) Total
0 30 40 50
2°C below Lower PG Grade (—24°C)* 3 9 9 9 30
10°C above Lower PG Grade (—12°C) 3 9 9 9 30
Total 6 18 18 18 60

"Base PG grade: PG 64-22
*Three test sets (base binder, single bump, double bump)

A contact load of 22.5 Ib (0.1 kN) was applied before starting the test. The test
was controlled using the crack mouth opening displacement (CMOD) rate of 0.039 in/sec
(0.1 mm/min). The test was stopped when the load level dropped to 22.5 Ib (0.1 kN).

The parameter used to determine the fracture properties of the HMA was fracture
energy (Gy); it is equal to the energy absorbed when the unit sectional area is fractured.
Fracture energy is obtained by dividing fracture work by ligament area. (Fracture work is
the area under the load-CMOD curve; ligament area is the product of ligament length
and thickness of the specimen):

G, =—" (3.2)

where
W; = fracture work; and

Ajq = area of a ligament.

Discussion of results from the aforementioned tests is presented in Chapter 4.
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CHAPTER 4 RESULTS AND ANALYSIS

4.1 TEST RESULTS FOR DISTRICT 1 ASPHALT MIXTURES

4.1.1 Complex Modulus (E*) and Flow Number Tests

A complex modulus test was conducted on specimens obtained by cutting and
coring the gyratory compacted samples prepared at 7.0 + 0.5% air void content. Table
4.1 presents the air void contents of uncut gyratory samples for all E* samples.

Table 4.1. Air Void Contents of Uncut Gyratory Samples

Air Void Content (%)

Mix Type PG 64-22 PG 58-22 PG 58-28
Control 7.1 7.4 7.0 — — — — — —

30% RAP 7.3 7.4 7.4 7.1 7.4 7.2 6.9 7.1 6.6

40% RAP 7.0 6.8 6.7 6.7 7.3 7.3 7.3 6.5 6.5
50% RAP 6.8 7.0 7.0 7.3 7.0 6.7 7.0 6.8 7.0

The complex modulus test results are presented in master curves, which were
constructed using the time—temperature superposition principle at a temperature of 70°F
(21°C). The master curves shown in Figure 4.1 illustrate the effect of adding RAP to
mixes prepared with a base binder (PG 64-22). An increase in the modulus values was
observed when RAP was added. Given that stringent quality control for aggregate
gradation and volumetrics was imposed throughout the study, the increase in modulus
values can only be attributed to stiffer RAP binder.
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g' —30% RAP /PG 64-22
o
o 40% RAP /PG 64-22
10 —50% RAP / PG 64-22
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Figure 4.1. Master curves for District 1 control and HMA with RAP.
The control blend (0% RAP) had the lowest complex modulus over the reduced

frequency. The HMA with 30% RAP showed an increase in the stiffness at both high and
low frequencies. The 40% RAP showed inconsistent behavior: a higher modulus at a low
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frequency (high temperature) and a lower modulus at a high frequency (low
temperature). The 50% RAP mixes consistently showed higher modulus values
throughout the frequency spectrum.

The effect of softer binders was evaluated for the HMA mixes with RAP. Figure
4.2 shows that 30% RAP with the base binder PG 64-22 had a slightly higher modulus
than the control mixture. While the complex modulus of the 30% RAP mix with PG 58-22
decreased to or below the modulus of the control mixtures, the lowest modulus values
were obtained when double-bumped binder (PG 58-28) was used.
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Figure 4.2. Effect of binder bumping on District 1 mixtures with 30% RAP.

The HMA with 40% RAP showed some erratic behavior, as illustrated in Figure
4.3. The control mix (0% RAP) had the lowest modulus at a low frequency (high
temperature) but had the highest modulus at a high frequency. Although the modulus at
a low frequency followed the expected trend, it showed an opposite trend on the other
end of the curve. Figure 4.4 shows a considerable decrease in modulus for HMA with
50% RAP using PG 58-22 but no significant effect resulted from the use of double-grade
bumping. The binder-grade bumping was found to be effective in reducing the moduli of
mixtures with RAP to the moduli of the control mixtures and, in some cases, lower.

Overall, it is evident from the complex modulus test results that RAP increases
the modulus values of the HMA due to the use of aged binder, especially at high
temperatures. Although, the effect of single and double binder-grade bumping was
visible from the master curves, statistical analyses were conducted on complex modulus
data to evaluate whether the tested HMAs were statistically different from each other.
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Figure 4.3. Effect of binder bumping on District 1 mixtures with 40% RAP.
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Figure 4.4. Effect of binder bumping on District 1 mixtures with 50% RAP.

A multiple-comparison procedure, Tukey’s W procedure, was performed in
conjunction with analysis of variance (ANOVA) to determine which means are
significantly different from each other. Two population means are declared different if the
difference between their sample means is greater than W, where W is dependent on the
number of observations in each sample, degrees of freedom, and q, which is the upper-
tail critical value of the Studentized range distribution (Ott and Longnecker 2010). All the
analyses were completed using Statistical Analysis Software (SAS) v9.2. An example of
an output file is presented at the end of Appendix C.
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Different HMA and asphalt binder combinations were grouped and analyzed at
two frequency levels (0.1 and 10 Hz) and three temperatures 14°F (—10°C), 70°F (21°C),
and 129.2°F (54°C) for District 1 and District 5 HMAs. The alpha value used was 0.05.
The following are the findings for District 1:

¢ When all the mixtures made with the base binder (PG 64-22) were grouped,
none of the modulus values of HMAs with RAP were significantly different
from the control mixture at any combination of frequency and temperature.
This implies that the stiffening effect of RAP on District 1 HMA is not evident
from E* results.

e To quantify the effect of binder-grade bumping, the control and HMA with
30% RA