Laboratory and Field Evaluation of Plant Produced Asphalt Mixtures Containing RAP in
Hot Climate Areas
by

Ali Zalghout

A Thesis Presented in Partial Fulfillment
of the Requirements for the Degree
Master of Science

Approved June 2019 by the
Graduate Supervisory Committee:

Kamil Kaloush, Chair

Elham Fini
Michael Mamlouk

ARIZONA STATE UNIVERSITY

August 2019



ABSTRACT

The use of Reclaimed Asphalt Pavements (RAP) in newly produced asphalt
mixtures has been gaining a wide attention from state Departments of Transportations
(DOTs) during the past four decades. However, the performance of these mixtures in harsh
and hot climate areas such as Phoenix, Arizona has not been carefully addressed. This
research focuses on evaluating the laboratory and field performance of Hot Mix Asphalt
Mixtures (HMA) produced with two different RAP contents 15%, and 25%. A road section
was identified by the City of Phoenix where three test sections were constructed; the first
being a control (0% RAP), the second and the third sections with 15% and 25% RAP
contents, respectively. The 25% RAP mixture used a lower Performance Grade (PG)
asphalt per local practices. During construction, loose HMA mixtures were sampled and
transported to the laboratory for advanced material characterization.

The testing included Dynamic Modulus (DM) test to characterize the stiffness of
the material, Flow Number (FN) test to characterize the rutting resistance of the mixtures,
IDEAL CT test to characterize the crack initiation properties, C* Fracture test to investigate
the crack propagation properties, Uniaxial Fatigue to evaluate fatigue cracking potential,
and Tensile Strength Ratio test (TSR) to evaluate the moisture susceptibility. Field cores
were obtained from each test section and were tested for indirect tensile strength
characteristics. In addition, asphalt binder testing was done on the extracted and recovered
binders.

The laboratory results, compared to the control mixture, indicated that adding 15%
and 25% RAP to the mix did not have significant effect on the stiffness, improved the
rutting potential, had comparable cracking potential, and gave an acceptable passing



performance against potential moisture damage. The binder testing that was done on the
extracted and recovered binders indicated that the blended RAP binder yields a high
stiffness. Based on results obtained from this study, it is recommended that the City of
Phoenix should consider incorporating RAP in their asphalt mixtures using these low to
moderate RAP contents. In the future implementation process, it is also recommended to
include specifications where proper mixture designs are followed and supported with some

of the laboratory tests outlined in this research.
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CHAPTER 1 INTRODUCTION

1.1- Background
The American Society of Civil Engineers ASCE (2017) report card graded the road

network in the United States with a grade D. There are more than four million miles of
roads in the US, in which 21% have a poor pavement condition. This poor pavement
condition has cost the US motorist around 120.5 billion dollars in vehicle repairs in 2015
alone (ASCE, 2017).

The highway system in the US has been underfunded for years, causing an $836 billion of
backlog in highway and bridge funding. Among this backlog, $420 billion are needed just
for existing highways repair. Failure to spend this amount of money on the infrastructure,
the economy will lose around $4 trillion in the Gross Domestic Product (GDP), resulting
in a loss of 2.5 million jobs by 2025. This loss will cost each household a $3400 each year.
Hot Mix Asphalt (HMA) pavements constitutes more than 90% of the road network in the
US. The materials cost represents a large portion of the total asphalt pavement construction
process, as seen in Figure 1 (Copeland, 2011). Thus, reducing the cost of HMA production
will save a lot of money, and will allow the Departments of Transportation (DOTSs) to make
better use of their budgets in maintaining and rehabilitating the road network. The use of
Reclaimed Asphalt Pavements (RAP) as a component in the new produced HMA will
reduce the needed amount of virgin aggregates and virgin binder, which may lead to cost
reduction and, more importantly, energy conservation and recyclability program, leading
to sustainable pavements implementation. In order to have a successful use of RAP in

HMA, the inclusion of RAP shouldn’t compromise the performance of the pavement.



Percent (%) of Cost

Material Plant Production Trucking Lay Down

Figure 1. Cost of Different Pavement Construction Components (Adapted from
Copeland, 2011)

According to the National Asphalt Pavement Association NAPA (2017), around 76.2
million tons of RAP were used in newly produced asphalt mixtures in 2017. This amount
of RAP has reduced the need of 21.5 million barrels of asphalt binder, and more than 72
million tons of aggregates, which led to a saving of more than $2.1 billion.

Although asphalt is the most recycled material in the US, yet, 102.1 million tons of asphalt
still stockpiled at the end of the 2017. Also, agencies have limited the use of RAP in their
asphalt mixtures. There are concerns regarding increasing the RAP content in the newly
produced asphalt mixtures by both state agencies and contractors. The most common
challenges for the state DOTSs in using more RAP are many; such as RAP quality and

consistency, mix design procedure and volumetric requirements, degree of blending and



binder selection, risk of compromising cracking performance and durability, and the use of
RAP with polymers. Whereas, contractors are facing the following barriers in using more
RAP: dust and moisture contents of RAP, the need to increase the quality control on the
production and construction of pavements with RAP mixtures, the control of RAP
properties, and most importantly, the limitations of State DOTSs specifications. Figure 2
shows the most common factors that limit the increase of RAP contents. As the figure
shows, the specification limits are the most common reported factor. The specification
limits are usually set by owner agencies based on their previous experience with RAP

performance.

= Specification Limits

= Availability of RAP

= Asphalt Plant Capabilities
= Volumetric Requirements
= Mixture Performance

= Economics

s Other

18.5%

Figure 2. Road Blocks Behind Using More RAP (Adapted from NAPA, 2017)

During its service life, asphalt pavements are subjected to aging mainly due to sun,
ultraviolet radiations, and oxygen. This aging process results in the stiffening of the
material. Several studies have reported a successful use of RAP with a satisfying

performance. However, the performance of pavements with RAP in harsh hot climate is



yet to be studied. Arizona is one example that experience hot climate. Figure 3 shows the
use of RAP in the US between 2013 and 2017. As the figure shows, Arizona (at the State
level) doesn’t use more than 15% of RAP in its asphalt mixtures. Thus, the performance of
using higher RAP contents in hot climate areas is yet to be studied, especially at the level
of public works. This thesis focuses on studying the performance of RAP mixtures, with

higher RAP content, for the City of Phoenix, Arizona.

2015

Average RAP %
[39] No Cos. Reporting
- < 3 Cos, Reporting
C__loo
L__]1w0-14
B 15-19
) 20-29
Bl -0

Figure 3. RAP Usage in the US Between 2013 And 2017 (Adapted from NAPA,
2017)

1.2-  Study Objective
The objective of the study presented herein is to evaluate the laboratory and field

performance of asphalt mixtures containing different percentage of RAP for the City of
Phoenix, Arizona.

1.3-  Scope of Work

Although many researchers have studied the performance of RAP mixtures, the
performance of these mixtures in hot climate areas with plant produced mixtures-in the

absence of RAP size control- is yet to be studied. This study will cover the work done in



the literature with a focus on RAP in hot climate areas. In cooperation with the City of
Phoenix, three road sections with different RAP percentages (0%, 15%, and 25%) used in
an asphalt base layer were constructed in Phoenix, Arizona. A PG 70-10 was used for both
the control and 15% RAP mixtures per Maricopa Association of Governments (MAG)
specification. For the 25% RAP mixture, a drop of one binder grade was used (PG 64-16)
per the Maricopa Association of Governments (MAG) specifications. The laboratory
testing program included assessment of mixture stiffness through the Dynamic Modulus
test, mixture resistance to each of (i) rutting (through Flow Number test), (ii) Fatigue
(through Uniaxial Fatigue test), and (iii) Moisture Damage (through Tensile Strength
Ratio). In addition, the crack initiation and propagation properties of the three mixtures
were studied through the Indirect Tension Test (IDT) and C* Fracture test, respectively.
Extraction and recovery of the asphalt binder were performed on the sampled material and
the following tests were conducted using the Dynamic Shear Rheometer (DSR): (i)
Complex Modulus, (ii) Multiple Stress Creep and Recovery (MSCR), and (iii)
Performance Grading (PG). Field cores from the test sections were extracted and tested for

their indirect tensile strength properties. The experimental plan is shown in Figure 4.
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1.4-  Thesis Organization
This thesis is divided into seven chapters. Chapter 1 gives the introduction, some

background about RAP research, and identifies the objective and scope of this work.
Chapter 2 provides a summary of the literature review with a focus on using RAP in
Arizona. Chapter 3 documents the road test sections construction, and some information
about the material used in this study. Chapter 4 presents the mixture level testing and
analysis. Chapter 5 includes the binder level testing and analysis. Chapters 6 reports the
field cores testing results and analysis. Finally, Chapter 7 provides a summary and

conclusions of the study.



CHAPTER 2 LITERATURE REVIEW

2.1- RAP Background
At the end of its service life, asphalt pavement materials still have a value and can be used

to construct new asphalt pavements. Reclaimed Asphalt Pavement (RAP), which is
basically obtained from old asphalt, can be mixed with different percentages of virgin
aggregates and binder to produce a new asphalt.

Serious interest in using RAP in the US started in 1970s when the nation experienced an
oil embargo leading to very expensive oil products. Before that time, the cost of recycling
asphalt was higher than using virgin materials due to old equipment. After 1970s, serious
attention about the feasibility of using RAP has started, in which agencies started
incorporating RAP in their mixtures. Among these agencies, some of them witnessed
positive benefits and others experienced different problems mainly related to cracking.
Regardless of these failures, many agencies persisted on the importance of using RAP in
their mixtures, and after more than two decades of trial and error, best practices were
identified, and a better performance was obtained.

There are generally five different methods of recycling. These five methods can either be
used alone or in conjunction with each other on a certain pavement section (ARRA, 2015).

These methods are:

Hot Recycling

- Hot In-Place Recycling (HIR)

- Cold In-Place Recycling (CIR)

- Cold Central Plant Recycling (CCPR)

- Full Depth Reclamation (FDR)



2.1.1- Hot Recycling
Hot Recycling is a method of recycling in which RAP is combined with virgin aggregates

and binder at a central plant. This RAP is usually a result of milling/removing of an old
asphalt pavement that has been transported and stockpiled at the plant. Figure 5 is an
example of such millings stockpiled at an asphalt plant. Then, these millings will be
processed and stockpiled again, to make it ready to be incorporated in the newly produced
mixtures. Figure 6 shows a processed RAP stockpile. This method utilizes the heat-transfer
approach to soften the RAP binder to allow proper blending with the virgin binder. If the
RAP binder is too stiff, it might not blend well and might be prone to cracking. This may
lead to some adjustments in the RAP content or the amount of virgin aggregate and binder.
Once the recycled mix has been produced, it can be transported to the site, placed, and

compacted just as any regular asphalt.

Figure 5. Unprocessed Milled RAP



Figure 6. Processed RAP Stockpile

2.1.2- Hot In-Place Recycling (HIR)
During this method, asphalt is completely recycled on site. Usually, the treatment depth of

an HIR is between 20 to 50 mm. During an HIR, asphalt is heated and softened so that it
can be scarified or milled to the required depth. Then, the scarified material is mixed and
placed and compacted using a conventional HMA paving equipment. During mixing,
virgin aggregates, asphalt binder, or recycling agents can be added based on the need.

Figure 7 describes the HIR process.
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Figure 7. HIR Process (Adapted from Gallagher Asphalt Corporation, by Zeller
Marketing and Design)

2.1.3- Cold In-Place Recycling
Cold recycling is a rehabilitation technique in which the deteriorated pavement materials

are used in place without the application of heat. The RAP in this method is obtained by
milling or crushing the in-place pavement. Virgin aggregates, asphalt binder, and recycling
agents can be added to the RAP before laying it down and compacting it. CIR is suitable
for a low volume roads that are not close to a central plant. Figure 8 shows an example of

a CIR process.
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Figure 8. CIR Process (Adapted from Asphalt Paving Systems)

2.1.4- Cold Central Plant Recycling (CCPR)
During CCPR, material is removed from the existing pavements and transported to a

central plant. This material can be processed (screened or crushed) and then used again in
the construction of new pavements. Similar to CIR, CCPR relies on the use of emulsion or
foamed asphalt as a binding agent. Once the material and the agent are mixed, it can be

transported to the project site, laid down, and compacted.

2.1.5- Full Depth Reclamation (FDR)
During FDR, the full asphalt pavement layer and portion of the underlying materials (base,

subbase, or subgrade) is pulverized and mixed properly to provide an upgraded base
material. Similar to CIR, the process is performed in the absence of heat. The FDR process
is summarized in the following steps: reclamation of the existing pavement materials,
adding virgin materials if required, proper mixing, initial laying down of the mix,
compaction, then final shaping followed by an application of an asphalt surface or wearing

course. This method produces a granular pavement layer which might be ready for direct
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use, have additional granular materials on top of it, or can be improved by adding

stabilizing additives. Figure 9 shows and example of FDR project.

Figure 9. FDR Process (Adapted from SUIT-KOTE CORPORATION)

Among the recycling methods presented above, Hot plant recycling is the most common.
In this process, mixtures containing RAP are produced and moved to the constructed site,
before being laid down and compacted. However, in the mixing process, some sort of
blending will occur between the virgin asphalt binder, and the aged asphalt binder on the
RAP aggregates. The degree of blending will have a significant effect on the performance.
The highly aged asphalt binder also plays an important role in the performance. Many
researchers have found a successful performance of RAP, while others reported some
failures. Yet, research on highly aged RAP in an extreme weather is yet to be studied. This
chapter represents the state-of-the-art work in RAP research in the United States with a

focus on Arizona.
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2.2- RAP Asphalt Mixtures Performance Testing

Performing mixture testing on RAP is necessary to predict the performance especially
when high RAP contents exist. Researchers have performed many studies to evaluate the

effect of replacing RAP (with different contents) on the mechanical properties of the mix.

A study done by Shah et al (2007) investigated the effect of adding 3 different contents of
RAP (15, 25, and 40%) on the stiffness and low temperature properties of the mix. The
Indirect Tensile Strength (IDT) test was performed at three different temperatures (0, -10,
and -20°C) and the strength values at -10°C were used to calculate the critical cracking
temperature. A PG 64-22 binder was used with the three RAP mixtures in addition to the
control mix, another two mixtures were prepared by adding PG 58-28 to the RAP mixtures
with both contents 25% and 40%.

The Dynamic Modulus test results indicated that adding 15% RAP on the mix significantly
increase the stiffness values, whereas adding 25% RAP didn’t have any significant effect.
The high RAP content (40%) addition increases the stiffness significantly at warmer
temperatures. However, increasing the RAP content from 15% to 25%, 15% to 40%, and
from 25% to 40% significantly increased the stiffness.

The critical cracking temperature (Tc) indicated that mixture with 40% RAP has the highest
cracking temperature, followed by 15% RAP, 25% RAP, and then control. The 25% RAP
mix had a surprising critical cracking temperature as it was expected to show a higher one
than the 15% RAP. Adding a softer binder to the mix had an improvement on the low
temperature cracking potential of the 25% and 40% RAP mixtures by decreasing the Tc

value compared to PG 64-22.
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Shu et al (2008) evaluated the fatigue characteristics of HMA mixtures containing different
RAP contents (0, 10, 20, and 30%). Both IDT and Beam Fatigue tests were conducted to
evaluate the cracking potential of the 4 mixtures. The results indicated that mixtures with
higher RAP contents had higher indirect tensile strength (ITS), lower toughness index, and
lower strain at peak load. Conducting the Resilient Modulus test on the IDT specimens
showed that increasing RAP content will lead to an increase in the stiffness. The beam
fatigue test results analyzed with the plateau analysis method indicated that mixtures with
higher RAP contents experience more damage that would result in shorter fatigue life.
Although these results contradict the load cycles results, yet, the authors believed that the

plateau method is more reasonable.

Loria et al (2011) conducted a field and laboratory study to investigate the effect of adding
two RAP contents (15% and 50%) on moisture resistance and thermal cracking resistance
of the asphalt mix. Two binders were used with the mixture that incorporates 50% RAP,
PG 58-28, and PG 52-34. Materials were sampled from the field during construction and a
laboratory fabricated samples were also prepared with the same virgin materials to compare
both the field and laboratory results.

The moisture damage assessment was conducted by evaluating the measured tensile
strength of unconditioned samples, in addition to samples conditioned with one freeze-
thaw cycles, and samples conditioned with three freeze-thaw cycles. The results indicated
that RAP increased the tensile strength of unconditioned and both one and three cycle
conditioned samples. The results were consistent between the field and laboratory samples.
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The dynamic modulus test was performed on unconditioned specimens, and specimens
subjected to one and three freeze-thaw cycles. The results indicated that at a given freeze-
thaw cycle, RAP mixtures had higher stiffness compared to the control one. This stiffness
increased with increasing RAP content.

The thermal cracking resistance of the mixtures was evaluated using the Thermal Stress
Restrained Specimen Test (TSRST) after multiple freeze-thaw cycles. The results showed
that the 50% RAP without a grade change field mixture yielded a greater fracture
temperature than both 0% and 15% RAP mixtures at unconditioned and conditioned
specimens. However, the use of a softer binder resulted in a similar fracture temperature to

that of the control mix.

A study by Apeagyei et al (2011) evaluated the rutting resistance of plant produced asphalt
mixtures with different RAP contents. The dynamic modulus and flow number tests were
performed to evaluate the stiffness and permanent deformation properties of the mixtures.
19 mixtures were evaluated in the study in which 8 were surface mixtures with Nominal
Maximum Aggregate Size (NMAS) of 9.5 mm, another 8 were base mixtures with NMAS
of 12.5 mm, and the remaining 3 are Stone Matrix Asphalt (SMA) with NMAS of 12.5
mm. In this study, a PG 70-22 binder was used for the mixtures with RAP content less than
20%, whereas mixtures with RAP content of more than 20% were prepared using PG 64-
22.

The dynamic modulus testing results showed that stiffness has increased with the addition

of 10% and 15% RAP, however, mixtures with 25% RAP content showed stiffness values
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similar to that of the control. The authors interpretation of these results is the softer binder
that was used with the 25% RAP mixtures.

The flow number test results showed that incorporating 10% and 15% of RAP in the mix
will lead to a significant increase in the flow number values compared to that of the 25%
RAP with softer binder.

City of Phoenix 2017 Study

Similar to the work in this study, the City of Phoenix Public Works in conjunction with the
Resource Innovation and Solutions Network (RISN) program at Julie Ann Wrigley Global
Institute of Sustainability, Arizona State University (ASU), conducted a 2017 limited
laboratory study to evaluate the viability of using RAP in future pavement maintenance
and rehabilitation projects. The study also included a survey of current practices by local
and national agencies. Overall, public works agencies in Arizona have been slow in
adopting the use of RAP. The survey conducted on the current use of RAP is shown in
Table 1.

Other uses of RAP in the table below were identified as backfills, dust control, dirt road

stabilization and shoulders, among others.

The study reported RAP asphalt contents between 3.70% and 6.26%. The recovered binder
Performance Grading (PG) results showed very stiff characteristics and as high as PG
130+26. Gradation of extracted aggregates from RAP were within specification limits of

common mixtures. The mixture designs were conducted based on City of Phoenix
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Table 1. Summary of Practices from Other Agencies — City of Phoenix 2017 Study
(Arredondo, 2018)

Agency Surface  |[Non-Surface Unbound Other
Base

City of Phoenix X* X
Arizona Department of Transportation (ADOT) X X X X
Maricopa Association of Governments (MAG) X X* X

Pima Association of Governments (PAG) X X X
Maricopa County Dept. of Transportation (MCDOT) X X* X
East Valley Asphalt Committee (EVAC) X X
Apache Junction X X
Mesa X X X
Queen Creek X X
Las Vegas (Nevada) X X X X
Nevada Department of Transportation (NDOT) X X X X
Texas Department of Transportation (TxDOT) X X X X
New Mexico Department of Transportation (NMDOT) X X X X
California Department of Transportation (Caltrans) X X X X

*Conditional

specifications for gyratory compaction and followed the Superpave methodology. The

procedure to incorporate RAP was customized based on national and local practices.

Dynamic modulus and flow number test results showed no statistical difference between
the RAP mixtures and control. The TSR testing showed that all mixtures performed well

and above the specified minimum limit of 75% required by the City specifications.
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The study indicated that the 15% RAP contents are feasible to use and will not affect greatly
nor negatively the pavement performance based on the preliminary laboratory performance

testing done at ASU.

Arredondo (2017) performed and expanded the City of Phoenix 2017 study as part of his
master’s thesis at ASU. He used two asphalt binders: PG 70-10 and PG 64-16 and four
different RAP contents: 10%, 15%, 25% (using PG 70-10), and 25% content with the softer
PG64-16 binder; this is in addition to a control mix (0% RAP).

Laboratory test results showed slightly higher modulus as RAP content increased. For TSR

testing, all mixtures performed well and showed some improvement for the RAP mixtures.
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CHAPTER 3 MATERIALS AND SECTIONS CONSTRUCTION

3.1-  Pavement Structure
In this project, pavement designs that are typically used by the CoP were used for the test

sections, except RAP was used in the base layer. These sections were constructed using a
mixture with a Nominal Maximum Aggregate Size (NMAS) of % inches in the base layer,
and a Terminal Blend (TR) mixture with NMAS of % inch was used in the surface. The
TR mix includes some polymer and rubber. Section 1 was a control, where Section 2 had
a RAP replacement of 15 percent in the base layer, and Section 3 had a 25 percent RAP

replacement in the base layer. Figure 10 shows a schematic of the three sections.

Asphalt Surface Asphalt Surface . Asphalt Surface
Layer- 0% RAP Layer- 0% RAP 1.5 Layer- 0% RAP

15"
(Terminal Blend) (D-1/2) (Terminal Blend) (D-112) {Terminal Blend)

Asphalt
Base Layer-
25% RAP

Asphalt - Asphalt
Base Layer- (C34) Base Layer-
0% RAP 15% RAP

35
(C-3/4)

Subgrade Subgrade

Subgrade

Section 1 Section 2 Section 3

Figure 10. Pavement Structure of the Three Sections

3.2- Material Selection
The materials used in this project are the most widely used aggregates and binders in

Phoenix. The RAP incorporated in sections 2 and 3 mixtures are a result of millings that
20



are processed and stockpiled in the plant. Below are the properties of the materials selected,

in addition to the mixture properties.

3.2.1- Aggregates
The aggregates used in this study are constantly used by contractors in the Phoenix Area.

The base layer mixtures have an NMAS of % inches, whereas the surface TR mix has an
NMAS of % inch. Table 2 shows the properties of the virgin aggregates used in the three
base mixtures. Figure 11 shows the gradation of the 3 base mixtures.

Table 2. Virgin Aggregate Properties

Coarse Fine Combination | Combination
Agareoates | Agareqates (without (with Specifications
ggreg gareg Admixture) | Admixture)
Bulk OD Specific |, ¢4, 2,635 2,654 2,647 2.35-2.85
Gravity
SSD Specific 2,704 2.664 2.685 2.677
Gravity
Apparent Specific |, 76, 2,714 2.738 2.729
Gravity ' ’ ' '
Absorption (%) 1.207 1.112 1.159 1.141 0.00-2.50
Effective Specific
Gravity (Gse) 2.682
Sand Equivalent 64 50 Min
Uncompacted Voids 48.1 45 Min
%1 or more ;
fractured face % 85 Min
%2 or more ;
fractured face 0 80 Min
Los Angeles
Abrasion
% Loss @100 Rev-
Grading B 4 9 Max
% Loss @500 Rev-
Grading B 17 40 Max
% Clayclumps and
Friable Particles 0.2 0.3
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Figure 11. Aggregate Gradation of the Three Base Mixtures

The properties of RAP aggregates were measured and reported in Table 3.

Table 3. RAP Aggregate Properties

RAP | Specifications
Bulk OD Specific Gravity 2.543 2.35-2.85
SSD Specific Gravity 2.573
Absorption (%) 1.159 | 0.00-2.50
Effective Specific Gravity (Gse) | 2.574
Los Angeles Abrasion
%1 or more fractured face 5 9 Max
%?2 or more fractured face 21 40 Max

3.2.2- Binder Properties
The asphalt binders used in mixtures production in this study are a Superpave performance-

graded binder, PG 70-10 for mixtures with 0% and 15% RAP, and PG 64-16 for the 25%
RAP mixture. These binders were provided by Western Refining located in Phoenix,
Arizona. The binder used for the surface mix is PG 76-22 TR+. This binder was provided
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by HollyFrontier located in Phoenix, Arizona as well. Tables 4 and 5 show the properties

of the PG 70-10 and PG 64-16 binder respectively.

Table 4. PG 70-10 Properties

Test T Test Test Result | Specification
emperature
Flash Point, T48 >230C Min. 230 C
Testson | Apparent Viscosity, AASHTO 135°C 0.565 Pa-s Max. 3 Pa-s
Original T316 175 °C 0.101 Pa-s
Binder Min. 1.00
Dynamic Shear, T315, G*/sin & 70 °C 1.19 kPa kiDa'
Tests on Mass Change -0.143 Max 1.0
Residue Min. 2.20
from Dynamic Shear, T315, G*/sin & 70 °C 3.05 kPa kii’ '
RTFO a
PAV Aging Temperature 110 °C
Testsin | iy amic Shear, T315, G*sin 5 34°C 3g40kpa | Max. 5000
Residue kPa
from . o Max. 300
PAV Creep Stiffness, T313 0°C 93.0 Mpa Mpa
m-value, T313 0°C 0.312 Min. 0.300
Table 5. PG 64-16 Properties
Test T Test Test Result | Specification
emperature
Flash Point, T48 >230C Min. 230 C
Testson | Apparent Viscosity, AASHTO 135°C 0.428 Pa-s Max. 3 Pa-s
Original T316 175°C 0.082 Pa-S
Binder Min. 1.00
Dynamic Shear, T315, G*/sin 64 °C 1.62 kPa ki:’a'
Tests on -0.106 weight
Residue Mass Change % Max 1.0
Rf[ﬁ% Dynamic Shear, T315, G*/sin & 64 °C 3.85 kPa erlli:’izo
PAV Aging Temperature 100 °C
Testsin | 1y amic Shear, T315, G¥*sin 28°C 3790 kPa Max. 5000
Residue kPa
from . . Max. 300
PAV Creep Stiffness, T313 -6°C 117.0 Mpa Mpa
m-value, T313 -6°C 0.335 Min. 0.300
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3.3- Mix Design Methods
The Marshall mix design method was used to design the asphalt mixtures used in this study.

The Maricopa Association of Governments (MAG) guidelines were followed during the
mix design. MAG specification requires a drop in one PG grade when RAP content of 15%
or higher is used. Thus, in the current mix design, PG 64-16 was used for the 25% RAP
mix instead of PG 70-10. The mixtures were designed with 75 blows on each side. Table
6 shows the volumetric properties of the three base mixtures used in this study. More

information in the mix design calculations are provided in APPENDIX A.

Table 6. Volumetric Properties

0% RAP | 15% RAP | 25% RAP
(Control)
Total Binder Content 5 5 5
Marshall Bulk Density (pcf) 148 148.7 149.2
Max. Theoretical Specific Gravity 2.478 2.481 2.486
Max. Theoretical Specific Density (pcf) 154.6 154.8 155.1
Stability 5010 5390 5210
Marshall Flow (in) 11 10 11
% Air Voids 4.3 3.9 3.8
% VMA 14.5 14.5 14.2
% Air Voids Filled 70.5 72.7 72.8
% Eff Asphalt Total Mix 4.39 4.52 4.41
Film Thickness (micro) 9 9 9
Dust/Bitumen Ratio 1.1 1 1.1

3.4- Project Description
The test sections were built on 15" Avenue from Roeser Road to Broadway Road. The

total project length is around 2685 feet divided equally between the three sections. Figure
12 shows the as-constructed sections layout. These test sections were constructed in

December 2018.
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Figure 12. As-Constructed Map of the Sections

3.5-  Sections Construction
Road Sections were constructed following City of Phoenix specifications. Loose asphalt

mixtures were sampled from the plant. Trucks were stopped randomly before going out to
the site and metal buckets were used to sample the asphalt mixtures directly from the truck.
These buckets were transported to the ASU pavement laboratory and the buckets were

processed by splitting into bags of uniform gradations as much as possible. These bags
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were stored at a controlled temperature conditions to prevent any potential aging. The bags

after that were used to prepare samples and start the testing process (Figure 13).

Figure 13. Sections Construction and Material Sampling

26



CHAPTER 4 TESTING AND ANALYSIS

4.1-  Introduction
The goal of performing mixture laboratory testing is to measure and compare the

mechanical properties of each mixture that reflect the performance in the field. These
properties range from characterizing material stiffness, permanent deformation, crack
initiation properties, crack propagation properties, fatigue cracking resistance, and
moisture damage. In this research, the Dynamic Modulus test (E*) was performed to
characterize the stiffness properties, the Flow Number test (FN) to evaluate the permanent
deformation properties (which indicates the rutting performance in the field), the IDEAL
CT test to evaluate the crack initiation properties, C* fracture test to determine the crack
propagation properties, uniaxial fatigue test to investigate the fatigue cracking potential of
the mix, and the Tensile Strength Ratio (TSR) which is based on testing the sample in

indirect tension mode before and after conditioning to evaluate the moisture resistance.

4.2-  Mixture Testing

4.2.1- Dynamic modulus
Stiffness is one of the important parameters that characterize HMA. This parameter defines

the stress-strain relationship of the material, which can give a good indication on the
performance. Stiffness varies depending on the type of asphalt binder used, air voids,
asphalt binder content, aggregate gradation and definitely temperature. The dynamic
modulus of asphalt is a fundamental property that is determined by testing asphalt in its
linear viscoelastic range. This parameter is important in the analysis of pavement response
under traffic loading and different climatic condition. It is one of the main inputs to the

AASHTO Pavement Mechanistic Empirical (ME) design software, level 1 analysis.
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The test measures the strain response of the asphalt to determine its stiffness under a
continuous sinusoidal loading. This test also measures the phase angel of the material,
which is basically the lag between the stress and its corresponding strain. This phase angel
reflects the viscous properties of the material.

For a linear viscoelastic material, the parameter that defines the stress-strain relationship is
a complex number called “Complex Modulus”, which is symbolized by E*. The absolute
value of this complex number is the dynamic modulus value, which is basically the ratio

of peak stress to the peak strain. The dynamic modulus is defined using Equation 1 below:

|E * (w)| = \/(Z—zcos gb)z + (‘:—Zsin¢>)2 =0 Q)

€o

Where:

E* = Complex modulus or dynamic modulus

() = Phase angle

60 = peak stress amplitude (applied load/sample cross area)
€0 = peak amplitude of recoverable axial strain

The Dynamic Modulus protocol (AASHTO TP62-03) was developed at Arizona State
University and consists of applying a repeated axial cyclic load at different frequencies and
different temperatures. The protocol recommends conducting the test at five temperatures
(-10, 4.4, 21.1, 37.7, and 54.4°C) and six frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz) to

develop the full master curve based on the Time-Temperature superposition principle.
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The Dynamic Modulus test was conducted using IPC Global Universal Testing Machine
(UTM) shown in Figure 14. The environmental chamber act to keep the specimen at the
required testing temperature. The low temperature (-10°C) was not considered in this study

since pavements in Phoenix don’t experience this temperature.

Figure 14. UTM Machine for Dynamic Modulus Testing

Samples of each mixture were compacted using a Superpave Gyratory Compactor (SGC)
then cored and cut to arrive at the recommended specimen size of 100 mm in diameter and
150 mm in height. The air voids content was then determined and verified to be in the range
of 6.5 = 0.5%. Specimens with air voids outside this range were discarded. LVDTSs were
used to measure the strain caused by the load applied form the actuator.

Specimens were placed in the environmental chamber for 8 hours before performing the
test at the first temperature (4°C), and then for 5 hours between each temperature. The
testing temperature order was from the lowest till the highest. At each temperature, six

frequencies were tested. These frequencies are 0.1, 0.5, 1, 5, 10, and 25 Hz. The highest
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frequency was tested first followed by the others in the descending order. Three replicates
were tested for each mix, and the coefficient of variation (CoV) was calculated and verified
to be below the maximum allowable value.

Once the test is done, the E* master curves were constructed using equations 2 to 4 below.
The dynamic modulus for each mix were plotted conforming the isothermal curves. Then,
using the time-temperature superposition principle, the data were shifted to arrive to the
final master curve for each mix. These master curves are constructed by shifting the
isothermal curves horizontally using a shift factor a(t). The curves were shifted to a

reference temperature of 70 F (21.1°C).

log|E*|=a+W 2
Log(at) = aT? + bT + ¢ (3)
log(fr) = log(f) +log(a(T)) (4)

Where

|E*| = dynamic modulus, psi

f = loading frequency at the test temperature, Hz

fr = reduced frequency at the reference temperature, Hz

a, B, 5,y = regression coefficients

a(m) = temperature shift factor
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4.2.2- Flow Number (FN)
The flow number test was recommended during the NCHRP 9-19 project as a simple

performance test to indicate the rutting potential of asphalt mixtures. The flow number
results have been showing good correlations with field performance. This test indicates the
stage where shear deformation starts, which strongly represents the start of permanent

deformation in the field. The test procedure is outlined in AASHTO TP79.

The flow number test is conducted by applying a uniaxial compressive load, with a 0.1
seconds haversine pulse and a 0.9 seconds rest period. The test is done at a constant and
specific temperature, usually close to the effective temperature at the studied location. The
cumulative strain graph has a three stage as shown in Figure 15. The first section (stage
one) represents the deformation that occurs during asphalt compaction and initial traffic
loading. The second section (secondary stage) reflects the majority of the shear
deformation that occurs in the asphalt during its service life. The third section (tertiary
stage) describes the point in which the maximum limit of the shear deformation has been
crossed and rutting begins. The flow number value is basically the cycle number where the

tertiary stage begins.

Similar to dynamic modulus, samples of 100 mm in diameter and 150 mm in height were
prepared for FN testing. The Air voids were measured and validated to be within 6.5 +_
0.5%. The selected testing temperature was 50°C, which is the recommended effective
temperature for Phoenix. Before testing, the sample was conditioned inside the

environmental chamber for 5 hours, in which the temperature stabilizes at 50°C after this
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period. The test was conducted using IPC Global Universal Testing Machine (UTM) shown

in Figure 16.
1 Primary Secondary ! / Tertiary

3 M ::: ‘i: >
c 1
'S ! !
n | |
£ | :
[<B) 1 ! - -
= ! Tertiary region
% ! ! commences
a | |

v

Cycles (N)

Figure 15. Accumulated Strain Zones
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Figure 16. UTM Machine Used for Flow Number Testing

The Francken model (equation 5) was used to model the permanent strain curve. The
parameters a, b, ¢, and d are determined using the nonlinear regression analysis.
To determine the flow number value (i.e inflection point), the second derivative (equation

7) is set to zero.

e(N)=a-N°+c(e?™ - 1) (5)
dep _ b-1 dN
oy = AbN”7" +cde (6)
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%ep
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Where:
ep(N) = Permanent strain at N cycles
N = Number of cycles

a, b, ¢, d = Regression coefficients

4.2.3 IDEAL CT Test

The indirect tensile cracking test is performed to determine the cracking potential of asphalt
mixtures at intermediate temperatures. This test is performed on disk specimens obtained
from the Super Pave Gyratory Compactor (SGC) specimens. The disks used in this research

were 100 mm in diameter and 62 mm in thickness.

The test was conducted at 25°C intermediate temperature at a loading rate of 50 mm/min.
This high loading rate allows the test to be performed in less than 1 minute. The specimens
were conditioned in an environmental chamber for around 5 hours at the testing

temperature before conducting the test.

The output of this test is a typical load-displacement curve as shown in Figure 17. The
slope at the point corresponding to 75% of the maximum load is determined and considered
as a post peak behavior. Zhou et al. (2017) have determined that this point is typically the

inflection point of the post peak behavior and can identify the brittle or ductile material
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Figure 17. Typical Load-Displacement Curve for IDEAL CT Analysis (Adapted
from Zhou et al. 2017)

behavior. Based on all these parameters, the CTI index is calculated using Equation 9. As
it can be seen, the higher the fracture energy, the higher the work needed to fracture the
material, thus the higher the CTI. From the other side, the lower the slope, the better
ductility or post peak behavior, the higher the CTI. Thus, higher CTI values correspond to

better cracking resistance.

CTI = = x 2 x =L x10%6 (9)
Where:
CTI = Cracking Tolerance Index
Gf = failure energy (Joules/m2), Gf = W{/Dxt, where WT is the area
below the load displacement curve
m75 = absolute value of the post-peak slope m75 (N/m)
175 = displacement at 75 percent the peak load after the peak (mm)
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D = specimen diameter (mm)

t = specimen thickness (mm)

4.2.4- C* Fracture Test
Having measured the energy required for the crack to start, it is important to determine the

rate of propagation of this crack inside the asphalt layer. To do so, the C* fracture test
which was developed by Stempihar and Kaloush (2013) was used. This test applies load to
a notched disk specimen cut from a gyratory compactor as shown in Figure 18. A small cut
is initiated in the disk since the test measures the crack propagation only and not the

initiation. The specimen dimensions is shown in Figure 19. Figure 20 shows the test setup.

Figure 18. C* Sample Preparation
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Figure 19. C* Specimen Geometry (Stempihar, 2013)

Figure 20. Typical C* Fracture Test Setup
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The initiation and propagation of the crack inside the asphalt material in governed by the
principles of fracture mechanics. The local stress distribution in this material is
strengthened by the available surface notches. The crack starts to propagate when the stored
energy is enough for new crack surface. When the strain energy release rate becomes equal
to the fracture toughness, the crack growth take place under steady state conditions.
Majidzadeh (1970) research was one of the earlies in applying the fracture mechanics to
asphalt concrete. After that, Abulshafi (1992) applied the C*-line integral method to predict
the fatigue life of pavements using crack initiation, crack propagation, and failure. He
concluded that it is required to conduct two different tests, the first one is to evaluate the
crack initiation properties and the second one to reflect on the crack propagation properties
using notched specimen subjected to repeated loading. Later Abdulshafi and Majidzadeh
used notched disk specimens to utilize the J-integral concept to the fracture and fatigue of
asphalt pavements. A recent research by Stempihar (2013) developed a procedure for the
C* Fracture Test (CFT). Stempihar and Kaloush (2017) provided the technical details on
performing the test including the specimen geometry, selecting test temperature, and the

analysis procedure to arrive to the results.

Landes and Begley (1976) were the first to apply the C* parameter to fracture mechanics
to describe the stresses and stains surrounding the crack tip in metals at high temperatures.
In a viscous material, C* can be defined as the energy rate line integral that describes the
stress and strain rate field surrounding the crack tip. The C* can be measured
experimentally due to the relationship between the J-integral and C* parameter. J can be
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defined as the energy difference between two specimens subjected to the same load yet
have different crack length. Thus, C* can be calculated as power or energy rate difference
between two specimens, under same loading, with incrementally different crack length.

Mathematically, C* can be expressed by Equation 10 below.

c=(=)0) @

Where
u* = Power or energy rate for a given load P
b = Specimen thickness

The rate of work done (U*) is defined as the area under the P* vs displacement curve. It is

calculated using Equation 11 below:

Ut = [P du (11)

4.2.5- Uniaxial Fatigue Test

The uniaxial fatigue test was conducted to evaluate the effect of adding RAP on the fatigue
life of the asphalt mix. The test was conducted at 18°C by subjecting a cylindrical specimen
of 150 mm height and 75 mm diameter to sinusoidal displacement. Figure 21 shows the

test setup. The failure criteria used in this test is the drop-in phase angle.
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Figure 21. Uniaxial Fatigue Test Setup

The test was conducted at four strain levels, which were estimated such that the sample
will fail in less than 10,000 cycles, between 10,000 and 50,000 cycles, between 50,000 and
100,000 cycles, and greater than 100,000 cycles. The Simplified Viscoelastic Continuum
Damage (S-VECD) model was used to analyze the test results. The result of this analysis
is the damage characteristic curve (C vs. S). The power function shown in Equation 12 was

used to fit the curves.

C=1-Cy, S (12)
Although the C vs. S is a good indication of the performance and can indicate the level of
damage sustained before failure, yet, it doesn’t indicate directly the fatigue performance.
In order to predict the number of cycles needed for fatigue failure at different strain levels,

Equation 13 was used.
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(N(239)s 2™ 13)

(@-aC12+1)(C11C12)[(B+1) (g0 pp) ExlLve)] Ky

Nfailure =

Where:

Nraire = predicted cycles to failure,

f = frequency of loading,

|[E*| = dynamic modulus at the frequency and temperature of loading simulated,

a = viscoelastic damage rate (characterized from the dynamic modulus
mastercurve),

yij = load form factor, taken as O in this work to simulate reversed sinusoidal loading,
&pp = the peak-to-peak strain magnitude for the simulated loading history,

K1 = loading shape factor, and

Staire = damage level at failure (defined from the experimental results).

4.2.6- Tensile Strength Ratio (TSR)
Moisture damage is one of the major distresses of asphalt pavements. It is due to the loss

of adhesion between the aggregate and binder in the presence of water. This loss of bond

separates the aggregate and binder and causes stripping.

TSR is a performance test that indicates the resistance of the mix to moisture damage. The

test protocol is described in AASHTO T283. The gyratory compacted specimens of 150
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mm in diameter and 180 mm in height were prepared for each one of the mixes (0% RAP,
15% RAP, and 25% RAP). After cooling, the samples were cored to a diameter of 200 mm.
then, two samples of 62 mm thickness were cut from each sample, conforming six samples
(disks) for each mixture. The air voids were determined for each disk. The disks from each
mixture were divided into two subsets: unconditioned subset and condition subset. The
unconditioned subset was stored at room temperature, and the conditioned subset was
partially vacuum-saturated, by applying a partial pressure of 26 in Hg for a short time (5 to
10 minutes). After that the specimen was kept submerged in water for another 5 minutes,
and the saturation level was measured using Equation 12 below. The sample was

considered ready for freeze-thaw conditioning when the saturation level is between 70%

and 80%.
s="2.100 (12)
Where,
A = Weight of dry specimen in air (gm)
B = Weight of saturated surface dry specimen after partial vacuum saturation (gm)
\ = Volume of air voids

The saturated set is conditioned first at -16°C for at least 16 hours (Figure 22), and then in
hot water bath at 60°C for 24 hours (Figure 23). Then, both conditioned and unconditioned
subsets are placed in a water bath of temperature 25°C (after wrapping the disks with plastic

wrap to keep the unconditioned subset dry). After that, the IDT is performed (Figure 24)

on both the conditioned and unconditioned samples and the ratio of the tensile strength of
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the conditioned set to that of unconditioned set is determined and defined as TSR. The

Tensile Strength (T) is determined using the equation 8 below.

T = P-2000 ®)
m-D-t
Where:
P = Maximum load, in N
D = diameter of sample, in mm
t = thickness of sample, in mm

Figure 22. Specimens During the Freeze Cycle
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Figure 23. Specimens During the Thaw Cycle

Figure 24. Specimen During IDT Testing
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4.3- Results

4.3.1- Dynamic Modulus Test results
The master curves based on the dynamic moduli of each mix were obtained. The average

dynamic modulus master curves for each mix are shown in Figure 25. As it can be seen,
adding 15% on the RAP mix didn’t not have a stiffening effect when compared to the
control mix. Adding 25% RAP on the mix while dropping one binder grade (PG 64-16)
resulted in almost similar stiffness to the control and 15% RAP mixture.

To clarify the differences in the modulus values, the dynamic modulus values at each
temperature and each frequency were plotted in Figure 26. It can be noted from the figures
that as the frequency decreases, the value of the dynamic modulus decreases, as the material
is experiencing slower loading. From the other side, as the temperature increases, the value
of the dynamic modulus decreases, due to binder softening at higher temperature. In all

cases, the dynamic modulus values are comparable.

Having a comparable stiffness at the different frequencies and temperatures indicate that
adding 15% RAP and 25% RAP (with softer binder) will not have an impact on the
cracking properties of the mix, yet, this will be thoroughly investigated in the cracking

testing and evaluation.

45



1.0E+08

—— Control (PG 70-10)
~———15% RAP (PG 70-10)
10E+07 1 | —25%RAP (PG 64-16)
\
Zz
f' 1.0E+06
—_
1.0E+05 -
1.0E+04 -
-4 1 6
Log Reduced Time, s
Figure 25. E* Master Curves of the 3 Mixtures
HOM00 aa 2500000
= ¥ . = 21|1 l:
‘Eam il e 15% RAR e25% AAR :g B mD%  m15%RAP WIS RAP
w w
nz* 250000 iﬁ’ —
ﬁ 2000000 ﬁ
= 100000 = 1000000
§ 1onca0n £ —
0200 E
o ¥
25 10 5 1 [13-1 [ ] Fi] 10 L1 1 0% [*R
Freguency [Hz) Freguency (Hz)
900000 350000
T aneone aTTC F 54.4°
.i'vmm- 0% =158 RAP  m2Ei RAP E:m ¢ 0% E1SNRAR w25% RAP
l;l-mm
5 SON00F
} EL =
id IS
E sns000
£ oo
’ 25 10 5 1 a5 0.1 25 10 5 i 05 0.1
Freguency [Hz) Frequency (Hz)

Figure 26. Dynamic Modulus Values at Each Temperature and Frequency
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The ANOVA analysis was conducted on the results at all tested temperatures and
frequencies. The results are presented in Table 7. The results indicated that generally there
is no statistical difference between the modulus values, except at 37.8°C in which there are

some differences at the frequencies of 1, 0.5, and 0.1 Hz.

Table 7. ANOVA of Dynamic Modulus Results

Frequency Temperature (°C)

(Hz) 4.4 21.1 37.8 54.4
25 NS NS NS NS
10 NS NS NS NS
5 NS NS NS NS
1 NS NS S NS
0.5 NS NS S NS
0.1 NS NS S S

NS= Not Statistically Significant S= Statistically Significant

The t-test (with one and two tails) was conducted to compare each two mixtures at a time.
The results are presented in Tables 8 and 9. The results also assure that there are no
differences in the modulus values at most combinations of frequency and temperatures,
except at 37.7 °C where some differences are reported. These tests are based on the null
hypothesis (Ho) which compares the group mean values to see if they are statistically equal
or not, so the null hypothesis can be rejected (R) or if there is no statistical difference, the

hypothesis cannot be rejected (CNR).
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Table 8. t-Test (One Tail) of Dynamic Modulus Results

Freq t-Test Temperature (°C)
(Hz) | comparing: 44 211 377 54.4
0% to 15% CNR CNR CNR CNR
s | 0%t025% CNR R CNR CNR
15% to
o CNR CNR CNR CNR
0% to 15% CNR CNR CNR CNR
o | o%to25% CNR CNR CNR CNR
15% 1o
o CNR CNR R CNR
0% to 15% CNR CNR CNR CNR
: 0% to 25% CNR CNR CNR CNR
15% to
o CNR CNR R CNR
0% to 15% CNR CNR CNR CNR
) 0% to 25% CNR CNR R CNR
15% to
o CNR CNR R CNR
0% to 15% CNR CNR CNR CNR
o5 | 0%t025% CNR CNR R CNR
15% to
o CNR CNR R CNR
0% to 15% R CNR R CNR
o1 | 0%to25% CNR CNR R R
15%to CNR CNR R CNR
25%

R= Reject Ho CNR= Cannot reject Ho
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Table 9. t-Test (Two Tail) of Dynamic Modulus Results

Freq t-Test Temperature (OC)
(Hz) comparing: 4.4 21.1 37.7 54.4
0% to 15% CNR CNR CNR CNR
25 0% to 25% CNR R CNR CNR
15% to
5% CNR CNR CNR CNR
0% to 15% CNR CNR CNR CNR
10 0% to 25% CNR CNR CNR CNR
15% to
5% CNR CNR CNR CNR
0% to 15% CNR CNR CNR CNR
5 0% to 25% CNR CNR CNR CNR
15% to
5% CNR CNR R CNR
0% to 15% CNR CNR CNR CNR
1 0% to 25% CNR CNR CNR CNR
15% to
5% CNR CNR R CNR
0% to 15% CNR CNR CNR CNR
05 0% to 25% CNR CNR CNR CNR
15% to
259 CNR CNR R CNR
0% to 15% CNR CNR R CNR
01 0% to 25% CNR CNR R R
15% to
S50 CNR CNR CNR CNR

R= Reject Ho CNR= Cannot reject Ho

4.3.2- Flow Number Test Results
The Flow Number (FN) test results were in agreement with most studies found in literature,

where there is an expected improvement in the rutting resistance of the asphalt mix when
RAP is incorporated. The change in the accumulated strain percentage with the increased
number of loading cycles is shown in Figure 27. The graph shows that with the increase in

RAP content, the number of cycles to reach a certain strain percentage get higher, which
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indicates the increase in mixture resistance to rutting. It is also noted that the stiffening

effect of the 25% RAP has dominated the softening effect of the PG 64-16 binder.

To clarify the results, the average FN value of each mix were compared in Figure 28. The
addition of 15% RAP had a stiffening effect to the mix that lead to a better resistance to
rutting failure, as the 15% RAP mix failed at around 1400 cycles. Moreover, the addition
of 25% RAP improved the rutting performance, in which the 25% RAP mixture had the
best rutting resistance with failing cycle around 1863. The aged binder in the RAP has

contributed to the stiffening of the final asphalt mix which lead to a better rutting resistance.
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Figure 27. Accumulated Strain Curves of the 3 Mixtures
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Figure 28. Number of Cycles Till Rutting Failure

The statistical analysis presented in Table 10 showed that there is statistical significance in

the difference between the three flow number values. The t-test results showed that adding

15% RAP will significantly improve the rutting potential of the mix and adding more RAP

(25%) will significantly improve it better.

Table 10. Flow Number Statistical Analysis

Flow Number (Cycles) a=0.05
Mixture | ool 1 | Repl.2 | Repl.3 | Average | CV (%) | ANOvA | LTest | tTest Cortr;;aersitng:
Pl Pl Pl 9 0 one-tail | two-tail
0,

F? :’P 533 509 397 480 15.1 R CNR | 0%to 15%
15% . .
RAP 1047 1519 1663 1410 22.9 S R R 0% to 25%
250 15% to
2 1535 1967 2087 1863 15.6 R R 25%

NS= Not Statistically Significant; S= Statistically Significant; R= Reject Ho; CNR= Cannot reject Ho
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4.3.3- IDEAL CT Test
The IDEAL CT test has been proven to be well correlated to cracking potential in the field

(Zhou et al. 2017). The CTI Index was also found to be sensitive to the presence of RAP
contents. The test analysis provides us with 3 important parameters: (i) maximum tensile
strength, which is determined from the maximum load attained before failure, (ii) Fracture
energy which is basically the area under the load-displacement curve, and it represents the
energy needed to cause the fracture, and (iii) CTI index which is a cracking index that
indicates the cracking potential of the mix. The higher the CTI value, the better resistance
to cracking.

The effect of adding RAP on the maximum tensile strength is shown in Figure 29. As
expected, the addition of 15% RAP to the mix yielded higher tensile strength, due to the
stiffening effect of the RAP. Moreover, the addition of 25% RAP with its corresponding
stiffening effect yielded a higher tensile strength. These results agree with the work that

have been reported in the literature.
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Figure 29. Maximum Tensile Strength of the Three Mixtures

When it comes to fracture energy, the work required to fracture the sample doesn’t only
depend on the maximum load to fail it, but also on the post-peak behavior. The average
area below the load-displacement curve of each mix was calculated and presented in Figure
30. As it can be seen from the figure, the addition of 15% RAP yielded a slight increase in
the fracture energy, and further increase in the RAP content to 25% yielded even a higher

value.
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Figure 30. Fracture Energy of the Three Mixtures

The CTI was calculated based on Equation 9 presented earlier. The higher CTI index
reflects a better resistance to cracking. The CTI calculation procedure includes values of
both fracture energy and post-peak behavior (slope at inflection point). Thus, this index
reflects both properties. Since these two properties describe the cracking behavior of the
material, the index was found to be well correlated to field cracking. The CTI values are
presented in Figure 31. As expected, the addition of 15% RAP increased the cracking
potential, and adding more RAP vyielded to a lower cracking resistance, as it can be

concluded from the decrease in CTI values.
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Figure 31. CTI Values of the Three Mixtures

The statistical analysis presented in Table 11 indicates that adding RAP in both percentages

didn’t have any effect on the tensile strength, fracture energy, and CTI values, which means

that RAP didn’t affect the cracking potential of the mix.

Table 11. IDEAL CT Results Statistical Analysis

o=0.05
parameter | Mure t-Test CTest | comparing
Repl.1 | Repl.2 | Average | CV (%) | ANOVA one-tail wo-tail paring:
0 1303.7 1221.2 1262.5 4.6 CNR CNR 0% to 15%
St 15% 1552.8 1585.1 1568.9 15 NS CNR CNR 0% to 25%
25% 1609.8 1746.6 1678.2 5.8 CNR CNR 15% to 25%
0 325 29.2 30.8 7.7 CNR CNR 0% to 15%
WF 15% 30.3 32.2 31.2 44 NS CNR CNR 0% to 25%
25% 35.2 37.0 36.1 3.6 R R 15% to 25%
0 13.1 15.2 14.2 10.7 R R 0% to 15%
CTI 15% 7.2 8.7 7.9 13.1 NS CNR CNR 0% to 25%
25% 11.4 7.8 9.6 26.5 CNR CNR 15% to 25%

NS= Not Statistically Significant; S= Statistically Significant; R= Reject Ho;
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4.3.4- C* Fracture Test
When the cracks propagate through the asphalt layer and reach the surface, moisture finds

its way to the base and subbase materials, which weakens its properties and leads to more
distresses. Thus, it is important to characterize the rate of crack propagation inside the
asphalt layer. The slower the propagation rate, the longer pavement life. The C* versus the
crack growth rate (a*) are plotted in Figure 32. The higher the slope the more energy
needed to propagate the crack. As it can be seen from Figure 32, the 15% RAP mix has a
better crack propagation property than both the control and the 25% RAP. The 25% RAP
mix has the worst crack propagation properties, yet, it is not far from the control. One of
the potential reasons behind having the best crack propagation properties in the 15% RAP

in the higher VMA value of this mix.
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Figure 32. C* Test Results
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4.3.5- Uniaxial Fatigue
The fatigue test was conducted at an intermediate temperature of 18°C and following

AASHTO TP107 procedure. The outputs of this test are the damage characteristic curve
(C vs. S) which reflects the material integrity changes with damage, and the number of
loading cycles till fatigue failure for different strain levels, which reflects the fatigue life
of the mix. The damage characteristic curves of the three mixtures are presented in Figure
33. As expected, the control mixture sustained more damage before failure, while the 15%

RAP and 25% RAP mixtures sustained less damage.
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Figure 33. Damage Characteristic Curves of the Three Mixtures

These curves are not enough to tell the full story, thus the number of cycles till fatigue
failure were determined for each mix and presented in Figure 34. As it can be seen from

the figure, the three curves almost overlap on top of each other. Thus, for a certain strain
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level, the number of cycles required to cause fatigue failure is almost identical, yielding to
the fact that adding 15% and 25% (with softer binder) RAP contents will not have a

significant effect on the fatigue life of the mixtures.
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Figure 34. Fatigue Life Curves of the Three Mixtures

4.3.6- Tensile Strength Ratio Test (TSR) Results
Moisture damage is a result of loss of adhesion between the binder and aggregate in the

presence of moisture. The TSR method was conducted in the three mixtures to evaluate the
change in the indirect tensile strength after moisture conditioning. The TSR results are
presented in Figure 35. As it can be seen, adding 15% and 25% RAP to the mixture didn’t
have any significant effect on the moisture damage resistance, as the TSR values are
comparable. Moreover, all the mixtures passed both City of Phoenix specifications of TSR

value above 75%, and the recommendations based on the literature of TSR value above
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80%. It is worth to note that hydrated lime was used as antistripping agent in the three

mixtures, which improved the moisture resistance properties.
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Figure 35. TSR Results of the 3 Mixtures

The statistical analysis shown in Table 12 indicated that there is not statistically significant
difference between the three percentages, which means that adding RAP didn’t affect the
moisture resistance of the mix.

Table 12. TSR Statistical Analysis

Tensile Strength (kPa) a=0.05
Mixture t-Test | t-Test tTest
Repl. 1 | Repl.2 | Repl.3 | Average | CV (%) | ANOVA one-tail | two-tail comparing:
oo | e 90 86 868 | 36 CNR | CNR | DORAR
éi’/; 78 88 79 82.1 71 NS CNR | CNR g;/:,’/ORQ:’;
s 85 % 83 88.2 8.1 R R GRS

NS= Not Statistically Significant; S= Statistically Significant; R= Reject Ho; CNR= Cannot reject Ho
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CHAPTER 5 BINDER LEVEL TESTING

The mixture testing performed and described in earlier chapters reflects the changes in the
mechanical properties of the asphalt mix while adding two different percentages of RAP.
Yet, there are two different factors that need to be considered before jumping to
conclusions: (i) degree of binder blending and (ii) role of the variable RAP gradation of
the properties of the mix. In order to eliminate or minimize the effect of these two variables,
it is required to remove these components from the story, which means conducting testing
at the binder level. Although binder testing will eliminate the effect of RAP gradation in
the analysis yet will not completely solve the degree of blending issue. When testing at the
mixture level, the aged RAP binder will not completely blend with the virgin binder, which
will affect the properties of the final mix. Yet, the binder level testing might give a better
indication on the properties of the aged-virgin binder composite, although it can’t be
assumed fully blended.

5.1- Binder Extraction and Recovery

During the mixing process, RAP is mixed with virgin aggregates and virgin binder at high
temperature. The aged RAP binder affects the properties of the total binder in the mix, yet
the extent of this effect is dependent on the degree of blending. Figure 36 below explains

the mixing process and how the final binder might be affected.
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In the control mix (0% RAP) case, the PG 70-10 virgin binder was mixed with virgin
aggregates, yielding to the final asphalt mix. Since no RAP was introduced in this mixture,
the binder properties will not change and the final binder in the mix will have the same PG.
However, in the other two mixtures, the properties of the final binder will change. In the
case of the 15% RAP mix, a PG 70-10 virgin binder was added to virgin aggregate and
RAP of 15% content. Some of the aged binder in this mix will blend with the virgin binder
and might affect its properties. Thus, the properties of the binder in the final mix can’t be
assumed unchanged. Similarly, in the 25% RAP mix case, the PG 64-16 virgin binder will
blend with some of the RAP binder (25% content) and the properties of the binder in the
final mix will change. Thus, in order to determine the properties of these binders, extraction

and recovery of the binder were performed.
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The extraction process was carried using the centrifuge method, according to AASHTO T
164 “Standard Method of Test for Quantitative Extraction of Asphalt Binder from Hot Mix
Asphalt (HMA) ”. The loose asphalt mixture was placed in the centrifuge bow! (Figure 37)
and then Trichlorethylene (TCE) solvent was added to remove the asphalt from the
aggregates. The asphalt was kept immersed in the TCE for 1 hour to give some time for
the TCE to remove the binder. After that the centrifuge machine was used to remove all

the binder and TCE from the bowl.

Addition of

TCE

Figure 37. Extraction and Recovery Processes
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The extraction process output is binder mixed with TCE. However, in order to determine
the properties of the binder, the TCE has to be removed, as the TCE affects the properties
of the binder. For this purpose, the RotoVap equipment (Figure 38-a) was used. In this
process, the solution of TCE and asphalt was distilled by partially immersing the rotating
distillation flask of the rotary evaporator in a heated oil bath while the solution is subjected
to a partial vacuum and a flow of nitrogen gas to prevent binder oxidation. The recovered
asphalt can then be subjected to testing as required. The process was done according to
ASTM D5404 standard “Standard Practice for Recovery of Asphalt from Solution Using
the Rotary Evaporator”. Figure 38-b shows the binder in the flask that is immersed in a

hot oil bath during the recovery process.

@ (b)

Figure 38. Binder Recovery using RotoVap (a) Equipment and (b) During Flask
Immersion in the Hot Oil Bath

After that, the binder was removed from the flask and poured into metal cans for DSR

testing (Figure 39).
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(a) (b)

Figure 39. Recovered Binder Poured Into: (a) Metal Cans Then (b) DSR Specimen
Molds

5.2- Binder Level Testing

5.2.1- High Temperature PG Grading
Having extracted and recovered the binder from the three mixtures, the high temperature

PG grading was conducted to evaluate the stiffening effect of the RAP binder, on the binder
of the final mix. The PG grading was performed based on AASHTO M320, in which the
recovered binders were considered short term aged since it is a plant mixture and it was
already mixed before sampling. The AASHTO M320 high temperature PG grading RTFO

criteria is presented in Equation 14:

S5 = 22 kPa (14)
A 25 mm diameter plate geometry was used for this test, since the binder testing will take
place at high temperature. The procedure of preparing the binder specimen is presented in
Figure 40. The tested was set to start at 64°C for both the control and 15% RAP mixture,

since the virgin binder was PG 70-10. For the 25% RAP mix, the test was set to start at

58°C, since the virgin binder was PG 64-16. The shear modulus and the phase angel were

64



determined at each temperature, until Equation 14 was satisfied, the failing temperature

was determined, and the test was completed.

Figure 40. DSR Sample Preparation

5.2.2- Time-Temperature Sweep test (Complex Shear Modulus)
To determine the stiffening effect that the RAP binder induces in the blended binder, the

complex shear modulus was performed on the extracted and recovered binders. The test
was conducted at five different temperatures (10, 20, 30, 40, and 54°C) and at nine different
frequencies ranging from 30 Hz to 0.1 Hz. The test allows the evaluation of the binder
stiffness at different loading rates and different temperatures. Similar to the dynamic
modulus, the time-temperature superposition principle was used to shift the isothermal

curves into a final master curve. The CAM model presented in Equation 15 was used to
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perform the shifting. The WLF equation presented in Equation 16 was used to model the

shift factor.
6] = —"—g (15)
(+(%))
_ (T —Tg)
logar = G +T =T, (16)
Where:

|G*| = the dynamic shear modulus (Pa)
10g = binder glassy modulus (Pa) (determined through optimization)
Qc = crossover frequency (rad/s)
me and k = fitting coefficients
T = test temperature (° C)
TR = reference temperature (C)

C1 and C2 = time-temperature shift factor function fitting coefficients.

5.2.3- Multiple Stress Creep and Recovery (MSCR)
MSCR tests were performed on the three recovered binders. The test temperature was

maintained at 64°C for all the binders, and creep and recovery parameters were
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Figure 41. MSCR Test Setup

determined. The test setup is shown in Figure 41. The two test parameters determined from
the MSCR tests are the percentage recovery (R), and the nonrecoverable compliance (Jnr).
The MSCR test is done by subjecting the binder to repeated cycles of shear creep and
recovery. MSCR tests characterize the viscoelastic properties based on the amount of
strains incurred and recovered during the creep and recovery cycles respectively. Repeated
cycles of 1 s creep loading and 9 s recovery periods are used to measure the strains incurred
by the binders. The test is performed at two separate stress levels of 0.1 and 3.2 kPa to
simulate the linear and nonlinear viscoelastic regions respectively. Jnr measures the non-
recoverable strains of the binder with respect to the stress at which the deformation occurs,
thus it is desired to minimize it. R measures the recovery of the asphalts observed during
the rest period of the MSCR test as a ratio of the recovered strain to the original strain at
the beginning of each creep and recovery cycle. A higher R indicates more elastic binder
with lower accumulated strains in each loading cycle. Equations 17 and 18 were used to

determine the creep and recovery parameters (AASHT T350).
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Average Non Recoverable Strain
Jnr = (17)
Average Stress

Recovered Strain

Percentage Recovery = *100 (18)

Total Strain

5.3- Results

5.3.1- PG Grading Results
The PG grading results are shown in Figure 42. The testing was performed on the binder

recovered from the control mix just to ensure that the extraction, recovery, and testing
procedures were properly done. The resulted PG was expected with a high temperature PG
grading of 70. This because there is no RAP in the control mix so there was no stiffening
effect. The test stopped at 71 °C after the failure criteria was met. The testing on the binder
recovered from the 15% RAP mix showed that the addition of 15% RAP had a slight
stiffening effect, in which the binder failed at 74°C, yet, the high temperature PG grading
didn’t change. For the 25% RAP binder, which was initially with high temperature PG
grade of 64, the addition of 25% RAP yielded to an increase from 64 to 76. The test was
completed at a temperature of 80°C, which means the binder was close to be graded as 82.
The reason behind this is the very stiff RAP binder, which was shown to have a high

temperature PG of 108 (Figure 43).
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Figure 42. PG Results

RAP lItself

Figure 43. Aged RAP Binder PG

5.3.2- Complex Shear Modulus (G*)
The complex shear modulus test was conducted on the three recovered binder, to evaluate

the stiffness at different loading rates and different frequencies. The master curves for the
three binders are shown in Figure 44. As the figure illustrates, the addition of 15% RAP to

the mix doesn’t have a significant stiffening effect on the binder, in which the two master
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curves corresponding to the control binder and 15% RAP binder are very close. this is also
in agreement with the PG grading results. For the 25% RAP binder, the stiffening effect of
the highly aged RAP is clearly shown, in which the master curve is above the two other
binders at all combinations of temperature and frequencies. This result is in contrast with
the mixture dynamic modulus results due to the blending that occurred while extracting

and recovering the binder.

1.0E+8 |
1.0E+6 |
T
a
— 10E+4 |
0]
—25% RAP
1.0E+2 - 15% RAP
——Control
1.0E+0 ' ' '
1.0E-5 1.0E-2 1.0E+1 1.0E+4 1.0E+7

Reduced Frequency, (radians/s)

Figure 44. Complex Shear Modulus Master Curves of the Three Recovered Binders

5.3.3- Multiple Stress Creep and Recovery (MSCR)
The MSCR test gives a clear idea on the recovery properties of binders outside the linear

viscoelastic range, which is typically the range where damage and deformation start
happening in the field. Figures 45 and 46 show the Jnr and recovery percentage for the 3

binders, respectively. As expected, the addition of 15% RAP decreases the Jnr values and
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increase the recovery values, and these changes are due to the increase in the elastic
components inside the binder caused by the addition of aged RAP binder. Similarly, the
addition of 25% RAP yields a lower Jnr and higher recovery, due to the availability of more

elastic binder.

Jnr3.2
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Non-Recoverable Creep (1/KPa)
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Figure 45. Inr Values of the Three Recovered Binders
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Figure 46. Recovery Values of the Three Recovered Binders
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CHAPTER 6 Field Evaluation
Having constructed three different sections to evaluate the field performance of the

mixtures containing two different percentages (15% and 25%) in the field, it is very
important to keep monitoring the performance of these 3 sections. To do so, surface
evaluation (distress survey) was conducted on April 24, 2018 to evaluate the distresses in
each section. Moreover, 5 cores were taken from each section to measure the thicknesses
and air voids, and at the same time perform the Indirect Tensile Strength (IDT) test to

compare the field results to that of the laboratory one.

6.1-  Surface Evaluation
A field visit was conducted on April 24, 2019 to evaluate the field performance of the three

sections. At the time of the visit the road has been subjected to light traffic for a period of
142 days and considerable rain over the winter months. As expected, the three test sections
showed no distresses at this time as shown in Figure 47. The road is still relatively newly
constructed, and distresses need more time to develop. In addition, the test sections are also
protected with the surface mix (terminal blend), that is, the RAP mixtures are placed below
this layer. Future field monitoring over the next few years needs to be continued to monitor

the field performance of the RAP base layers.
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Photos Taken on April 24, 2019

Figure 47. Surface Evaluation of the Three Sections

6.2-  Field Cores
Five cores were taken from each test section to determine the air voids and thicknesses of

the layers. Figures 48 to 50 show the five cores taken from each section. One core from
each of the 15 percent RAP and 25 percent RAP sections fell apart during coring, so

obviously no measurements were taken for these samples.
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Figure 50. Cores Taken from 25% RAP Section
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For each core, four different thickness measurements were taken, and the average was
reported. The cores were cut using a cutting saw blade to arrive at a thickness of 62 mm
that was determined suitable for testing. In the case where the core thickness did not allow
to reach this value, the thickness closest to 62 mm was chosen. The air voids were measured
for each core and reported. The IDT test was performed. Figure 51 shows the thicknesses,
air voids, and tensile strengths for each core. As it can be seen from the Figure, the results
were variable for all these properties across the sections.

The average thicknesses, air voids, and tensile strengths for the cores from each test section
were calculated and presented in Figure 52. The control and 15 percent RAP sections had
similar air voids, whereas the 25 percent RAP section had a lower air void content. As far
as thicknesses, the control section had the least average thickness followed by the 15
percent RAP section. The 25 percent RAP section had the highest thickness. While the
variation in the air voids and thicknesses will affect the performance, it is noted that these
test sections were placed on a small residential street that had variable subbase conditions
and elevations. Therefore, the comparison between the three sections in terms of these
properties may not be best represented. However, the 25 percent RAP showed the highest
tensile strength followed by the 15 percent RAP section and then the control section. This

result is in general agreement with the laboratory test results.
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Figure 52. Average Cores Properties for Each Section
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Figure 53 shows the air voids values for each core; the red bar being the generally targeted
air voids of 6.5%. It is noted that all the laboratory specimens were compacted to this air
void level. As shown in Figure 53, many cores deviated from the target air voids level in
the 15 percent RAP and control sections. The air voids level in the 25 percent RAP section
appeared to be comparable to the target. In general, this difference in the air voids may
affect the rutting and fatigue performance in the test sections, thus it will be equally

important to consider these variations when comparing the performance in the future.
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Figure 53. Air Voids Analysis of the Field Cores

Figure 54 shows a detailed thickness analysis for the three sections. The red bar in each
graph is the target pavement design thickness of 3.5 inches. Again, it is noted that the core
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thicknesses in each section were variable, mostly lower than the target but in few cases
higher. As mentioned earlier, this variation in thickness may lead to a difference in
performance especially when the driven distress is structural, such as fatigue cracking. This
will also make the field performance comparison between the three sections inaccurate, in
which fatigue might be due to structural failure governed by the low thickness and not

necessarily the addition of RAP. This variation needs to be considered for such comparison.

Field Cores Thicknesses for Control Section Field Cores Thicknesses for 15% RAP Section

533 55

B3

LT

Target Target

o 1 2 a & 3 L] T o 1 F a - 3 ] T
Thickness {in} Thickness {in}

Field Cores Thicknesses for 25% RAP Section

510

4]

ar

5B

Thigst

Thickness {in}

Figure 54. Field Cores Thickness Analysis

Figure 55 shows a detailed representation of the tensile strength values of the field cores.
The red bar indicates the laboratory measured value of the tensile strength. As it can be
seen, all field cores had a lower tensile strength, which is expected because of the higher
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air voids. The tensile strength also showed higher variability and deviation from the
laboratory measured values. It is understandable that this was a local street constructed
with minimum field tests; however, this emphasizes the fact that better quality control

testing needs to be enforced in future projects.
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Figure 55. Tensile Strength Analysis of the Field Cores

Although the laboratory testing showed similar characteristics when 15 and 25 percent
RAP were included in the mixtures, there is incompatibility between laboratory studies and
field performance. This inconsistency gap needs to be better controlled and considered in

future evaluation of the sections.

79



CHAPTER 7 Summary, Conclusions, and Recommendations

Asphalt concrete recycling can potentially save public works agencies money and energy.
In this research, the effect of adding 15% and 25% RAP on the mix was studied through
constructing field sections and through performing laboratory testing. The following
conclusions can be drawn from this study:
- Incorporating 15% RAP into HMA will not affect the stiffness of the mix, given
that the same binder grading is kept.
- The addition of 25% RAP into HMA required dropping one binder grade down at
each temperature. In this study, PG 64-16 was used instead of PG 70-10 when 25%
RAP was added.
- The dynamic modulus of an HMA doesn’t change significantly when 25% RAP is
added and when binder grade is lowered.
- Incorporating 15% and 25% (with softer binder) RAP will improve the rutting
resistance of the mixtures.
- Mixtures with the aforementioned RAP contents have similar crack initiation
properties as the control mixture.
- The crack propagation properties of the mixtures will be affected when 25% RAP
is added, yet still comparable to the control. The addition of 15% RAP had a
positive effect on the crack propagation properties of the mix.
- The fatigue life of the mixtures studied in this research wasn’t affected with the

incorporation of the used two RAP contents.
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The addition of RAP into HMA at both contents doesn’t affect the mixture
resistance to moisture damage.

Performance Grading of the extracted and recovered binders indicated that the
addition of 15% RAP will not affect the grading of the final binder, whereas the
addition of 25% RAP will increase the grade of the binder. This was explained by
the high temperature PG of the RAP itself in which it exceeded 100.

The complex shear modulus testing indicated that the addition of 25% RAP binders
will affect the stiffness of the final binder at the different temperatures and
frequencies tested, yet the addition of the 15% RAP didn’t yield any stiffening
effect.

Binder recovered from 15% RAP mixtures and 25% RAP mixtures showed better
recovery behavior and less non-recoverable strain values when the MSCR test was
performed. This is a result of the additional elastic component that the aged RAP
binder adds to the binder.

The surface evaluation performed to date showed no difference in the
performance between the three test sections. However, the road sections are
newly constructed, and more time should be given to investigate the long-term
durability of the test sections.

The testing performed on the field cores indicated that there were variability
issues in thicknesses and air voids between the three sections and within each test
section. These differences may lead to widen the gap between the laboratory test
results and field performance. These issues should be carefully taken into
consideration in future follow up projects and performance monitoring, and a
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good Quality Control and Quality Assurance (QC/QA) program need to be

enforced on all future projects.

Based on this study’s results, it is recommended that the City of Phoenix consider the
immediate implementation of using 15 percent RAP in their asphalt mixtures while keeping
the same binder grade; it is also recommended that the City consider additional test sections
incorporating 25 percent RAP while dropping one PG grade at both temperature ends.

In addition, it is recommended to move on to the next stage of this collaborative research
effort between the City of Phoenix and ASU. This phase would investigate the effect of
using RAP in the Terminal Blend mixture which was used as a surface layer in this study.
Surface layer replacement comprises the majority of the road maintenance repaving work
done by the City of Phoenix. Incorporating RAP into the mix design for the surface layer
will greatly expand the use of RAP, decreasing the environmental footprint (GHG) of their
road maintenance operations. Finally, a continued laboratory testing program over the next

few years is recommended to build historical records and supports findings from this study.
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MARSHALL MIX DESIGN - 75 BLOW

SUPPLIER: Southwest Asphall - PLANT NO.: 4 DATE: 01232018
PROJECT: 2018 Annual Mix Design EIl Mirage PROJECT NO: NiA
LOCATION: Various SWA PROJECT NO:  18-207
MIX DESIGNATION: COP C- %" Marshall Asphait Concrote AGENCY: cop
LABNO: 4903 PLANT NO.: 4
COMMODITY CODE: 432CH & 4320H
COMPOSITE GRADATION DESIGN DATA 43204 & 4370H
Tralfic Loading H Vol Lo Vol
taterial LD, Material Source % Used | |Tott Binder Comtent {%) 50 55
Blend Sand Fisher Sand and Gravel New River 270 Marshall Bulk, Density (pel) 148.0 149.1
Crusher Fines Fisher Sand and Gravel New River 29 Max. Thecretical Specific Geavty 2478 2459
28 Wech AQ). Fisker Sand and Gravel New Rver a0 Max. Theoeotical Spocific Density (pef) 1548 1534
|98 Agg. Fisher Sand and Gravel New Rwver B0 Stabiity 5010 4,860
34 Inch Agg. Fizher Sand and Gravel New River 310 Marshall Fiow {in ) " 12
% Alr Vouds 43 28
% Vs 145 M3
% Air Viouds Filed 70.5 801
% EIT Asphah Total Mix 435 485
Hydrated Lime Lhaist Noeth Amenca m Fikn Thickness (v) 9 10
CustBtumen Rato 1.1 1.0
Sieve wio Admix | wiAdmix City of Phoenix Production
USimm % Passing % Passing ix Design Targot Limits
1134 o 100 AGGREGATE PROPERTIES
125 100 100 100 Aggregale Progerty Coarse | Fine | Comb | Comd.
kIR ] 1o 100 % 88 . WO Agar, Agoy. I wio Adm |w' Admix| Spec.
21125 85 85 85 % - 9% Buk 0D Speciic Gravity 2667 | 2615 | ZB40 | 2624 |235.285
k-1 75 7% 75 65 - 82 S50 Speafic Graviy 2686 | 2646 | 2670 | 2664
14" 163 ] 65 Apparent Specilc Gawty 2749 | 2698 | 2722 | 2718
#4475 58 59 8 5 - 65 Absoeption (%) 107 | 1195 | 1dr | 1432 [0.00-2.50)
#8/226 a1 a4 M 3 - a0 Eflective Specilic Grawly (Gse) 2679
#0200 40 at |Sand Equialént 7 55 Min
#167/1.18 N 32 Plaslicity Index NP NP
w20/ 800 20 2 i) " -9 % 1 or More Fractured Face o4 52 Min
w407 425 15 1% % 2 or More Fractured Face a8 & Mn
#50/7 300 0 " Uncompacied Yoids 460 45Mn
#1007 150 5 ] Los Angalkes Abrasion
#2007 075 37 4.7 4.0 20 - 60 % Loss @@ 100 Rev - Geadrg 8 3 9 Max
% Loss {8 500 Rev . Geadig B8 17 40 Max
ADDITIONAL DATA % Flst & Elongated (5:1 Rasio) 17 10 Max
Asphall Binder Source: Weslern % Soundness Loss (NaSO4) 1 1
[Asphall Binder Grade. PG 70-10] |% Clylumps & Friable Pariclkes 02 0.3
Asphall Bnder Secifc Geaviy: 1.021
Mineral Admix Type: Hydratad LmeJ
Minoral Admix Spociic Geavity 220
Recommanded Lab Mixing Yemperature! 319°F 1o 30°F
Recommandad Lab Compacton Temperature: 249°F 1o 307°F
Actual Lab Mixing Temparature Used: INUS'F
Actual Lab Compaction T lure Used 30G°F

MICHAEL v,

NOCHN
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SAND & GRAVEL CO.

75 BLOW MARSHALL MIX DESIGN - WITH RAP

SUPPLIER: Southwest Asphalt - PLANTNO_. 4
PROJECT: ASU 15% RAP COP High Volume

LOCATION: Various

MIX DESIGNATION: COP C-3/4" Marshall Asphalt Concrete 15% RAP

LABNO: ASU 15%

DATE: 10M212018
PROJECT NO:  NiA

SWA PROJECT NO:  18.207
AGENCY: COP
COMMODITY CODE:  432GH

COMPOSITE GRADATION DESIGN DATA Criterla
Total Bindar Content (%9 45 50 55 6.0
iD. I aterial Source % Used Marshad Bulk Densty (pcf} 1478 1487 1406 150.2
|Blend Sand MR Tanner EiMiage 200 5430 5390 5,340 5,260
{Crushar Foes MR Tannar ElMTage 89 9 10 13 15
[Washed CF MR Tanner EiMrage 120 52 39 248 15
A8 Inch Agy MR Tanner EIMvage "o 145 145 144 145
34 Inch Agg. MR Tanner ElMirage 320 840 21 818 89.7
402 452 503 553
|RAP MR Tanner ElMirage 150 8 9 10 1"
11 1.0 0o 0.8
[Hydrated Lime Lhosst North Amsnca 11 Max Theorstical Sp. Gr. / Dens. 2481/ 1548 pef @ 50%
% Asphat Abs. on Dry Agg 050 0.0-1.0
Sieve wio Admix | w/Admix Specification Production
US/imm % Passing | % Passing Limits Limits TSR - ASTM D4867
141315 100 100 Set 1D Ory Wet | Relaned| Pearcent | Parcent
1125 100 100 100 PSI P8I | Strength | Asphal | Admix
wte 100 100 a5 88 - 100 Nunber 1 164 152 e3 50 110
v2i125 87 87 a5 m - Spesification 100 Mn &5 Min
W 195 74 74 75 68 - 82
Y463 62 63 AGGREGATE PROPERTIES
MMIA75 57 58 58 51 - 65 Virgin Aggre gafes Coarse | Fine Comb. | Comb.
#8/2.38 a5 a6 “ B - 4 Aggr | A wio Adm fuf Admix .SpecJ
#10/2.00 42 42 Buk 0D Specific Gravky 2672 | 20635 | 2654 | 2647 |235-2
#6118 k) k2 SS0 Specific Gravity 2704 | 2064 | 24685 | 2677
#30/.600 21 22 24 19 - 2 Apparent Specifie Gravity 27610 | 214 | 2738 | 2729
w407 425 15 16 12 - 20 Absorption (%6) 1.207 1112 1.158 1.141 |0.00-2.50Y
#50/.300 1" 12 Efactive Specific Gravity (Gse) 2602
#1007 150 5 ] Sand Equivalent 64 50 Min
|_#200/.075 35 45 4.0 20 - 60 Uncompacted Voxds 481 45 Min
% 1 of More Fractured Face 96 85 Min
ADDITIONAL DATA % 2 of More Fractured Face 80 80 Min
\irgin Asphak Binder Source: Western Los Angeles Abrasian
\irgin Asphatt Binder Grade: PG 70-10 % Loss @ 100 Rev - Grading B 4 9 Max
\Virgin Asphat Specfic Gravty: 1024 % Loss @ 500 Rev - Grading B " 40 Max
[Mineral Admix Typs Hydrated Lime| {36 Claylumps & Friable Padices 0.2 0.3
ineral Admix Source: Lhoist North Amenca
ineral Admix Specific Gravity: 220
ded Lab Mixing Temperature: 37°F 10 J20°F RAP
acommanded Lab Compaction Temparature; 207°F to J05°F 2543 2.35-2
Actual Lab Mixing Temperature Used 3225°F 2573
\Acbual Lab Compaction Temperature Used: J01'F 1.159 |C.00-2.
[Percent Virgin Aggergate™* 839] |EFectve Specfic Gravity (Gser} 2574
[Parcent RAP Aggergate™ 148] |Los Angeles Abrasion
AP Parcant Binder. 396 % Loss @ 100 Rev - Grading 8 5 0 Max
P Binder Spechic Gravty: 1050@ 71°F %Loss @ 100 Rev - Grading B 21 40 Max
ercentt RAP Binder ™. 116
arcent Virgin Binder (1009 RAP Bindar)*™ 884] [Combined Vigin 8 RAP Aggregate w Admix| Spec
Butk OD Specific Gravey 263
S50 Specific Gravity 2661
} Apparent Spacific Gradty amn3
C ] C { s Absorption {36 1.159
*-by waight of total max, **-by Waight of tatal binder. "**-by weght of total agar Efectve Specific Gramty (Gse) 2602
% 1 or More Fractired Face 97 85 Min
% 2 or More Frachuoad Face 92 80 Min
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COMPOSITE #1 - IN & RAP AGG! E
SUPPLIEER: Southwest Asphait DATE: 10M2/2018
PROJECT: ASU 15% RAP COP High Volume PROJECT NO: NA
LOCATION: Varlous SWA PROJECT NO: 12.207
MIX DESIONATION: COP C-3M" Marshail Asphalt Concrete 15% RAP COMMODITY CODE: 432GH
LAB NO: ASU 15% AGENCY: MAGEVAC
ORIGINAL GRADATION - % PASSING
MATL T | MATL2 | MATL3 | MATLA | MATLS | MATLS | MATL7 | MATLS | MATLS | MATL 10
MATL Bwng Crusher | Washed | 30 Inch | 34 Inch Rap Hydrated CONPOSITE GRADATION
NAME Sand Fines CF Agg. Agg. Lime % PASS SPECS
LABNO A without wih with
% USED 20.0 0.9 12.0 110 32.0 15.0 1.1 ADNEX ADMIX ADNMIX
—————- —
SIEVE
1% 100.0 1000 100.0 1000 1000 1000 1000 100.0 1000
" 1000 1000 1000 1000 1000 1000 1000 1000 10c0 190
I 1000 1000 1000 100.0 1000 100 0 1000 100.0 1000 % - 9%
190 1000 1000 1000 1000 632 MHae 1000 872 874 8 - 85
e 1000 1000 1000 1000 260 o4 1000 740 743 ™ o- 15
14* 1000 1000 1000 T4 39 146 1000 €22 628
ES) 1000 1000 966 467 28 664 1000 571 576 58 - S8
L 083 020 LEN ) 124 22 508 oo 452 450 M -
"o 833 729 754 102 21 476 1wneo At 422
Ll 684 528 568 69 19 394 1000 328 338
"o 408 RLE 0 51 v 290 1weo 214 222 24 - N
o 248 202 268 48 16 234 1000 154 16.3
w50 129 224 184 42 15 192 1000 107 "7
"100 24 143 T2 34 1.3 130 1000 54 e
w00 o8 109 24 26 09 4 1000 35 45 40 - 40
MATL 1 = Blend Sand MR Tannes ElMrage
TL2= Crusher Fines NIt Tonner EiMrage
TL3 = Washed CF MR Tanner EiMrage
TL4A = J®inchAgg. MR Tanmes ElMrage
MATLS = 34 Inch Agg NIR Tannes EiMrage
TLE ™
™W?Te
TT™o=
TLI = RAP MR Tannec EIMrage
JATL 10 =
COMPOSITE GRADATION

1000 <-
-
e *
20.0 /

aoio o T
700 4 —

PASSING

2.2 e 7

X -—
400 P

20 N c

200 4 Mt Deenlty Line
¢ Control Points
10.0 4 - a  Sloves
0.0 i . . 3 . . 3 4 L - o
0% ey S 3w Diem EETR 4 T i 132%m 19vm ey SIEVE SIZES RAISED to 0.45 POWER
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SUPPLIER: Southwest Asphalt
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sphalt

A DIVISION OF FISHER SAND & GRAVEL CO.
COMPOSITE #2 - VIRGIN AGGREGATE GRADATION

PROJECT: ASU 15% RAP COP High Volume

LOCATION: Varlous

MIX DESIGNATION: COP C-3/4" Marshall Asphalt Concrete 15% RAP

LAB NO: ASU15%

DATE; 10-12-2018

PROJECT NO: N/A
SWA PROJECT NO: 18-207
COMMODITY CODE: 432GH

AGENCY: MAGIEVAC

ORIGINAL GRADATION - % PASSING
MATL 1 MAT'L 2 MAT'L 3 MATL 4 MATLS MAT'L 6 MAT'L 7 MAT'L &
MAT'L Blend Crusher Washed 348 Inch 34 Inch COMPOSITE
NAME Sand Fines CF Agg Agg % PASS
LAB NO without with
ADJ. BiIN %'s 23.8 10.6 143 131 381 ADMIX | ADMIX
ORIG. BIN %'s 20 88 12 1 32
SIEVE SIEVE
1% 100.0 100.0 100.0 100.0 100.0 100.0 | 1000 1%
) 1000 1000 100.0 1000 100.0 1000 | 1000 1"
34 1000 100.0 190.0 1000 100.0 1000 | 1000 3"
w 1000 1000 1000 100.0 632 86.0 861 1~
s 1000 100.0 190.0 1000 260 718 721 38"
14 100.0 1000 100.0 741 39 0.0 605 114"
# 100.0 1000 98 6 487 28 555 56.1 #4
# 883 8§20 838 124 22 442 449 #0
#10 833 7289 754 102 21 40.5 413 w10
#16 684 528 568 69 19 e 325 #16
w30 405 354 368 51 1.7 200 21.0 w0
H40 248 282 268 46 16 13.9 151 040
w50 12.9 224 18.4 42 1.5 0.2 104 w50
#100 24 143 72 34 13 41 53 #100
#200 08 109 24 28 09 24 36 2200
TERIAL 1= Blend Send MR Tenner EiNirage
TERIAL 2= Crusher Fines MR Tanner ElMrage
TERIAL 3 = Washed CF MR Tenner EINrage
TERIAL 4 = 378 Inch Agg MR Tanner ElMirage
TERIAL 5= 34 Inch Apg. MR Tanner EiMrage
TERIAL 6 =
TERIAL T =
TERIAL & =
COMPOSITE GRADATION
100.0
90.0
80.0
70.0 4
2
» B0O
2 500
[
@ 400 4
Q
E 300 Compasite Gradati
20.0 Max. Density Line
- e Control Paints
10.0 4 (,f A Sieves
B & e e r o L L 3 o *- L 3
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SUPPLIER: Southwest Asphalt
PROJECT: ASU 15% RAP COP High Volume

LOCATION: Various

MIX DESIGNATION: COP C-3/4" Marshall Asphalt Concrete 15% RAP
LAB NO: ASU 15%

e T

R aw J Ay I/l/ﬁs 7 4
= alt
A DIVISION OF FISHER SAND & GRAVEL CO.

DATE: 10-12-2018

PROJECT NO: NJ/A

SWA PROJECT NO: 18-207
COMMODITY CODE: 432GH
AGENCY: MAG/EVAC

ORIGINAL GRADATION - % PASSING
MAT'L 1 MATL2 | MATL2 | MATL4 | MAT'LS | MAT'LG6 | MAT'L7 | MAT'L8 | MAT'LS | MAT'L 10
MATL Blend Crusher | Washed | 3/8 Inch 3/4 Inch RAP
NAME Sand Fines CF Agg Agg
LAB NO,
% USED 20 8.9 12 11 32 15.6
SIEVE SIEVE
1%" 100.0 100.0 100.0 1000 1000 1000 1%"
1" 100.0 100.0 100.0 100.0 100.0 100.0 1™
34" 100.0 100.0 100.0 100.0 100.0 100.0 34"
n" 100.0 100.0 100.0 100.0 632 941  [ra
s 100.0 100.0 100.0 100.0 26.0 857 38
14" 100.0 1000 100.0 741 39 70.8 1/4*
#a 1000 1000 96 6 487 28 615 #e
#a 883 820 838 124 22 422 #3
MAT'L 1= Blend Sand MR Tanner EIMIrage
MAT'L 2= Crusher Fines MR Tanner EIMirage
MAT'L 3= Washed CF MR Tanner ElMirage
MAT'L 4 = 32/8 Inch Agg. MR Tanner EIMirage
MAT'L 5= 3/ Inch Agg MR Tanner ElMirage
MAT'L 6 =
MAT'L 7 =
MAT'L 8 =
MAT'L 8= RAP MR Tanner ElMirage
MAT'L 10 =
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A DIVISION OF FISHER SAND & GRAVEL CO.
MARSHALL MIX DESIGN DATA - 75 BLOW

SUPPLIER: Sowthwest Asphalt DATE: 101212018
PROJECT: ASU 15% RAP COP High Volume PROJECT NO: NA
LOCATION: Various SWA PROJECT NO: 18.207
MIX DESIGNATION: COP C3M" Marshall Asphalt Concrete 16% RAP LAB NO: ASU168%
COMMODITY CODE: 432GH Plant 4
PERCENT | SPESIMEN SSD 20 AR SPECIFIC ST HEIGHT STABILITY CORRECTED FLOW
ASFHALT NO WEIGHT WEGHT WEIGHT GRAWTY WEIGHT () (LBS /7 NEWTONS) FACTOR  STABILTY  (0.01 n)
1 [REZEA 685 3 11832 2370 1479 2501 5410 24062 1.00 sS40 S
a5 2 11853 684 3 11841 2363 147 5 2510 5450 24240 099 5400 9
3 11832 64 7 1825 2372 1480 2503 5440 24518 1.00 5490 9
AVG 2368 1473 5430 9
! 11902 6919 11694 2387 459 2492 5310 23618 1o 5350 10
50 2 1191¢ 692 7 11906 2385 1488 2485 5350 23796 101 5400 10
3 11910 6902 M9 3 2377 452 24 5200 23572 102 5410 "
AVG 2383 437 5330 10
1 11963 6998 1955 2408 1503 2.465 5250 23351 102 5350 12
55 2 11985 69387 1198 2 2398 1492 2475 5200 23128 1.02 5300 14
3 11957 696 6 1184 6 23 149 4 2459 5190 23084 103 5350 12
ANG 2393 14956 5340 132
1 12019 7021 12012 2408 502 2438 5100 22684 104 5300 15
0.0 2 12010 021 12003 2400 %501 2429 5060 22461 105 5300 15
3 12021 7034 1206 2400 1504 2445 4960 22150 104 51680 14
AVG 2408 502 5200 15
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A DIVISION OF FISHER SAND & GRAVEL CO.
MIX DESIGN VOID CALCULATIONS

SUPPLIER: Southwest Asphalt DATE: 10/1272018

PROJECT. ASU 156% RAP COP High Volume PROJECT NO: NiA

LOCATION: Various SWA PROJECT NO: 18.207

MIX DESIGNATION: COP C.3/4" Marshall Asphalt Concrete 15% RAP COMMODITY CODE: 432GH

LAB NO: ASU16% AGENCY: MAGEVAC

ASPHALT GRADE: PG 70-10 ADMIX TYPE: Hydrated Lime

ASPHALT SUPPLIER: Westemn ADMIX SUPPLIER: Lholst North America

AGGREGATE SPECIFIC GRAVITY DATA

MATERIAL 4-CA VIRGIN-FAJCOME VIRG] ADMIX |OOMS VIR RAP COMS
3 usen| 430 409 AGGR 1.1 Vi ADAIX 148 5P GR
2872 2635 2654 2.200 2847 2543 2831
== 2704 2664 25685 2.200 2877 2573 2661
APPARENT 2761 2714 2738 2200 2729 2620 2713
ABSORFTION 1207 1112 1.159 HAA 1.141 1159 1158
MAXIAUM THEORETICAL SPECIFIC GRAVITY OF BITUMINOUS MIXTURES - AASHTO T 208 w/ ADMIX
SAMPLE SAMPLE =  SAMPLE
(8 SAMPLE  FLASK +  FLASK+ W SAMPLE  MAXIMUM  MAXIAUM
WT (DRY)  H;0 H20 (§5.0) VOLUME SP GR___ DENSITY
1 1060 4 33224 3850 3 10815 4336 2448 152.6
2 1064 3 33475 3978 3 10653 4350 2448 1527
3 1084 9 33353 3964 5 1065.3 436 6 2439 1522
AVERAGE 1063 4 Jiga 1 2434 1525
PHYSICAL PROPERTIES
MAX MAX  PERCENT ASPHALT EFFECTIVE ASPHALT  ADMIX
5P GR NSITY ASPHALT _ SPGR SPGR___ABSORP __ SPGR
2444 1525 60 1.0240 2,632 0521 2.20
VOLUMETRIC CALCULATIONS
PERCENT MiIXUNIT  MAIMUM % ASPH  EFFCTIVE EFE STABILITY VOIDS — DUSTBIT
ASPHALT |MIX 5P GR__WT(pef)  SPGR __ AGSORPT % AC VA VOIDS (b)  FLOW (in) FILLED  RATIO
45 2 368 147 8 2499 0501 40 4 544 5242 5410 9 40 112
50 2382 143.7 2431 0501 4524 1447 2044 5390 10 727 100
55 2388 1496 2452 0.501 5026 14,384 2613 5340 13 818 080
60 2408 150 2 2444 0401 55628 14.436 1486 5260 15 897 082
5.0 2.383 148.7 2.481 0.501 4524 14.471 3.944 5330 10 72.7 1.0
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SAND & GRAVEL CO.

SUPPLIER: Southwest Asphalt DATE: 10M2/2018
PROJECT: ASU 15% RAP COP High Volume PROJECT NO: N/A
MIX DESIGNATION: COP C-3M™ Marshall Asphalt Concrete 15% RAP SWA PROJECT NO: 18207
LOCATION: Various COMMODITY CODE: 432GH
LAB NO: ASU 16% COMMODITY CODE: 432GH
COMPACTION METHOD: MARSHALL - 28 BLOWS PERCENT BINDER: 5.0
fsPECIMEN NO 1 4 5 2 3 8
WAMETER (i) 4.00 4.00 4.00 400 400 4.00
HICKNESS (in) 256 2457 257 257 258 257
IR WEIGHT (g) 1194 2 1917 11891 1437 1193 8 11903
S50 WEIGHT {a} 1195.7 11931 11@8 1186.3 1198 2 1193.3
120 WEIGHT (g} 6178 675.3 6785 G784 5702 679 2
VOLUME (ec) 5179 5173 5144 5184 5190 5145
ULK SPECIFIC GRAVITY 2306 2301 2312 7303 2.300 2318
W SPECFIC GRAVITY 2431 2ag 2491 2431 2484 2431
% AR VOIDS 71 72 GE 72 73 B7
VOLUME AIR VOIDS {ce) W5 374 a5 372 378 Mu7
QAD (ibs | 12 2638 2610 A NA NiA
[ TuRATED 45 SECONDS @ 25 INCHES Hg
I—..ﬁ“_u WEIGHT (g) NA B4 NiA 7025 7015 701 1
SSO WEIGHT g} WA NiA N/A 12221 12218 12167
VOLUME (¢¢) NIA NiA NiA 51956 5203 5156
VOLUME ASS H20 [ce) NIA NiA A 224 280 %54
% SATURATION NIA A NA 753 741 7681
% SWELL N/A, NiA U 02 03 02
COMDITIONED 24 v in 60°C WATER
SSD WEIGHT (g) NI N/A N/A 12293 12286 12221
20 WEIGHT (g} WA NIA A 708 3 107 1 7051
VOLUME [cc) NIA NiA N/A 5230 515 5170
VOLLUME ASS H20 (ce) A MIA A 356 343 318
W% SATURATION NIA MIA NIA g51 a21 a1 7
% SWELL /A, NA NA 09 05 05
OAD (Ibs | NIA NIA NIA 2426 2471 2458
WY STRENGTH (psi] 1822 167 2 1619 A NIA N/A
WET STRENGTH (psi) NIA NiA NI 150 4 1525 152.2
AVERAGE DRY STRENGTH [psi) » 163.8
VERAGE WET STRENGTH {psi) = 151.7
VERAGE TSR (%) = 93

REMARKS
VISUAL MOISTURE DAMAGE
CRACK/EREAK AGGREGATE

NOT AFPRECIASLE
MINIMAL
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RAP TEST DATA

SUPPLIER: Southwest Asphalt
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Asphalt

A DIVISION OF FISHER SAND & GRAVEL CO.

PROJECT: ASU 16% RAP COP High Volume

LOCATION: Various

MIX DESIGNATION: COP C34" Marshall Asphalt Concrete 16% RAP

LAB NO: ASU 15%

AVE RAP %AC & GRAD

DATE: 10/1222018

PROJECT NO:

SWA PROJECT NO:

NIA

18207

COMMODITY CODE: 432GH
AGENCY: MAG/EVAC

DRY SCREENED RAP GRADATON

RAP - RAP
SIEVE PERCENT PERCENT SEVE WEIGHT | PERCENT WEIGHT PERCENT
SEZE PASSING PASSING SIZE RETAINED | PASSING RETAINED PASSING
1 100 00 1% 100.0
1* 100 00 0 100.0
100 00 KU 160.0
94 40 112 1568 a4 1
8640 Ve 2253 857
74 60 1/4* 4002 708
66 40D 22 2405 615
5080 2B 5170 422
210 47 60 -#3 11318 00
#18 39 40 TOTAL 26376
830 29.00
240 23 40 PERCENT OF TOTAL BINDER CONTRIBUTED BY RAFP
#50 19.20
100 13.00 | 1ex |
$200 240
%0 A 3586

LOS ANGELES ABRASION - AASHTO T 96

ESTIMATED RAP AGGREGATE FPROPERTIES

NUMBER WITIAL FINAL NT RAF
REWVS WEIGHT WEIGHT S MATERIAL TEST TEST
PROPERTY VALUE VALUE
100 0000 7402
500 53000 980 2 RAP BINDER SP GR 1.050 NIA
EFFECTIVE SP GR 2574 NA
RAP AGGREGATE ASPHALT ABSORP) 0500 NIA
§ 2543 N
RAP AGGREGATE WATER AESORP 1158 NIA
MAXIMUM THEORETICAL SPECIFIC GRAVITY OF SITUMINOUS MIXTURES - Anz 417
RAP .
SAMPLE WT SAMPLE « FLASK SAMPLEWT. SAMPLE MAXTMUR MAXMNUM
N (ORY) FLASK « H20 +H20 {(SSD) VOLUME 5P GR
1 10081 10105 4124 2442 1524
2 1014 2 a170 2428 1515
3 1012.0 15.1 2423 1518
AVG 3030.7 4140 2434 151 9
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A DIVISION OF FISHER SAND & GRAVEL CO.
TEST PROPERTY CURVES - ASPHALT PAVING DESIGN

SUPPLIER: Southwest Asphalt DATE: 10122012
PROJECT: ASU 15% RAP COP High Volume PROJECT NO: N/A
LOCATION: Various SWA PROJECT NO: 18.207
MIX DESIGNATION: COP C-34" Marshall Asphalt Concrete 15% RAP COMMODITY CODE: 432GH
LAB NO: ASU 15% AGENCY: MAGEVAC
AIR VOIDS IN ASPHALT CONCRETE MARSHALL UNIT WEIGHT
B.D 155
= 60 [ i i I
£ ~ T 150
é 4.0 ‘ \ a8 — —wmc (R
s ! : ] z
% 50 g g s
< 2. ™ '!7 3 3
0.0 ﬁ 140
4.0 45 5.0 55 80 6.5 4.0 45 50 55 60
% Asphalt Binder % Asphalt Binder
VOIDS IN MINERAL AGGREGATE MARSHALL STABILITY
160 6000
z 2,
Z 40 £ so00 B
- ,g * = ¥e H 5 L -
2 - Z , B ] :
120 4000
40 45 S0 55 6.0 6.5 40 45 50 55 60
% Asphalt Binder % Asphalt Binder
AIR VOIDS FILLED IN ASPHALT CONCRETE MARSHALL FLOW
1000 20
__ 900 ' H
Z w0 - N B
= & 10 -~
E 700 ES *
£ * s
= 600
> .. s . . : . ..
500 0
40 45 50 55 60 65 <0 45 50 55 6.0
% Asphak Binder “% Asphalt Binder
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A DIVISION OF FISHER SAND & GRAVEL CO.

VIRGIN AGGREGATE TEST DATA
SUPPLIER: Southwest Asphalt DATE: 10M2/2018
PROJECT: ASU 16% RAP COP High Volume PROJECT NO: NA
LOCATION: Various SWA PROJECT NO: 18207
MiX DESIGNATION: COP C-3/4" Marshall Asphalt Concrete 156% RAP COMMODITY CODE: 432GH
LAB NO: ASU15% AGENCY: MAG/EVAC
AGGREGATE SPECIFIC GRAVITIES « Al M5-2/5P2
COMBINED MAT'L1 MATL2 MATL2 MAT'L4 MATLS MAT'LGE MATLT MATLSE MATLS MATL IO
COARSE  FINE Alend Crisher  Washed 38 Inch  3M Inch RAP
MATL AGGR AGGR Sand Fimas CF Agg A09
AR WT 4838 4962 4855 34088 32482
H20 WT ar2s 021 981 3 217290 0725
SSDWT S000 5023 5004 34587 32651
CALIB WT 6621 667 0 667 1
BULK 0D 5P GR 2672 2635 2609 28 2667 2653 2678
SSD SP GR 2704 2664 2641 2683 2683 263 2708
AFPPARENT SP GR 273 2714 2697 2740 2724 2757 2763
% ABSORPTION 1.207 1112 1 256 1229 0,785 1414 1136
SAND EQUIVALENT - AASHTO T 176 UNCOMPACTED VOIDS - AASHTO T 30
SAMPLE SAMPLE SAMPLE TRIAL  SAMFPLE MEASURE PERCENT
IREADING #1 #2 #3 AVERAGE NUWABER WEIGHT VOLUME UNCOMPACTED VOIDS
SanD a0 3.0 30 1 13716
CLAY 49 46 43 2 1ar2
SE 62 6§ 62 54 AVG 137 35 1004 431
% OF FRACTURED AGGREGATE PARTICLES - Az 212 LOS ANGELES ABRASION - AASHTO T 56
TOTAL % CRUSHED NUMBER INITIAL FINAL PERCENT
SAMPLE WT WT CRUSHED FACES REVS  WEIGHT WEIGHT LOSS
1 or more a632 8239 96 100 50081 4623 9
2ormore 9632 g§708 90 500 50081 41512 17

COMBINED VIRGINRARP AGGREGATES
% OF FRACTURED AGGREGATE FARTICLES -Az 212

TOTAL

% CRUSHED

SAMPLE T WT. CRUSHED FACES
lormore 9852 602 a7
2ormore  S8G 37 8103 9z

COMBINED VIRGIN AND RAP AGGREGATES
FLAT AND ELONGATED PARTICLES - ASTM D781, 81 Rato
WEIGHT OF FLAT &
SIEVE TOTAL SAMPLE ELONG % FLAT AND WEIGHTED
USimm WEIGHT FPARTICLES () ELONG AVERAGE (%)
4t /19 00 00 00
W2 i2s 8692 45 05
¥EI05 8105 29 035 20
" I63 2406 0§ 42
#4/475 952 4.0 472
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A DIVISION OF FISHER SAND & GRAVEL CO.

S M R TE TESTI
SUPPLIER: Southwest Asphalt PLANT NO.: 4 DATE: 100122018
PROJECT: ASU15% RAP COP Migh Volume PROJ, SOLICITATION NO.: N/A
LOCATION: Various PROJECT NO: N/A
MIX DESIGNATION: COP C-3/4~ Marshall Asphalt Concrete 15% RAP SWA PROJECT NO: 18-207
LAB NO: ASU15% COMMODITY CODE: 432GH
SODIUM SULFATE SOUNDNESS - ASTM C 88
COARSE FRACTION GRADING WEIGHT  WEIGHTOF PERCENT WEIGHTED
oF QRIGINAL  OF TEST TEST PASSING  PERCENT
ORIGINAL  SAMPLE  FRACTION FRACTION  SIEVE AT LosS
|SIEVE SZE SAMPLE  WEIGHT 8T. g AT.g
37 Smm to 25mm 00 50 50 1000 0.0
25mm to 19mm
19mm to 12.5mm 807 6701 €994 434 8 05 03
12.5mm to 8.5mm 3293
18 Smm to 4.75mm 393 %16 2018 235.8 19 07
froras 100.0 1
FINE FRACTIC GRADING  WEIGHT  WEIGHTOF PERCENT \WEIGHTED
oF OF TEST TEST PASSING  PERCENT
ORIGINAL  FRACTION FRACTION  SIEVE. AT LOSS
|seive Sze SAMPLE BT g AT g
foa to 209 100.00 98 8 14 03
23 to #16 217 100,60 950 10 0.2
lo16 o #30 20.1 100.00 989 11 02
[0 10 #50 186 100.00 982 18 03]
lretsis 100.0 1|

QUALITATIVE EXAMINATION OF COARSE SIZES

SIEVE SiIZE NUMBER OF SPLITTING CRUMBLING CRACKING FLAKING
PARTICLES
BEFCRE TESY Mo, Percent No. Percent No. Percent No. Peccent
18-37 Smm - -
CLAY LUMPS AND FRIABLE PARTICLES - ASTM C 142
GRADING WEIGHT WEIGHT OF PERCENT WEIGHTED
OoF OF TEST TEST LOSS PERCENT
ORIGINAL FRACTION FRACTION LosSS
SIEVE SIZE SAMPLE BEFORE TEST. g AFTER TEST. g
[FTRE AGGREGATE
1.18mm (No 16)to 4.75mm  NA 102 60 10230 03 03
FINE AGGREGATE FRACTION 0.3
COARSE AGGREGATE
4 75mm to 9 5mm 393 1062.3 1060.2 02 o1
9.5mm to 19mm 607 28364 28301 02 01
18mm to 37.5mm 0.0 0.0 0.0 0.0 0.0
COARSE AGGREGATE FRACTION 0.2
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A DIVISION OF FISHER SAND & GRAVEL CO.

halt

75 BLOW MARSHALL MIX DESIGN - WITH RAP

SUPPLIER. Southwest Asphalt . PLANTNO - 4

PROJECT: ASU25% RAP COP High Volume

LOCATION: Various

X DESIGNATION: COP C-3M4* Marshall Asphalt Concrete 25% RAP
LABNO: ASU25%

DATE: 1Wi22013
PROJECT NO: NIA
SWAPROJECT NO- 13207
AGENCY: Cop
COMMODITY CODE: 4320K

COMPOSITE GRADATION DESIGN DATA Criferia
otal Bindar Content (%9 45 50 5% 60
1D. Matevial Source % Used arshal Buk Densaty {pef) 8.1 1492 1501 1507
Blend Sand MR Tarmer EMirage 20.0 [Marshal Stabity (1) 5330 5210 5100 5040
Crusher Fines MR Tarner EMirage 30 IMarshal Flow (in } 10 1 14 15
shad CF MR Tanner EMirage 100 [% Ar Vouds 53 % 25 14
8 Inch Agg. MR Tanner EMirage 09 % WA 142 142 141 142
34 Inch Agg. MR Tarner EMirage e 3% Ar Vods Filed 83.3 123 g22 004
L 1% Eff Asphalt Total Mix 533 44 a9 542
RAP MR Tarner EMirage 250 I iim Thickness () ] s 10 "
[DushBiturmen Ratio 12 11 10 0.0
[Hydrated Lime Lhosst North America 11 ax Theorebical Sp. Gr. / Dena. 2488/ 1551 i@ 50%
Lﬁeﬁﬂ‘bl on Dry Agg 0.62 0.0-1.0
Sheve wio Adkmix | w/Admix Specification Produetion
USimm % Passing | % Passing Limits Lmits | TSR - ASTM D486/
145" 1375 100 100 1Sed D Oy Wet  |Retained | Percent | Percent
1125 100 100 100 Psi | Psi | strength | Asphat | Admix |
w1 100 100 L3 88 - 100| [Number1 160 150 9 50 110
Wz 125 & 81 2 1w - 02 | |Speckcst 100 Min 55 Min
e n 7 s 68 - 82
M 763 &1 81 AGGREGATE PROPERTIES
84/475 % 5 i 1 - & Viegint Agam gates Coarse | Fine | Comb | Camb
/236 44 44 4“4 ¥ -8 Aggr o Adm ' Adave| Spec
#10/2.00 40 41 0D Speciic Gravity 2673 | 2630 | 2853 2645 [2.35-285
#15/118 2 13 SSD Spectic Gravty 2705 | 265 | 2684 | 2676
#30/ 600 2 n M 19 .l poarent Specific Geavity 2761 | 2708 | 2738 | 2728
30/ 425 15 16 2 -2 brorpson (% 1.203 T 1.160 1.140 |0.00-2504
#50/.300 1 12 tive Specific Geavty (Gse) 2.680
#100/.150 ] 7 and Equivalent - 50 Min
#2007/ 075 37 47 40 20 - 60 ncomganted Yolds 476 45 Mn
1 or Mere Fractured Face L) &5 Mn
ADINTIONAL DATA 2 of Mere Fractured Face 0 80 Mn
\Virgn Asphalt Binder Source: Wostern 05 Angeles Abrasion
\Virgn Asphalt Bnder Grade: PGE416] | %Loss @ 100 Rev- Gracing B 4 & Max
\Virgn Asphalt Speciic Grawity: 1,022 % Loss @ 500 Rev - Grading B Al 40 Max
ol Admix Type: Hydrated Lime Clayl & Frisble Particles 0.2 03
Mneral Admix Souros Lhcist North Amenoa
Mneral Admix Specific Gravity. 220
scommended Lab Muong Tempeature: 07*F 10 317°F| [RAP RAP
R soded Lab C ction Temp 287°F to 205°F 00 Spechic Gravey 2543 2352
[Actual Lab Maing Temperature Used: 312°F Speciic Grauty 2513
Actual Lab Compacton Temparature Used 201°F son (36 1160 0.00-2
Parcent Virgin Agoergate™: 739] |Efectve Specifc Gravity (Gser) 2574
Percent RAP Aggergats®™ 247 JLos Angeles Abraskon
RAP Perrent Binder: 3.85 %Los: @ 100 Rew- Grading B 5 € Max
RAP Binder Specific Grawty: 1050 @ T7'F % Loss Q 100 Rev - Grading B 21 40 Max
[Percent RAP Binder 194
[Parcent Virgin Sindar {100-2%6RAP Binder)™ 806 |Combined Vingir 8 RAP Aggregale W Admis] Spec
0D Speciic Gravly 2610
Spachic Gravty 2649
nt Specific Geavity 2700
brorpson (% 1160
tive Specific Gemvity (Gse) 2680
% 1 or Mere Fractured Face 99 &5 Afn
% 2 or Mace Fractured Face 96 20 Mn
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COMPOSITE #1 - VIRGIN & RAP AGGREGATES

SUPPLIER: Southwest Axphait
PROJECT: ASU 25% RAP COP High Volume

LOCAYION:

MIX DESIGNATION: COP C-3M4™ Marshall Asphalt Concrute 25% RAF

Various

AZp

A DIVISION OF Fi

Ry

falt

SAND & GRAVEL CO.

DATE: 10122018
PROJECT NO: WA
SWA PROJECY NO: 18297
COMMODITY CODE: 431GK

LAB NO: ASU 25% AGENCY. MAG/EVAC
ORIGINAL GRADATION - % PASSING =
MATL MATLZ | MATLI | MATLE | MATLS | MATLG | MATLY | MATLS | MATLS | MAT'L 10
AT Blenc Crusher Washed | 38 inch 3M inen RAP Hydrated COMPOSITE GRADATION
INAME Sand Fines cr Agg. Agg. Lme % PASS SPECS
LAB NO NR without i with
% USED 200 30 100 99 310 250 11 ADMIX ADMEX ADAIX
—— —
SIEVE SIEVE
1% 100.0 1000 1000 100.0 1000 1000 100.0 1000 1000 1%
1 100.0 1000 1000 1000 100.0 1000 1000 1000 1000 100 1~
38" 1000 1000 1000 1000 100.0 1000 100.0 1000 1000 9 .« 3 354"
mn* 1000 1000 10,0 1000 632 a4 100.0 o7 0 812 2 - 8 e
el o 100.0 1000 1000 100.0 %0 254 1000 T34 7 76 ™ am
AL 1000 100.0 1000 T4 39 45 1000 602 613 14
o 100 1000 “we 467 28 A 1000 554 559 58 - S8 -
L] L) e20 AR 124 22 00 1000 426 ez 4 - M4 Lo
"o 633 29 754 102 21 aTe 1000 404 410 »o
e 684 528 568 69 19 34 1000 524 31 wie
"0 405 54 RL ] &1 17 200 000 214 22 24 - M "o
o 248 282 268 46 16 234 1000 155 164 o
#50 129 224 184 a2 15 19.2 1000 109 1s o550
o0 24 143 72 34 13 150 1000 57 67 #1000
*200 08 1039 24 26 (13-} 34 1000 37 47 40 - 40 J| =200
TL1= Bwod Sand MR Tannec Elrage
TL2= Crusher Fines MR Tanner EIMkage
TLI= Washed CF MR Tanrwe ElMEage
MATL 4 = 38 Inch Agg MR Tannee ElMkage
TL5= 3&InchAgg MR Tanner EIMKage
TLE=
TLT =
TLE >
TLS= RAP MR Tanner EIMFage
TL10=
1000
00
800
700
g 60.0
e 500 +
E 400
g 300 4 Composh
Mz Densky Line
200 i
¢ Conirol Points
10.0 9 A  Slevos
00 - -
0TS en 03w U 130res A ToTe sam 128 10y e SIEVE SIZES RAISED to 0.45 POWER
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SUPPLIER: Southwost Asphalt
PROJECT: ASU 25% RAP COP High Volume
LOCATION: Varlous

Loy : | " %

=7
A DIVISION OF FISH,

TE GRADATION

halt

SAND & GRAVEL CO.

DATE: 10-12-2018

PROJECT

NO: N/A

SWA PROJECT NO:  18-207

MIX DESIGNATION: COP C-3/4" Marshall Asphalt Concrete 25% RAP COMMODITY CODE: 432GK
LAB NO. ASU 25% AGENCY: MAG/EVAC
— __ORIGINAL GRADATION - % PASSING
MATL 1 MAT'L2 | MATL3 MATL 4 MATL S MAT'L 6 MATY 7 MAT'L &
MATL Blend Crusher Washed 3/8 Inch /4 Inch COMPOSITE
NAME Sand Fines CF Agg. Agg. % PASS
LAB NO. without with
ADJ. BIN %'s 274 4.1 13.5 134 41.9 ADMIX | ADMIX
9 p———————
ORIG. BIN %'s 20 3 10 99 31
SIEVE SIEVE
1% 1000 100.0 100.0 100.0 1000 100.0 100.0 1%"
1" 1000 100.0 100.0 1000 100.0 100.0 1000 "
RIZN 100.0 100.0 100.0 100.0 1000 1000 | 1000 34"
mn 1000 100.0 100.0 1000 632 248 848 mn
am" 100.0 100.0 100.0 100.0 26.0 69.0 694 e
14" 100.0 100.0 100.0 741 38 56.2 56.9 14"
(2] 100.0 100.0 96.6 46.7 28 51.6 524 w4
e 883 820 8348 124 22 411 420 )
#10 633 729 754 10.2 21 379 89 #10
#16 66 4 528 56.8 69 18 300 31 #16
#30 405 %54 36.8 LR 1.7 18.8 200 #30
#40 248 282 26.8 16 16 12.8 40 #40
#50 129 24 16.4 4.2 15 8.1 9.4 #50
#100 24 143 72 34 13 3.2 46 #100
#200 08 109 24 26 09 17 32 #200
TERIAL 1 = Blend Sand MR Tanner ElMrage
TERAL 2= Crusher Fines MR Tanner ElMrage
TERIAL 3 = Washed CF MR Tanner ElMrage
TERIAL 4 = 3/8 Inch Agg MR Tanner ElMirage
TERWAL 5= 3/4 Inch Agg. MR Tanner ElMirage
TERIAL 6 =
TERIAL 7 =
TERIAL 8 =
COMPOSITE GRADATION
1000 <
S0.0
80.0
70.0
g
g 800
o 500 4
-
& 400 -
5]
§ 30.0 Composite Gradation !
200 Max. Density Line I
¢ Contra Ponts
100 .4/ A Sevos H
00 At A —a — . 3 e 3 . 3 —h —i .

OT5Smm 0 3mm 0.&mm

228mm
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SUPPLIER:

D,

Southwest Asphalt

= 7 QU?S;—/V

A DIVISION OF FISHE!

- GIN AGG

PROJECT: ASU 25% RAP COP High Volume

LOCATION:

Varlous

TH

MIX DESIGNATION: COP C-3/4" Marshall Asphalt Concrete 25% RAP
LAB NO: ASU 25%

halt

SAND & GRAVEL CO.

SC

DATE: 10-12.2018

PROJECT NO: N/A

SWA PROJECT NO: 18-207
COMMODITY CODE: 432GK
AGENCY: MAG/EVAC

ORIGINAL GRADATION - % PASSING
MAT'L 1 MATL 2 MATL 3 MAT'L 4 MAT'L 5 MAT'L S MATL 7 MATL & MAT'L 9 | MAT'L 10
MATL Blend Crusher Washed 378 Inch 3/4 Inch RAP
NAME Sand Fines CF Agg Agg
LAB NO
% USED 20 3 10 a9 31 26.0
SIEVE SIEVE
1" 100.0 1000 100.0 100.0 100.0 100.0 1%
" 100.0 100.0 100.0 1000 1000 1000 1™
a" 100.0 1000 100.0 100.0 100.0 1000 a4
12" 100.0 100.0 100.0 1000 63.2 841 1z
aen 100.0 1000 100.0 1000 26.0 857 3m"
14" 100.0 100.0 100.0 741 39 708 174"
w4 100.0 100.0 96.6 467 28 61.5 "a
25 883 820 a3a 124 22 422 #a
MAT'L. 1= Blend Sand MR Tanner EIMirage
MAT'L. 2= Crusher Fines MR Tanner ElMirage
MAT'L 3= Washed CF MR Tanner EIMimge
MAT'L 4 = 3/8 Inch Agg. MR Tanner EIMirage
MAT'L 5= 3/4 Inch Agg MR Tanner EIMirage
MAT'L 6 =
MAT'L 7 =
MAT'L 8 =
MAT'L 8= RAP MR Tanner EIMirage
MAT'L 10 =
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A DIVISION OF FISHE

MARSHALL MIX DESIGN DATA - 75 BLOW

SUPPLIER: Southwest Asphalt

PROJECT: ASU 26% RAP COP High Volume

LOCATION: Various

MIX DESIGNATION: COP C-3i4" Marshall Asphalt Concrete 25% RAP
COMMODITY CODE: 432GK

halt

SAND & GRAVEL CO.

DATE:

1001272018
PROJECTNO: NA
SWA PROJECT NO- 18-207

LAB NO: ASU26%
Plart

PERCENT | SPECIMEN S50 H20 AR SPECIFIC waT HEIGHT STARLTY CORRECTED  FLOW
ASPHALT L) WEIGHT WBIGHT WENGHT GRAWTY  WEIGHT (in) (LBS / NEWTONS) FACTOR  STABILTY (@81 hn)

! 11885 GET 1 11850 2373 138 2480 5310 23618 101 5360 10

a5 2 11875 6872 (R [-12R) 23N a7 e 249 5300 23573 101 S350 10

3 11864 G6ET 4 116652 2375 142 2498 5280 23434 100 5260 9

AVG 23713 43 5330 10

1 1eta 693 4 109 2389 W 2435 5120 22173 101 5170 LAl

50 2 11821 6935 11908 2388 1230 2470 5200 23128 102 5200 10

3 1neso 0es 4 a2 23 A 2430 8110 22128 191 5160 "

AVG 2380 32 5210 "

1 11971 6934 11560 2408 =00 24854 S010 23283 103 5160 12

55 2 11e7.0 A LRE ] 2408 1503 zan S000 22239 102 5100 14

3 11596 7008 197 3 2406 1501 2458 4950 22017 102 5060 14

AVG 14065 150 5100 14

1 12029 7056 12021 247 1s 245 A0 29616 103 5010 1%

60 2 12020 7042 12000 2413 1805 2843 4300 21249 104 45050 15

3 12009 s 12001 141 1509 241 4530 2250 103 5130 15

AVG 241 1507 5S040 15
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SUPPLIER: Southwest Asphait
PROJECT: ASU 256% RAP COP High Volume

LOCATION: Various

E_ ) av J Sy : P d "o S —X__ "0y o

ARl

A DIVISION OF FISH
MIXDESIGN VOID CALCULATIONS

MiX DESIGNATION: COP C-3/4™ Marshall Asphalt Concrete 26% RAP

LAB NO: ASU28%

ASPHALT GRADE: PG 6416
ASPHALT SUPPLIER: Westemn

ABGREGATE SPECIFIC GRAVITY DATA

alt

D & GRAVEL CO.

DATE: 10/12/2018
PROJECT NO: N/A

SWA PROJECT NO:

18207

COMMODITY CODE: 432GK
AGENCY: MAGEVAC

ADMIX TYPE: Hydrated Lime
ADMIX SUPPLIER: Lhoist North America

MATERIALI VIRGIN-CA VIRGIN-FA JCOMB VIRGL ADMIX  J20M8 VIRG RAP COMB

% USED 0.9 30 AGGR 17 YW ADMIX 247 5P GR

BULK OD 2673 2630 2653 2200 2645 2543 2619
SsD 2708 2859 2684 2200 2676 2573 2649
APPARENT 2761 2709 2738 2200 2728 2620 27100
ABSORPTION 1.203 1111 1160 N/A 1 140 1 160 1 160

MAXIMUM THEORETICAL SPECIFC GRAWVITY OF BITUMINOUS MIXTURES - AASHTO T X090 w/ ADMIX

SAMPLE SAMPLE +  SAMPLE
Lo SAMPLE FLASK+  FLASK+ WT SAMPLE  MANIMUM MAXIMUM
WT (DRY) H;0 H20 (850) VOLUME SP.GR DENSITY
1 1062 6 33224 39535 1065.7 434 6 2450 1529
2 1064 1 33475 39775 1065 1 4351 2446 15286
3 1062 8 333532 3065 5 10637 4235 2452 153.0
AVERAGE | 10638 3191.5 2 449 152.8
PHYSICAL PROPERTIES
MAX MAX PERCENT ASPHALT EFFECTIVE ASPHALT  ADMIX
SPGR  DENSITY ASPHALT SPGR SPGR  AABORP SP GR
2449 152 8 &0 10220 2 684 0620 220
VOLUMETRIC CALCULATIONS
PERCENT MIX UNIT  MAXIMUM % ASPH  EFFCTIVE EFE STABILITY VOIDSs DUSTAIT
ABPHALT |Mix 8P GR  WT (ocf) SPGR  ABSQRPT % AC VMA VOIDS %) FLOW (in) FILLED RATIO
45 2373 1451 2505 0620 3908 14 337 5264 5320 10 623 121
50 2280 1422 2486 0620 441 14162 2847 5210 " 728 107
55 2405 1501 2.487 08620 4214 14071 2508 5100 14 822 096
60 2418 1507 2449 0620 5417 14.155 1.354 5040 15 804 087
5.0 2,390 1492 2.486 0.620 4.411 14.162 3.847 6210 11 728 1.1
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A DIVISION OF FISHER SAND & GRAVEL CO.

RAP TEST DATA

SUPPLIER: Southwest Asphalt

PROJECT: ASU 26% RAP COP High Volume

LOCATION: Various

MIX DESIGNATION: COP C34" Marshall Asphalt Concrete 26% RAP
LAB NO: ASU 26%

AVE RAF %AC & GRAD

DATE: 10122018
PROJECT NO: N/A

SWA PROJECTNO: 18207
COMMODITY CODE: 432GK
AGENCY: MAG/EVAC

DRY SOREENED RAP GRADATION

RAF - AP
PERCENT FPERCENT WEIGHT PERCENT WEIGHT
SIZE PASSING PASSING RETAINED | PASSING RETAINEL
1% 100 00 1000
1" 100.00 ™
24" 100 00
172" a4 40
358" &5 40
14" 74 60
66 40
S0 80
00
PERCENT OF TOTAL BINDER CONTRIBUTED 8Y RAP
%% AC
S ANGELES ABRASION - AASHTO T 86 ESTIMATED RAP AGGREGATE PROPERTIES
=] IWITIAL FINAL PERCENT RAF
REVS WEIGHT WEIGHT LOSS MATERIAL TEST TEST
PROPERTY VALUE VALUE
100 S000 0 47402 5
500 5000 0 29603 21 RAF BINDER SP GR 1 050 N/A
EFFECTIVE 5P GR 2574 N/&
RAP AGGREGATE ASPHALT ABSORP 0500 N/&
BULK O D SP GR 2543 N/A
RAP AGGREGATE WATER ABSORP 1160 N/A
MAXIMUM THEORETICAL SPECIFIC GRAVITY OF BITUMINOUS MIXTURES « Arg 317
RAP
SAMPLE WT SAMPLE « FLASK SAMPLE WT  SAMPLE MAXIMOM MAXIMUM
NO (DIRY) FLASK = H20 »H20 (S80) VOLUME SP.GR DENSITY
1 1008 1 33227 38203 10105 41280 2442 1524
2 10127 3478 39450 1014 2 4170 2423 1515
3 10048 4 33357 30326 01240 4151 2433 1518
AVG 10102 0307 4150 2434 1519
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A DIVISION OF FISHER SAND & GRAVEL CO.

RESISTANCE OF COMPACTED BITUMINOUS MIXTURE TO MOISTURE INDUCED DAMAGE - ASTM D 4857

SUPPLIER: Southwest Asphalt DATE: 10122018
PROJECT: ASU 25% RAP COP High Volume PROJECT NO: NA
MIX DESIGNATION: COP C3M4" Marshall Asphalt Concrete 26% RAP SWA PROJECT NO: 18207
LOCATION: Various COMMODITY CODE: 432GK
LAB NO: ASU26% COMMODITY CODE: 432GK
COMPACTION METHOD: MARSHALL -30 BLOWS PERCENT BINDER: 50
SPECIMEN NO 1 2 5 3 i 6
SMETER {In) 400 a.00 400 400 400 a0
HICKNESS (in) 254 2 58 258 257 258 253
NR WEIGHT (9) 1913 11928 "as0 11930 11908 11871
SSDWEIGHT (g) 104 5 11954 M55 11960 1154 7 11905
20 WEIGHT (9] &72 6 6318 6802 680 2 £31.7 6774
VOLUME {c2) 5148 5136 5153 515.8 5130 5131
ULK SPECHFIC GRAVITY 2315 23722 2315 2312 231 2314
VAKX SPECIFIC GRAVITY 24886 2486 2486 2486 2455 2485
AR VOIDS (] 656 659 70 66 &9
VOLUME AIR VOIDS (cg) 355 238 354 358 340 3586
QA0 (ks ) 2650 2510 2610 A MNA N/A
feaTuRaTED 45 SECONDS @ 25 NCHES Hg
tz-:- WEIGHT (3] NIA NEA MA 7023 7011 7000
SSD WEIGHT (a) NIA NEA MA 12200 12171 12145
VOLUME (e2) N/A NIA NIA 5177 5160 5445
VOLUME ABS H20 (cc) N/A NiA NA 270 263 274
s SATURATION NeA NAA N 152 174 70
s SWELL NIA NA NI& 04 08 03
CONDITIONED 24 Ir in 82° C WATER
SS0 WEIGHT (g) N/A NiA N/A 12263 12232 13202
120 WEIGHT (g] NZA N/A /A 706 3 7052 704 3
VOLUME (c¢) NIA NIA NA 5200 518.0 515
VOLUME ABS H20 (cc) NIA N/A NA 333 124 331
16 SATURAT ION N/A N/A N 928 a5 4 2931
% SWELL N/A NIA NIA 0.8 1.0 08
OAD (It ) NIA NiA NIA 2300 2410 2453
DRY STRENGTH (psi) 183.5 154 9 1624 A N/A NI,
WET STRENGTH {pn) N/A N/A A 147 & 1487 152 8
VERAGE DRY STRENGTH (psi)= 160.3
VERAGE WET STRENGTH (ps)) = 149.7
VERAGE TSR {%6) = 93

REMARKS
ViSUAL MOISTURE DAMAGE

CRACK/IBREAK AGGREGATE MNIMAL

NOT APPRECIABLE
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A DIVISION OF FISHER SAND & GRAVEL CO.

RESISTANCE OF COMPACTED BITUMINOUS MIXTURE TO MOISTURE INDUCED DAMAGE - ASTM D 4867

SUPPLIER: Southwest Asphalt
PROJECT: ASU 25% RAP COP High Volume

DATE: 10M2/2018
PROJECT NO: NA

MIX DESIGNATION: COP C3M4™ Marshall Asphalt Concrete 26% RAP SWA PROJECT NO: 18207
LOCATION: Various COMMODITY CODE: 432GK
LAB NO: ASU26% COMMODITY CODE: 432GK
COMPACTION METHOD: MARSHALL -30 BLOWS PERCENT BINDER: 50
SPECIMEN NO 3 2. 3 3
JIBMETER (in) LR 4 00 400 400 400 &
HICKNESS (in) 258 258 258 257 258 258
AR WEIGHT (9) 14913 11928 "0 11930 11908 11871
SSD WEIGHT (g) 1045 11954 11955 11960 1108 7 1190 5
20 WEIGHT (9] 6746 6818 680 2 680 2 631.7 67T A
VOLUME (c2) 5148 5136 5153 515.8 5130 5131
ULK SPECIFIC GRAVITY 2315 23n 2315 2313 23 2314
VAKX SPECIFIC GRAVITY 2486 24885 2 486 2486 2458 2485
AR VOIDS (] 66 59 70 G 6 &9
VOLUME AIR VOIDS (c5) 355 38 354 358 4.0 L
LD (lbs ) 2650 2510 2610 NA N/A N/A
JeATURATED 45 SECONDS @ 25 PNCHES Ha
t:-:- WEIGHT (3] NIA NEA MA 7023 7011 00
SST WEIGHT (a) NIA NEA MA 12200 12171 12145
VOLUME (c¢) NIA NIA NIA 5177 5160 5145
VOLUME ABS H20 (cc) N/A N N 270 263 274
g SATURATION NA NAA N 752 14 70
46 SWELL N/A NIA NIA 04 08 03
CONDITIONED 24 r in 80° C WATER
S50 WEIGHT (g) N/A, NiA NIA 12263 12232 12202
120 WEIGHT (g) NZA NIA MNIA 706 3 7052 704 3
VOLUME (c<) NZA N/A NA 5200 516.0 5153
VOLUME ABS H2O (cc) N/A N/A N 333 24 331
16 SATURAT ION N/A N/A, N 928 a54 2931
SWELL N/A NIA NIA 0.8 1.¢ 08
OAD (Ibs ) N/A NiA NIA 2390 2410 2458
DRY STRENGTH (psi) 1835 154 9 1624 A N/A NIA
WET STRENGTH {p5) N/A NIA NIA 147 & 487 152 8
VERAGE DRY STRENGTH (psi) = 160.3
VERAGE WET STRENGTH (psi) = 149.7
VERAGE TSR () = 93

REMARKS
ViSUAaL MOISTURE DAMAGE

CRACK/BREAK AGGREGATE MNIMAL

NOT APPRECIABLE
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T Asphalt

A DIVISION OF FISHE

TEST PROPERTY CURVES - ASPHALT PAVING DESIGN

SUPPLIER: Southwest Asphalt

PROJECT: ASU 25% RAP COF High Volume
LOCATION: Various
MIX DESIGNATION: COF C-34" Marsha¥l Asphall Concrete 25% RAP
LABNO: ASU 25%

AIR VOIDS IN ASPHALT CONCRETE

80
z 60
3
g 4\ —
T 40
> ~ —1 s
4 20 P
3
00
40 45 50 585 8.0 B85
% Asphalt Binder
VOIDS IN MINERAL AGGREGATE
160
£ 10
3
>
120
40 45 50 55 8.0 65
% Asphalt Binder
AIR VOIDS FILLED IN ASPHALT CONCRETE
100.0
e} 00
7 i
S eoe /’k
2 0 -
3 600
> A
0.0
40 45 5.0 5.5 60 65
% Asphalt Binder

108

DATE: 101422018
PROJECT NO: NGA

SAND & GRAVEL CO.

SWA PROJECT NO: 18.207
COMMODITY CODE: 432GK
AGENCY: MAGEVAC

MARSHALL UNIT WEIGHT
155
g 150 ‘4
8 1T { § } y
z
§ 145
3 o
4.0 45 50 55 5.0 65
% Asphait Binder
MARSHALL STABILITY
6000
é Wl ] .
£ som
i = o i
4000 N p—t
40 45 50 55 6.0 65
% Asphalt Binder
MARSHALL FLOW
20
I | =4
15
g 10 - = = =
x L N
T s
0
40 45 50 55 60 65
% Asphalt Binder
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A DIVISION OF FISHER SAND & GRAVEL CO.

YIRGIN AGGREGATETEST DATA

SUPPLIER: Southwest Asphait
PROJECT: ASU 25% RAP COP High Volume
LOCATION: Various

MIX DESIGNATION: COP C.3/4™ Marshall Asphait Concrete 25% RAP

LAB NO: ASU28%

AGGREGATE SPECIFIC GRAVITIES - Al MS-2/SP2

DATE: 10/12/2018
PROJECT NO: N/A
SWA PROJECT NO: 18207
COMMODITY CODE: 432GK

AGENCY:

MAGIEVAC

COMEINED MATLT MAT'LZ MATLI MATLY MAT'LS MAT'LS MATLT MATLE MATL MAT'L 10
COARSE WE Eiond Crustet  Washed 38 Inch 38 Inch RAP
MAT'L AGGR AGGR Sand Finas CF L9 AZ9
AIR WT 4938 456 5 3408 5
H20 W7 orle 9813 21720
SSO W €00 5004 34567
CALIBWT 6821 687 1
BULK O.D. SP. GR 2673 2630 2608 2851 2667 2653 2678
S50 SP GR 2705 2555 264 2833 2688 263 2708
AFPARENT SP GR 276t 2708 2637 2740 2724 2.757 2763
% ABSORPTION 1203 LRAA 1256 1229 0.785 1414 1136
SAND EQUIVALENT - AASHTO T 176 UNCOMPACTED VOIDS - AASHTO T 304
SAMPLE SAMPLE SAIPLE TRIAL SAMPLE MEASURE PERCENT
IREADING =1 #2 ®3 AVERAGE NOMBER WEIGHT VOLUME UNCOMPACTED vOIDS
SAND 3 3.0 30 1 1382
CLAY 45 44 a5 2 1334
SE &9 66 67 65 AVG 138 30 1004 476
% OF FRACTURED AGGREGATE PARTICLES - Az 212 LOS ANGELES ABRASION - AASHTO T 06
TOTAL % CRUSHED WNUMBER INITIAL FINAL PERCENT
SAMPLE WT T CRUSHED ACES REVS  WEIGHT WEIGHT LOSS
lormore 9823 8473 a6 100 5009 1 48238 4
2Jormore 9823 BE8 1 an 500 5009 1 215127 17
COMBINED VIRGINRAP AGGREGATES
% OF FRACTURED AGGREGATE PARTICLES - Az 212
TOTAL % CRUSHED
SAMPLE WT Y¢T CRUSHED FACES
formore G653 9573 98
2ormore BG5S 2 azes 96
COMBWED VIRGIN AND RAP AGGREGATES
FLAT AND ELONGATED PARTICLES - ASTM 04791, & 1 Raio
VEIGHT OF FLAT &
SIEVE TOTAL SAWMPLE ELONG %2 FLAT AND WEIGHTED
USsnm WEIGHT PARTICLES (¢) ELONG AVERAGE (33)
8" s19 a0 00 00
w2128 8392 45 05
g 185 5105 28 05 20
174 /63 2406 105 44
247475 053 40 42

109




s T

A DIVISION OF FISHER SAND & GRAVEL CO.

SUPPLEMENTAL AGGREGATE TESTING

SUPPLIER: Southwest Asphalt PLANT NO.: 4
PROJECT: ASU 25% RAP COP High Volume
LOCATION: Varlous

MiX DESIGNATION: COP C-3M4" Marshall Asphalt Concrete 25% RAP

LAB NO: ASU 25%

SODIUM SULFATE SOUNDNESS - ASTM C 88

DATE: 10/112/2018
PROJ. SOLICITATION NO.: N/A
PROJECT NO: NJA

SWA PROJECT NO: 18-207
COMMODITY CODE: 432GK

COARSE FRACTION GRADING WEIGHT WEIGHT OF PERCENT WEIGHTED
OF ORIGINAL OF TEST TEST PASSING PERCENT
ORIGINAL SAMPLE FRACTION FRACTION  SIEVE AT LOSS
SIEVE SIZE SAMPLE WEIGHT BT, g AT g
37 5mm te 25mm 00 5.0 50 100.0 0.0
28mm to 19mm
18mm to 12 5mm 59.7 6701 9994 954 6 05 03
12.5mm to 8.5mm 3293
9.5mm to 4.75mm 40.2 301.6 3016 2053 1.9 0.8
TOTALS 100.0 1
FINE FRACTIC GRADING WEIGHT WEIGHT OF PERCENT WEIGHTED
OF OF TEST TEST PASSING PERCENT
ORIGINAL  FRACTION FRACTION  SIEVE, AT LOSS
|Seive Size SAMPLE BT. g AT, g
#4 to #4 213 100.00 99,6 14 03
[#8 to #16 202 100 .00 99.0 1.0 02
I#16to#30 20.0 100.00 989 1.1 0.2
Iaao to #50 18.9 100.00 98.2 1.6 03
[mus 100.0 1
QUALITATIVE EXAMINATION OF COARSE SIZES
SIEVE SIZE NUMBER CF SPLITTING CRUMBLING CRACKING FLAKING
PARTICLES
BEFORE TES] No Percent Ne Parcent No Percent No Percent
1627 Smm - - - -
CLAY LUMPS AND FRIABLE PARTICLES -ASTM C 142
GRADING WEIGHT WEIGHT OF PERCENT WEIGHTED
OF OF TEST TEST LOSS PERCENT
ORIGINAL FRACTION FRACTION LOSS
SIEVE SIZE SAMPLE BEFORE TEST. g AFTER TEST. g
1.18mm (No 16} 1o 4.75mm A 102.60 102.30 03 03
FINE AGGREGATE FRACTION 0.3
COARSE AGGREGATE
4.75mm te 9.5mm 403 10623 1060.2 02 0.1
9.5mm to 19mm 59.7 2836.4 28301 0.2 0.1
19mm to 37.5mm 0.0 0.0 0.0 0.0 0.0
COARSE AGGREGATE FRACTION 0.2
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APPENDIX B
MIXTURE TESTING RESULTS
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Dynamic Modulus Results

Control (0% RAP)

Table 13. Dynamic Modulus Data of Control Mix Tested Replicates

Dynamic Modulus, |[E*|

'I;i:g)p (F:'ez(; Repl_. 1 Repl_. 2 Repl_. 3 Ave_r. Std. Coeff. Of

(ksi) (ksi) (ksi) (ksi) Dev. Var. (%)
25 3334 3310 3449 3364 74 2
10 3165 3134 3292 3197 84 3
44 5 3016 2978 3119 3038 73 2
' 1 2639 2572 2676 2629 52 2
0.5 2478 2419 2510 2469 46 2
0.1 2111 2038 2126 2092 47 2
25 2123 2223 2127 2158 57 3
10 1901 1967 1840 1903 64 3
211 5 1724 1765 1654 1714 56 3
' 1 1335 1374 1215 1308 83 6
0.5 1177 1201 1060 1146 75 7
0.1 847 842 714 801 76 9
25 733 790 657 727 67 9
10 572 623 512 569 55 10
378 5 467 508 413 463 48 10
' 1 288 297 237 274 33 12
0.5 228 235 186 216 26 12
0.1 132 132 114 126 10 8
25 213 235 188 212 23 11
10 159 167 143 156 12 8
54.4 5 129 131 113 125 10 8
' 1 76 77 72 75 3 3
0.5 63 63 63 63 0 0
0.1 42 45 45 44 1 3
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Figure 56. Dynamic Modulus Replicates Master Curves of the Control Mix
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Dynamic Modulus Results
15% RAP

Table 14. Dynamic Modulus Data of 15% RAP Mix Tested Replicates

Temp Freq Dynamic Modulus, |[E*|

°C) (H2) Repl_. 1 Repl_. 2 Ave_r. Std. Coeff. Of
(ksi) (ksi) (ksi) Dev. Var. (%)

25 3360 3308 3334 37 1

10 3184 3162 3173 16 1

44 5 3083 2966 3025 83 3

' 1 2742 2598 2670 102 4

0.5 2604 2459 2532 103 4

0.1 2278 2163 2221 81 4

25 2222 1913 2068 218 11

10 1961 1708 1835 179 10

211 5 1775 1533 1654 171 10

' 1 1379 1166 1272 151 12

0.5 1214 1038 1126 124 11

0.1 866 762 814 73 9

25 674 637 655 27 4

10 541 517 529 17 3

378 5 446 430 438 12 3

' 1 270 266 268 3 1

0.5 216 216 216 0 0

0.1 122 123 123 0 0

25 210 252 231 30 13

10 161 196 179 25 14

54.4 5 128 155 141 19 13

' 1 76 92 84 11 13

0.5 63 75 69 9 13

0.1 43 52 47 7 14
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Figure 57. Dynamic Modulus Replicates Master Curves of the 15% RAP Mix
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Dynamic Modulus Results

25% RAP

Table 15. Dynamic Modulus Data of 25% RAP Mix Tested Replicates

Dynamic Modulus, |[E*|

'I;Egp (F;ezg Repl_. 1 Repl.. 2 Repl.. 3 Aver. Std. Coeff. Of

(ksi) (Ksi) (Ksi) (Ksi) Dev. Var. (%)
25 2850 3330 2847 3009 278 9.2
10 2725 3176 2721 2874 262 9.1
44 5 2601 3019 2623 2748 235 8.6
' 1 2313 2686 2290 2430 222 9.2
0.5 2211 2553 2194 2319 203 8.7
0.1 1926 2233 1939 2033 173 8.5
25 1855 2016 1897 1923 84 4.3
10 1664 1845 1790 1767 93 5.2
911 5 1511 1655 1666 1611 86 5.4
' 1 1179 1311 1288 1259 71 5.6
0.5 1063 1178 1150 1130 60 5.3
0.1 786 866 873 842 48 5.7
25 709 714 707 710 3 0.5
10 600 595 595 597 3 0.5
378 5 510 502 502 505 4 0.9
' 1 332 332 316 327 9 2.8
0.5 272 270 260 267 6 2.3
0.1 167 159 156 161 6 3.6
25 262 253 264 259 6 2.3
10 187 183 203 191 11 5.7
54.4 5 146 141 158 148 8 5.7
' 1 78 77 83 79 3 4.1
0.5 61 59 65 62 3 4.8
0.1 37 37 38 37 0 1.2
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Figure 58. Dynamic Modulus Replicates Master Curves of the 25% RAP Mix
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Flow Number
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Figure 59. Accumulated Strain Versus Number of Cycles for All Replicates of the
Control (0% RAP) mix
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Figure 60. Permanent and Recoverable Strain Ratio for Number of Cycles for all
Replicates of the Control (0% RAP) Mix
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Figure 61. Flow Number Values for the Three Replicates of the Control Mix
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15% RAP

w

—Rep. 1

r
I3y

N

Accumulated Strain (%0)
-
(6]

1
0.5
0 1 1 1 1
0 1000 2000 3000 4000 5000
Cycles, N

Figure 62. Accumulated Strain Versus Number of Cycles for all Replicates of the
15% RAP Mix

60

50

40 r
330
@ —Rep. 1

20 —Rep. 2

O Il Il Il Il
0 1000 2000 3000 4000 5000

Cycles, N

Figure 63. Permanent and Recoverable Strain Ratio for Number of Cycles for All
Replicates of the 15% RAP Mix
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Figure 64. Flow Number Values of 3 Replicates of the 15% RAP Mix

121



25% RAP
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Figure 65. Accumulated Strain Versus Number of Cycles for all Replicates of the
25% RAP Mix
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Figure 66. Permanent and Recoverable Strain Ratio for Number of Cycles for All
Replicates of the 25% RAP Mix
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Figure 67. Flow Number Values of 3 Replicates of the 25% RAP Mix
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Figure 68. Load-Displacement Curve of 2 Replicates of the Control Mix
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Figure 69. Load-Displacement Curve of 2 Replicates of the 15% RAP Mix
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Figure 70. Load-Displacement Curve of 2 Replicates of the 25% RAP Mix
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Indirect Tensile Strength
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Figure 71. Indirect Tensile Strength Values of 2 Replicates of the Control Mix
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Figure 72. Indirect Tensile Strength Values of 2 Replicates of the 15% RAP Mix
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Figure 73. Indirect Tensile Strength Values of 2 Replicates of the 25% RAP Mix
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Fracture Energy
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Figure 74. Fracture Energy Values of 2 Replicates of the Control Mix
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Figure 75. Fracture Energy Values of 2 Replicates of the 15% RAP Mix
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Figure 76. Fracture Energy Values of 2 Replicates of the 25% RAP Mix
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Cracking Tolerance Index (CTI)
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Figure 77. CTI Values of 2 Replicates of the Control Mix
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Figure 78. CTI1 Values of 2 Replicates of the 15% RAP Mix

130




12

=
o
!
T

Cracking Tolerance Index (CTI)
[<)]

Rep. 1 Rep. 2
Figure 79. CTI Values of 2 Replicates of the 25% RAP Mix
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C* Fracture Test

Control (0% RAP)

Table 16. Summary of C* Fracture Test Analysis for the Control Mix

Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
C9-1 6.73 51.50 0.15
Crack Time Force (KN) Force per Unit Crack
Length, T, Thickness P* | Growth Rate,
a (mm) (Min) (N/mm) a* (m/hr)
10.00 9.47 7.28 141.27 1.55
20.00 9.98 6.24 121.12
30.00 10.60 4.19 81.30
40.00 10.97 3.02 58.55
50.00 11.17 2.38 46.28
60.00 11.28 2.05 39.76
70.00 11.83 1.18 22.93
80.00 12.50 0.69 13.39
R? = 0.95
Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
C9-2 6.69 52.00 0.23
10.00 4.80 7.87 151.42 2.30
20.00 5.90 6.81 130.93
30.00 6.67 4.36 83.92
40.00 6.80 3.81 73.24
50.00 6.90 3.65 70.19
60.00 7.10 3.07 58.98
70.00 7.25 2.75 52.94
80.00 7.60 2.22 42.67
R? = 0.90
Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
Ci12-1 7.14 50.80 0.30
10.00 4.53 9.98 196.38 4.14
20.00 4.77 8.96 176.32
30.00 4.87 8.11 159.62
40.00 4.93 7.68 151.15
50.00 5.03 6.29 123.87
60.00 5.12 4.96 97.56
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70.00 5.23 2.87 56.47
80.00 5.65 1.10 21.69
R? = 0.88
Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
C14-1 6.65 51.90 0.38
10.00 3.23 10.40 200.40 2.42
20.00 3.37 9.99 192.40
30.00 3.63 8.33 160.47
40.00 3.75 7.46 143.83
50.00 4.07 4.65 89.67
60.00 4.27 3.42 65.98
70.00 4.62 1.73 33.40
80.00 4.83 1.33 25.64
R? = 0.99
Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
C17-2 6.30 50.70 0.42
10.00 2.45 8.68 171.13 8.25
20.00 2.58 6.31 124.36
30.00 2.63 4.97 97.93
40.00 2.67 4.02 79.27
50.00 2.72 3.29 64.95
60.00 2.85 2.10 41.35
70.00 2.90 1.76 34.73
80.00 3.00 1.49 29.31
R? = 0.96
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Figure 80. Load and Crack Length as Function of Time for Each Displacement Rate
for the Control Mix
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15% RAP

Table 17. Summary of C* Fracture Test Analysis for the 15% RAP Mix

Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
R2-1 6.59 55.00 0.15
Crack Time Force (KN) Force per Unit Crack
Length, T, Thickness P* | Growth Rate,
a (mm) (Min) (N/mm) a* (m/hr)
10.00 7.67 11.16 202.92 2.76
20.00 8.40 9.18 166.85
30.00 8.57 8.42 153.09
40.00 8.75 6.75 122.79
50.00 8.90 5.64 102.60
60.00 9.12 441 80.23
70.00 9.30 3.77 68.47
80.00 9.75 2.70 49.16
R? = 0.97
Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
R3-2 5.93 53.50 0.23
10.00 4.45 9.03 168.85 3.65
20.00 4.55 8.90 166.39
30.00 5.00 6.23 116.42
40.00 5.13 4.50 84.08
50.00 5.18 4.06 75.87
60.00 5.30 2.66 49.74
70.00 5.47 1.67 31.15
80.00 5.58 1.32 24.59
R? = 0.91
Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
R3-1 7.01 53.50 0.30
10.00 5.33 8.79 164.28 4.75
20.00 5.45 7.83 146.32
30.00 5.60 5.57 104.16
40.00 5.65 4.90 91.50
50.00 5.70 4.12 77.01
60.00 5.82 3.05 57.10
70.00 5.90 2.61 48.83
80.00 6.25 1.52 28.41
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R? =

\ 0.90

Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
R13-1 6.83 53.70 0.38
10.00 3.23 12.30 229.08 5.86
20.00 3.42 11.49 213.91
30.00 3.62 9.38 174.58
40.00 3.70 7.63 142.02
50.00 3.73 6.43 119.74
60.00 3.77 5.29 98.43
70.00 3.82 4.03 75.13
80.00 4.10 1.57 29.27
R? = 0.88
Sample ID: | AV Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
R2-2 6.35 49.30 0.42
10.00 2.72 3.85 78.18 56.37
20.00 2.73 3.30 66.85
30.00 2.75 2.94 59.74
40.00 2.75 2.94 59.74
50.00 2.77 2.67 54.16
60.00 2.77 2.67 54.16
70.00 2.78 2.36 47.91
80.00 2.80 2.08 42.28
R? = 0.95
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Figure 81. Load and Crack Length as Function of Time for Each Displacement Rate
for the 15% RAP Mix
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25% RAP

Table 18. Summary of C* Fracture Test Analysis for the 25% RAP Mix

Sample ID: Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
H8-1 49.90 0.15
Crack Time Force (KN) Force per Unit Crack
Length, T, Thickness P* | Growth Rate,
a (mm) (Min) (N/mm) a* (m/hr)
10.00 7.42 9.34 187.27 1.29
20.00 7.75 9.07 181.82
30.00 8.17 8.27 165.74
40.00 8.58 6.21 124.52
50.00 9.28 3.35 67.09
60.00 9.65 2.65 53.09
70.00 10.07 2.10 42.02
80.00 10.42 1.78 35.59
R? = 0.99
Sample ID: Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
H4-1 50.50 0.23
10.00 4.38 9.00 178.15 441
20.00 4.80 8.62 170.60
30.00 4.97 8.10 160.45
40.00 5.07 7.36 145.76
50.00 5.25 4.28 84.73
60.00 5.32 3.22 63.76
70.00 5.40 2.53 50.10
80.00 5.67 1.55 30.64
R? = 0.98
Sample ID: Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
H4-2 51.10 0.30
10.00 3.23 9.91 193.98 5.26
20.00 3.35 9.72 190.16
30.00 3.50 8.77 171.64
40.00 3.60 7.44 145.60
50.00 3.68 5.93 116.04
60.00 3.75 4.66 91.20
70.00 3.88 2.58 50.41
80.00 4.08 1.58 31.00
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R2= \ 0.98

Sample ID: Average Thickness, b Displacement Rate, A*
(mm): (mm/min) :
H19-1 51.10 0.38

10.00 3.02 10.65 208.37 9.54
20.00 3.08 9.96 194.87
30.00 3.13 9.07 177.43
40.00 3.17 8.59 168.18
50.00 3.22 7.23 141.54
60.00 3.30 4.36 85.28
70.00 3.40 2.66 51.96
80.00 3.43 2.37 46.28

R? = 0.97

Sample ID: Average Thickness, b Displacement Rate, A*

(mm): (mm/min) :
H8-2 49.49 0.42

10.00 2.83 11.03 222.80 15.03
20.00 2.87 9.07 183.21
30.00 2.88 7.76 156.88
40.00 2.90 6.62 133.81
50.00 2.93 4.67 94.41
60.00 2.95 3.99 80.53
70.00 2.97 3.77 76.22
80.00 3.10 2.37 47.85

R? = 0.82
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Figure 82. Load and Crack Length as Function of Time for Each Displacement Rate
the 25% RAP mix
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Tensile Strength Ratio

Table 19. TSR Control Mix Disks Air Voids

Air Voids (%)
Disk 1 | Disk2 | Disk 3
DrySet ™43 1 622 | 7.70
Average 7.11
Disk 1 | Disk2 | Disk 3
WetSet o e | 728 | 7.34
Average 7.09

Table 20. TSR 15% RAP Mix Disks Air Voids

Air Voids (%)
Disk 1 | Disk2 | Disk 3
DrySet ™33 | 691 | 622
Average 6.48
Disk 1 | Disk 2 | Disk 3
WetSet o1 | 614 | 751
Average 6.56

Table 21. TSR 25% RAP Mix Disks Air Voids

Air Voids
Disk 1 | Disk 2 | Disk 3
Dry Set =45 | 560 | 656
Average 6.21
Disk 1 | Disk2 | Disk 3
WetSet =~ 08 | 610 | 6.4
Average 6.44
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Table 22. Tensile Strength Calculations of the Unconditioned Specimens

P P t D St
Disk (Maximum | (Maximum | (thickness, | (Diameter, (kPa)
Load, KN) | Load, N) mm) mm)
Control-1 12.92 12921 63.48 99.40 1304
Control-2 10.97 10965 58.39 99.54 1201
Control-3 11.28 11283 59.03 99.64 1221
15%
RAP-1 15.26 15262 62.75 99.72 1553
15%
RAP-2 15.20 15204 61.30 99.62 1585
15%
RAP-3 14.52 14524 62.48 99.78 1483
25%
RAP-1 16.06 16056 63.65 99.76 1610
25%
RAP-2 18.20 18204 66.53 99.74 1747
25%
RAP-3 16.34 16336 62.88 99.56 1661

Table 23. Tensile Strength Calculations of the Conditioned Specimens

P P t D St
Disk (Maximum | (Maximum | (thickness, | (Diameter, (kPa)
Load, KN) | Load, N) mm) mm)
Control-1 11.46 11463 66.46 100.20 1096
Control-2 10.79 10785 63.15 100.39 1083
Control-3 10.70 10700 64.31 100.61 1053
15%
RAP-1 12.53 12530 65.31 100.56 1215
15%
RAP-2 13.92 13919 62.93 100.08 1407
15%
RAP-3 11.72 11720 63.27 100.43 1174
25%
RAP-1 13.86 13860 64.25 100.12 1372
25%
RAP-2 14.13 14130 65.14 100.03 1380
25%
RAP-3 17.30 17295 65.41 100.02 1683
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APPENDIX C
BINDER TESTING DATA
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Performance Grading
Control

Table 24. Complex Shear Modulus Values for the First Replicate of the Recovered
Control Binder

Temperature Corlilﬂp()lgﬁlﬁ:ear Phisﬁgslglﬁ |G*|/sin(delta)
[°C] [kPa] [°] [kPa]
64 °C 6.17 83.30 6.21
70 °C 2.64 85.28 2.65
76 °C 1.19 86.81 1.19

Table 25. Complex Shear Modulus Values for the Second Replicate of the

Recovered Control Binder

Complex Shear Phase Shift s
Temperature Mpo dulus Angle |G*|/sin(delta)
[°C] [kPa] [°] [kPa]
64 °C 591 83.34 5.95
70 °C 2.56 85.22 2.56
76 °C 1.17 86.65 1.17
15% RAP

Table 26. Complex Shear Modulus Values for the first Replicate of the Recovered
15% RAP binder

Temperature mmsaigear thﬁgslglﬁ |G*|/sin(delta)
[°C] [kPa] [°] [kPa]
64 °C 7.51 81.51 7.60
70 °C 3.31 83.82 3.33
76 °C 1.50 85.69 1.51
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Table 27. Complex Shear Modulus Values for the Second Replicate of the

Recovered 15% RAP Binder

Complex Shear Phase Shift .
Temperature Mpodulus Angle |G*|/sin(delta)
[°C] [kPa] [°] [kPa]
64 °C 8.83635 81.139 8.9429
70 °C 3.81 83.5335 3.83435
76 °C 1.7168 85.4555 1.7222
25% RAP

Table 28. Complex Shear Modulus Values for the First Replicate of the Recovered
25% RAP Binder

Complex Shear Phase Shift s
Temperature Mpo dulus Angle |G*|/sin(delta)
[°C] [kPa] [°] [kPa]
64 °C 19.94 77.67 20.41
70 °C 8.41 80.68 8.52
76 °C 3.69 83.21 3.72
82 °C 1.68 85.24 1.68

Table 29. Complex Shear Modulus Values for the Second Replicate of the

Recovered 25% RAP Binder

Complex Shear Phase Shift .
Temperature Mpodulus Angle |G*|/sin(delta)
[°C] [kPa] [°] [kPa]
64 °C 20.46 77.58 20.95
70 °C 8.60 80.63 8.71
76 °C 3.77 83.16 3.80
82 °C 1.71 85.22 1.72
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Time-Temperature Sweep Test
Control

Table 30. Time-Temperature Sweep Test Data for the First Replicate of the
Recovered Control Binder

Temperature | Frequency |G*| Z?]ZSIE

(°C) (rad/sec) Pa @)

10.00 188.51 1.02E+08 | 26.48
10.00 87.96 8.09E+07 | 28.45
10.00 40.84 6.30E+07 | 30.41
10.00 18.85 4.82E+07 | 32.44
10.00 8.80 3.64E+07 | 34.57
10.00 4.08 2.69E+07 | 36.86
10.00 1.88 1.95E+07 | 39.35
10.00 0.88 1.39E+07 | 41.96
10.00 0.63 1.20E+07 | 43.15
20.00 188.51 3.90E+07 | 35.73
20.00 87.96 2.85E+07 | 37.99
20.00 40.84 2.05E+07 | 40.33
20.00 18.85 1.43E+07 | 42.83
20.00 8.80 9.88E+06 | 45.43
20.00 4.08 6.64E+06 | 48.15
20.00 1.88 4.35E+06 | 51.05
20.00 0.88 2.79E+06 | 53.95
20.00 0.63 2.28E+06 | 55.31
30.00 188.51 1.14E+07 47.19
30.00 87.96 7.58E+06 | 49.49
30.00 40.84 4,92E+06 | 52.13
30.00 18.85 3.11E+06 | 54.83
30.00 8.80 1.93E+06 | 57.57
30.00 4.08 1.17E+06 | 60.27
30.00 1.88 6.86E+05 | 62.94
30.00 0.88 3.98E+05 | 65.45
30.00 0.63 3.11E+05 | 66.53
40.00 188.51 2.84E+06 | 58.56
40.00 87.96 1.68E+06 | 60.81
40.00 40.84 9.83E+05 | 63.28
40.00 18.85 5.62E+05 | 65.76
40.00 8.80 3.18E+05 | 68.05
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40.00 4.08 1.75E+05 | 70.17
40.00 1.88 94987 | 72.35
40.00 0.88 51477 | 74.44
40.00 0.63 38989 | 75.38
54.00 188.51 4.31E+05 | 81.97
54.00 87.96 2.02E+05 | 76.84
54.00 40.84 1.06E+05 | 76.24
54.00 18.85 54959 | 77.31
54.00 8.80 28398 | 78.54
54.00 4.08 14394 | 80.28
54.00 1.88 7155.2 | 81.81
54.00 0.88 3535 83.4
54.00 0.63 2566.4 | 84.49

Table 31. CAM Model Fit Coefficients for the First Replicate of the Recovered
Control Binder

Master_ (_Su rve Value
Coefficients
g 8.672335
We 0.657043
k 0.176193
Me 1.135667
C1 -20.5309
C2 150.9084
Tr 15
Error™2 0.019
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Table 32. Time-Temperature Sweep Test Data for the Second Replicate of the
Recovered Control Binder

Phase
Temperature | Frequency |G*| Angle
(°C) (rad/sec) Pa @)
10.00 188.51 9.89E+07 | 26.22
10.00 87.96 7.85E+07 | 28.14
10.00 40.84 6.13E+07 | 30.08
10.00 18.85 4.70E+07 | 32.08
10.00 8.80 3.56E+07 | 34.18
10.00 4.08 2.64E+07 | 36.43
10.00 1.88 1.92E+07 | 38.86
10.00 0.88 1.38E+07 | 41.39
10.00 0.63 1.19E+07 | 42.53
20.00 188.51 3.81E+07 | 35.36
20.00 87.96 2.80E+07 | 37.55
20.00 40.84 2.01E+07 | 39.84
20.00 18.85 1.42E+07 42.3
20.00 8.80 90.82E+06 | 44.85
20.00 4.08 6.64E+06 | 47.53
20.00 1.88 4.36E+06 | 50.39
20.00 0.88 2.82E+06 | 53.28
20.00 0.63 2.31E+06 | 54.56
30.00 188.51 1.12E+07 46.42
30.00 87.96 7.49E+06 | 48.85
30.00 40.84 4.88E+06 51.5
30.00 18.85 3.10E+06 | 54.19
30.00 8.80 1.93E+06 | 56.89
30.00 4.08 1.18E+06 | 59.58
30.00 1.88 6.97E+05 | 62.16
30.00 0.88 4.07E+05 | 64.65
30.00 0.63 3.19E+05 65.7
40.00 188.51 2.82E+06 | 60.12
40.00 87.96 1.70E+06 | 60.93
40.00 40.84 1.01E+06 62.9
40.00 18.85 5.80E+05 | 65.19
40.00 8.80 3.31E+05| 67.35
40.00 4.08 1.85E+05 | 69.49
40.00 1.88 1.01E+05 | 71.59
40.00 0.88 54176 | 73.68
40.00 0.63 40852 | 74.54
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54.00 188.51 4.44E+05 | 77.17
54.00 87.96 2.09E+05 | 74.55
54.00 40.84 1.11E+05 74.9
54.00 18.85 57353 | 76.51
54.00 8.80 29885 7.9
54.00 4.08 15248 | 79.68
54.00 1.88 76153 | 81.43
54.00 0.88 37874 | 83.12
54.00 0.63 2788.3 | 83.47

Table 33. CAM Model fit Coefficients for the Second Replicate of the Recovered
Control Binder

Master_ (_Su rve Value
Coefficients
g 8.668545
We 0.543276
k 0.172887
Me 1.138744
C1l -20.451
C2 149.9168
Tr 15
Error™2 0.018
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15% RAP

Table 34. Time-Temperature Sweep Test Data for the First Replicate of the
Recovered 15% RAP Binder

Phase
Temperature | Frequency |G*| Angle
(°C) (rad/sec) Pa (°)
10.00 188.51 1.02E+08 | 25.42
10.00 87.96 8.156E+07 | 27.2
10.00 40.84 6.42E+07 | 28.98
10.00 18.85 4.97E+07 | 30.83
10.00 8.80 3.81E+07 | 32.76
10.00 4.08 2.86E+07 | 34.83
10.00 1.88 2.11E+07 | 37.09
10.00 0.88 1.54E+07 | 39.45
10.00 0.63 1.34E+07 | 40.53
20.00 188.51 | 4.05E+07 | 34.05
20.00 87.96 3.01E+07 | 36.05
20.00 40.84 2.20E+07 | 38.15
20.00 18.85 1.57E+07 | 40.42
20.00 8.80 1.11E+07 | 42.8
20.00 4.08 7.62E+06 | 45.32
20.00 1.88 5.11E+06 | 48.02
20.00 0.88 3.36E+06 | 50.79
20.00 0.63 2.78E+06 | 52.03
30.00 188.51 1.25E+07 | 44.39
30.00 87.96 8.50E+06 | 46.63
30.00 40.84 5.65E+06 | 49.11
30.00 18.85 3.67E+06 | 51.69
30.00 8.80 2.34E+06 | 54.26
30.00 4.08 1.46E+06 | 56.89
30.00 1.88 8.83E+05 | 59.51
30.00 0.88 5.27E+05 | 62.03
30.00 0.63 4.18E+05 | 63.08
40.00 188.51 3.39E+06 | 54.58
40.00 87.96 2.05E+06 | 57.15
40.00 40.84 1.24E+06 | 59.73
40.00 18.85 7.30E+05 | 62.24
40.00 8.80 4.26E+05 | 64.57
40.00 4.08 2.43E+05 | 66.78
40.00 1.88 1.36E+05 | 68.97
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40.00 0.88 75336 | 71.17
40.00 0.63 57704 | 7211
54.00 188.51 5.52E+05 | 67.66
54.00 87.96 2.74E+05 | 68.86
54.00 40.84 1.46E+05 | 71.12
54.00 18.85 (77326 | 73.46
54.00 8.80 41087 | 75.35
54.00 4.08 21501 | 77.37
54.00 1.88 10971 | 79.53
54.00 0.88 5535 | 81.54
54.00 0.63 4086.4 | 82.26

Table 35. CAM Model Fit Coefficients for the First Replicate of the ecovered 15%

RAP bBinder
Master
Curve
Coefficients Value
g 8.693401858
We 0.281543219
k 0.164511574
Me 1.147011886
C1 -20.8620743
C2 152.6909087
Tr 15
Error™2 0.016
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Table 36. Time-Temperature Sweep Test Data for the Second Replicate of the
Recovered 15% RAP Binder

Phase
Temperature | Frequency |G*| Angle
(°C) (rad/sec) Pa @)
10.00 188.51 1.01E+08 | 25.26
10.00 87.96 8.07E+07 | 27.06
10.00 40.84 6.36E+07 | 28.86
10.00 18.85 4,94E+07 | 30.71
10.00 8.80 3.78E+07 | 32.64
10.00 4.08 2.85E+07 | 34.73
10.00 1.88 2.10E+07 37
10.00 0.88 1.53E+07 | 39.4
10.00 0.63 1.33E+07 | 40.43
20.00 188.51 4.00E+07 | 33.84
20.00 87.96 2.97E+07 | 35.93
20.00 40.84 2.17E+07 | 38.06
20.00 18.85 1.55E+07 | 40.34
20.00 8.80 1.09E+07 | 42.72
20.00 4.08 7.52E+06 | 45.25
20.00 1.88 5.05E+06 | 47.94
20.00 0.88 3.32E+06 | 50.7
20.00 0.63 2.75E+06 | 51.98
30.00 188.51 1.23E+07 | 44.35
30.00 87.96 8.39E+06 | 46.61
30.00 40.84 5.58E+06 | 49.08
30.00 18.85 3.62E+06 | 51.67
30.00 8.80 2.31E+06 | 54.25
30.00 4.08 1.44E+06 | 56.89
30.00 1.88 8.72E+05 | 59.5
30.00 0.88 5.21E+05 62
30.00 0.63 4.13E+05 | 63.16
40.00 188.51 3.27E+06 | 55.92
40.00 87.96 2.00E+06 | 57.69
40.00 40.84 1.21E+06 | 59.96
40.00 18.85 7.13E+05 | 62.37
40.00 8.80 4.16E+05 | 64.66
40.00 4.08 2.36E+05 | 66.85
40.00 1.88 1.31E+05 | 69.06
40.00 0.88 73461 | 71.16
40.00 0.63 56188 | 72.08
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54.00 188.51 5.23E+05 | 75.8
54.00 87.96 2.59E+05 | 72.56
54.00 40.84 1.40E+05 73
54.00 18.85 74164 | 74.28
54.00 8.80 39439 | 75.69
54.00 4.08 20461 | 77.47
54.00 1.88 10456 | 79.69
54.00 0.88 5273.6 | 81.43
54.00 0.63 3868.8 | 82.27

Table 37. CAM Model Fit Coefficients for the Second Replicate of the Recovered
15% RAP Binder

Master_ (_Su rve Value
Coefficients
g 8.718435
Wc 6.866539
k 0.193494
Me 0.934299
Cl -60.6298
C2 520.6429
Tr 15
Error™2 0.085
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25% RAP

Table 38. Time-Temperature Sweep Test Data for the First Replicate of the
Recovered 25% RAP Binder

Temperature Frequency |G*| Z?]ZSIE log(|G*|)

(°C) (rad/sec) Pa (°)

10.00 188.51 126145000.00 | 22.22 8.10
10.00 87.96 103667000.00 | 23.74 8.02
10.00 40.84 84169500.00 | 25.24 7.93
10.00 18.85 67416500.00 | 26.78 7.83
10.00 8.80 53481000.00 | 28.37 7.73
10.00 4.08 41809500.00 | 30.08 7.62
10.00 1.88 32166000.00 | 31.95 7.51
10.00 0.88 24476000.00 | 33.91 7.39
10.00 0.63 21672500.00 | 34.83 7.34
20.00 188.51 54662500.00 | 29.63 7.74
20.00 87.96 42171500.00 | 31.34 7.63
20.00 40.84 32054000.00 | 33.10 7.51
20.00 18.85 23961000.00 | 34.97 7.38
20.00 8.80 17706500.00 | 36.93 7.25
20.00 4.08 12841500.00 | 39.03 7.11
20.00 1.88 9118050.00 | 41.32 6.96
20.00 0.88 6381650.00 | 43.72 6.80
20.00 0.63 5419500.00 | 44.81 6.73
30.00 188.51 19088500.00 | 38.90 7.28
30.00 87.96 13620500.00 | 40.82 7.13
30.00 40.84 9543500.00 | 43.00 6.98
30.00 18.85 6538300.00 | 45.27 6.82
30.00 8.80 4417050.00 | 47.64 6.65
30.00 4.08 2906000.00 | 50.09 6.46
30.00 1.88 1874600.00 | 52.65 6.27
30.00 0.88 1186950.00 | 55.20 6.07
30.00 0.63 963555.00 56.43 5.98
40.00 188.51 5588700.00 | 49.87 6.75
40.00 87.96 3618750.00 | 51.74 6.56
40.00 40.84 2308200.00 | 54.02 6.36
40.00 18.85 1435300.00 | 56.49 6.16
40.00 8.80 879975.00 58.90 5.94
40.00 4.08 523905.00 61.32 5.72
40.00 1.88 305500.00 63.72 5.49
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40.00 0.88 175835.00 66.04 5.25
40.00 0.63 137340.00 67.02 5.14
54.00 188.51 931900.00 68.30 5.97
54.00 87.96 514045.00 66.81 5.71
54.00 40.84 292085.00 67.59 5.47
54.00 18.85 162020.00 69.40 5.21
54.00 8.80 89274.00 71.29 4.95
54.00 4.08 48579.00 73.21 4.69
54.00 1.88 25679.00 75.38 441
54.00 0.88 13430.50 77.45 4.13
54.00 0.63 10116.45 78.40 4.01

Table 39. CAM Model Fit Coefficients for the First Replicate of the Recovered 25%

RAP Binder
Master Curve
Coefficients Value
g 8.77148
Wc 1.412556
k 0.173865
Me 0.932517
C1 -70.0536
C2 582.9776
Tr 15
Error”2 0.063
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Table 40. Time-Temperature Sweep Test Data for the Second Replicate of the
Recovered 25% RAP Binder

Phase
Temperature | Frequency |G*| Angle
°O) (rad/sec) Pa (®)
10.00 188.51 1.19E+08 22.51
10.00 87.96 9.76E+07 24.08
10.00 40.84 7.90E+07 25.64
10.00 18.85 6.31E+07 27.24
10.00 8.80 4 98E+07 28.9
10.00 4.08 3.88E+07 30.72
10.00 1.88 2.97E+07 32.65
10.00 0.88 2.25E+07 34.72
10.00 0.63 1.99E+07 35.76
20.00 188.51 5.20E+07 29.97
20.00 87.96 4.00E+07 31.76
20.00 40.84 3.03E+07 33.62
20.00 18.85 2.25E+07 35.61
20.00 8.80 1.65E+07 37.7
20.00 4.08 1.19E+07 39.95
20.00 1.88 8.38E+06 42.41
20.00 0.88 5.81E+06 44,98
20.00 0.63 4.91E+06 46.16
30.00 188.51 1.80E+07 39.34
30.00 87.96 1.28E+07 41.35
30.00 40.84 8.93E+06 43.64
30.00 18.85 6.08E+06 46
30.00 8.80 4.08E+06 48.47
30.00 4.08 2.67E+06 51.03
30.00 1.88 1.70E+06 53.68
30.00 0.88 1.07E+06 56.29
30.00 0.63 8.65E+05 57.56
40.00 188.51 5.33E+06 49.94
40.00 87.96 3.44E+06 51.85
40.00 40.84 2.20E+06 54.17
40.00 18.85 1.36E+06 56.66
40.00 8.80 8.35E+05 59.08
40.00 4.08 4.96E+05 61.46
40.00 1.88 2.89E+05 63.87
40.00 0.88 1.66E+05 66.14
40.00 0.63 1.30E+05 67.09
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54.00 188.51 9.21E+05 65.81
54.00 87.96 5.00E+05 65.82
54.00 40.84 2.83E+05 67.14
54.00 18.85 1.57E+05 69.17
54.00 8.80 86359 71.16
54.00 4.08 47052 73.13
54.00 1.88 24846 75.3
54.00 0.88 13015 77.38
54.00 0.63 9820.9 78.29

Table 41. CAM Model Fit Coefficients for the Second Replicate of the Recovered
25% RAP Binder

Master_ (_Surve Value
Coefficients
g 8.717987
We 0.052769
k 0.153074
Me 1.161679
C1l -23.4054
C2 169.243
Tr 15
Error™2 0.011
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Multiple Stress Creep and Recovery

Control

Table 42. MSCR Test Results for the First Replicate of the Recovered Control

Binder
Parameter | Value
RO.1 5.02
R3.2 0.78
Jnr 0.1 1.40
Jnr 3.2 1.54

Table 43. MSCR Test Results for the Second Replicate of the Recovered Control

Binder
Parameter | Value
RO.1 4.89
R3.2 0.79
Jnr0.1 1.39
Jnr 3.2 1.53
15% RAP
Table 44. MSCR Test Results for the First Replicate of the Recovered 15% RAP
Binder
Parameter | Value
RO.1 8.63
R3.2 2.08
Jnr0.1 1.07
Jnr 3.2 1.21

Table 45. MSCR test Results for the Second Replicate of the Recovered 15% RAP

Binder
Parameter | Value
RO.1 9.36
R3.2 2.63
Jnr 0.1 0.91
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| Jnr32 | 1.02 |

25% RAP

Table 46. MSCR Test Results for the First Replicate of the Recovered 25% RAP

Binder
Parameter | Value
RO.1 17.29
R3.2 9.61
Jnr0.1 0.34
Jnr 3.2 0.38

Table 47. MSCR Test Results for the Second Replicate of the Recovered 25% RAP

Binder
Parameter | Value
RO.1 16.85
R3.2 9.96
Jnr 0.1 0.34
Jnr 3.2 0.36
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