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Executive Summary

Many State Departments of Transportation (DOTs) allow incorporation of Reclaimed Asphalt Pavement
(RAP) into asphalt mixtures. The use of RAP promotes and integrates sustainable solutions into civil
engineering practices. The amount of virgin aggregates and asphalt binders can be reduced by using RAP
in asphalt mixtures which offers environmental benefits and cost savings. Many transportation agencies
limit the RAP content to a small percentage. For several years, the Idaho Transportation Department (ITD)
allowed a RAP content of over 50 percent as selected by the contractor. Currently, ITD only allows up to
30 percent RAP Binder Replacement (RAPBR) in asphalt mixtures. Despite the environmental benefits and
cost savings of incorporating RAP into asphalt mixtures, it may result in stiffer mixtures, especially at a
higher RAP content, that could be prone to premature cracking. Adjusting the virgin binder grade (i.e.,
softer binder) is the most common method used to account for the stiffening effect of the RAP in the
asphalt mixture. This could increase the production cost of the Hot Mix Asphalt (HMA) due to the limited
availability of such softer binders in practice.

Rejuvenators have been used mainly in surface treatment emulsions to improve the properties of existing
asphalt surface layers. Rejuvenators have the potential to restore the rheological properties of aged
binders. This study examined the use of rejuvenators to improve the performance of asphalt mixtures,
with different RAP contents, through a balanced mix design approach to ensure sufficient resistance to
cracking and rutting. Seven different commercially available rejuvenators were acquired and included in
the testing program. These rejuvenators included tall oil, aromatic extract, bio-based forestry, engineered
product, triglycerides and fatty acids product, bio-based oil, petroleum-based oil for rejuvenators R1
through R7, respectively. Asphalt mixtures prepared with different doses of each rejuvenator were also
examined. Furthermore, the researchers prepared and tested asphalt mixtures at different binder
contents (i.e., optimum binder content [OBC] and OBC+0.5 percent) and binder grades.

This study also evaluated the cracking and rutting performance of asphalt mixtures currently produced
and used in the state. Loose asphalt mixtures from 23 projects were obtained and tested. The mixtures
included different mix designs, binder grades, RAP content, and percent RAP binder replacement. The
researchers evaluated the performance of the test mixtures based on the performance thresholds
developed in RP 261 (Kassem et al. 2019) and the ones proposed in the respective standards and
literature. The cracking resistance was evaluated for all test mixtures using the Indirect Tensile (IDT)
strength test and calculation of IDEAL-CTingex. The researchers also calculated additional cracking
parameters including IDTstrength and WeibullCRI. The Hamburg Wheel Tracking Test (HWTT) was conducted
using the Asphalt Pavement Analyzer JR. (APA Jr.) to evaluate the rutting performance and moisture
susceptibility of test mixtures. In addition, the researchers measured the creep compliance and strength
for selected test mixtures at low temperatures to evaluate the thermal cracking performance.
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Key Findings
The key findings of this study are summarized below:

e The cracking resistance decreased with the increase of RAP content for all RAP examined in this study.
Both IDEAL-CTindex and Weibullcr; decreased with the increase of RAP content which demonstrates
reduced cracking resistance. Meanwhile, the IDTstength increased with the increase of RAP content
which demonstrates that the mixtures become stiffer with the addition of RAP.

e  The use of rejuvenators in mixtures with low RAP content (e.g., 25 percent), especially for mixtures
with good cracking performance, did not improve the cracking resistance (i.e., did notincrease IDEAL-
CTindex). It was observed that the addition of rejuvenators could be detrimental to the cracking
resistance at low RAP content for mixtures with good cracking resistance.

e Mixtures prepared with 70 percent RAP had lower IDEAL-CTingex Values compared to the ones without
RAP (0 percent RAP) irrespective of the binder grade.

e The favorable effect of rejuvenators in asphalt mixtures is observed in mixtures with higher RAP
content (e.g., 70 percent) for different RAP sources evaluated in this study. In some cases (e.g., RAP
No. 2 and RAP No. 3), it was possible to produce mixtures prepared with 70 percent RAP and
rejuvenators that provided comparable cracking performance to the mixture without RAP.

e Increasing the rejuvenator dose does not necessarily improve the cracking resistance (i.e., R4 and
R6). In fact, in some cases, it could adversely impact cracking performance.

e The use of rejuvenator R1 (tall oil) and rejuvenator R5 (waste vegetable oil) with mixtures with high
RAP contents provided the best performance compared to other rejuvenators examined in this study,
and these mixtures had comparable cracking performance to the virgin mixture (i.e., 0 percent RAP).

e Rejuvenator R4 (engineered product) at a higher dose improved the cracking performance of
laboratory mixtures with RAP; however, these mixtures failed the rutting criteria prematurely (i.e.,
the mixtures were too soft). These results demonstrated the importance of the balanced mix design
approach to satisfy both cracking and rutting criteria.

e Increasing the binder content was found to increase the cracking resistance for some mixtures with
or without RAP. This further emphasizes the effectiveness of the balanced mix design approach.

e  The use of rejuvenator R1 (tall oil) and rejuvenator R5 (waste vegetable oil) provided higher creep
compliance compared to the virgin mixture (0 percent RAP) and control mixture (70 percent RAP)
which demonstrated improved cracking resistance at a low temperature.
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Some rejuvenators (e.g., R1 and R5) were effective in improving the cracking performance at higher
RAP content which offers significant environmental and economic benefits. Furthermore, these
rejuvenators enhanced the thermal cracking performance.

The use of rejuvenators in asphalt mixtures with RAP is beneficial and could offer environmental
benefits and cost savings. However, it is more cost effective to incorporate rejuvenators in mixtures
with high RAP content (i.e., 50 or 70 percent).

Most of the field mixes (18 out of 23) had IDEAL-CTingex values of 73.7 or higher which indicates that
these mixtures are expected to exhibit good cracking resistance in the field. Four projects were within
the moderate cracking performance range, while only one project had an IDEAL-CTn¢ex l€ss than the
minimum threshold of 26.4 which demonstrates poor cracking resistance.

The HWTT rut depth for the field mixes ranged from 1.12 mm to 4.41 mm after 20,000 passes.
Therefore, all the mixtures had a rut depth way below the maximum threshold of 12.5 mm after
20,000 passes.

The Pearson correlation results demonstrated that Weibullcgy and IDEAL-CTin¢ex had a strong
correlation (r = 0.964); however, Weibullcg; had lower variability in the test results (average COV = 6.6
percent) compared to IDEAL-CTingex (average COV = 18.8 percent) which is consistent with the results
of ITD RP 280 (Kassem et al. 2021).
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1. Introduction

Problem Statement

Many State Departments of Transportation (DOTs) allow incorporation of Reclaimed Asphalt Pavement
(RAP) into asphalt mixtures. The use of RAP promotes and integrates sustainable solutions into civil
engineering practices. The amount of virgin aggregates and asphalt binders can be reduced by using RAP
in asphalt mixtures which offers environmental benefits and cost savings. Many transportation agencies
limit the RAP content to about 25 percent. For several years, the Idaho Transportation Department (ITD)
allowed a RAP content of over 50 percent as selected by the contractor. Currently, ITD only allows up to
30 percent RAP in asphalt mixtures. Despite the environmental benefits and cost savings of incorporating
RAP into asphalt mixtures, it may result in stiffer mixtures, especially at a higher RAP content, that could
be prone to premature cracking. Furthermore, the addition of RAP may adversely affect thermal cracking
even if a small amount of RAP is used. Virgin binder grade adjusting is typically followed to account for
the stiffening effect of the RAP. The current adjustment process is performed using modified AASHTO M
323 where a blending chart is used for virgin binder selection if the RAP content exceeds 30 percent. If
the RAP content is between 17 percent and 30 percent, one grade softer virgin binder is typically selected.
There is no need to change the virgin binder grade if the RAP content is less than 17 percent. The use of
softer binders may increase the cost of Hot Mix Asphalt (HMA) production due to the limited availability
of such softer binders in practice.

Rejuvenators have been used mainly in surface treatment emulsions to improve the properties of existing
asphalt surface layers. Rejuvenators have the potential to restore the chemical and rheological properties
of aged binders. The ratio of maltenes to asphaltenes is reduced due to oxidative aging, and rejuvenators
contain maltenes to restore the original ratio. There is a need to investigate the use of rejuvenators to
improve the performance of asphalt mixtures containing different percentages of RAP (i.e., 25, 50, and 70
percent) using a balanced mix design approach that aims to produce mixtures with adequate performance
in terms of cracking and rutting resistance based on the performance thresholds developed in RP261
(Kassem et al. 2019).

RP 261 conducted a comprehensive testing program that included laboratory-mixed laboratory-
compacted, plant-mixed laboratory-compacted test specimens, and cores extracted from the field. The
laboratory testing included two rutting tests (i.e., Hamburg Wheel Tracking Test [HWTT] and Asphalt
Pavement Analyzer [APA]) and three monotonic cracking tests (i.e., indirect tension test, semi-circle
bending flexibility index test, semi-circle bending Jc test), in addition to a dynamic cracking test. The
researchers examined more than 20 performance indicators to evaluate the cracking and rutting
performance of asphalt mixtures in Idaho. Based on the results, RP 261 proposed performance thresholds
to ensure adequate resistance to cracking, rutting, and moisture damage. Performance thresholds for
HWTT as well as APA rutting tests were proposed. In addition, the researchers developed performance
thresholds for selected cracking tests including IDEAL-CTingex, Nriex factor, and Weibullcr.. ITD has recently
selected and implemented HWTT and IDEAL-CTndex to evaluate the resistance of asphalt mixtures to
rutting and cracking, respectively. The developed performance thresholds in RP 261 especially for IDEAL-
CTindex and HWTT need to be further evaluated using additional asphalt mixtures currently produced in
Idaho and revised as needed.
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Objectives

The main objectives of this study are:

e Evaluate the effect of rejuvenators on improving the performance of asphalt mixtures containing
different percentages of RAP and reducing the need for softer binders which are more costly to
obtain as compared to rejuvenators.

e Apply a balanced (engineered) mix design approach and performance thresholds, developed in
RP 261, to optimize the mix design of asphalt mixtures prepared with RAP and rejuvenators for
improved performance.

e Evaluate the performance thresholds developed in RP 261 especially for IDEAL-CTingex and HWTT
using additional asphalt mixtures currently produced in the state.

e Study the economic savings of using rejuvenators and RAP in asphalt mixtures as compared to the
control mixtures.

e Develop recommendations on incorporating rejuvenators and RAP into asphalt mixtures that

provide comparable or superior performance with respect to the control mixtures.

Tasks

The researchers conducted five main tasks to achieve the objectives of this research study. These tasks
are discussed in detail in this section.

Task 1: Literature review

In this task, the researchers conducted a literature review of previous published research studies and
collected pertinent information on the following subjects:

Different types of rejuvenators and recycling agents used in asphalt mixtures prepared with RAP,
Cracking and rutting performance of asphalt mixtures with RAP and rejuvenators,

Effect of rejuvenators on binder performance grade,

Methods used to select rejuvenator dose,

Economic benefits of using rejuvenators in asphalt mixtures,

Current practices of incorporating RAP in asphalt mixtures,

Review of proposed balanced mix design and performance measures of RAP mixtures, and

Test methods and associated performance thresholds to assess the cracking and rutting
performance of asphalt mixtures.

Task 2: Select and procure testing materials

Under this task, the research team selected and procured local materials including aggregates, virgin
binders, RAP, and rejuvenators, as well as loose asphalt mixtures. The test materials included the
following:
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e Virgin aggregates: two sources of river gravel were used; one in Lewiston and another one in
Boise, Idaho.

e Asphalt binders: five binder grades were included (i.e., PG 58-34, PG 58-28, PG 64-28, PG 64-34,
and PG 70-28).

e RAP materials: four sources of RAP were examined. Three were obtained from asphalt plants in
Idaho, in addition to an artificial RAP that was produced in the laboratory.

e Rejuvenators: seven rejuvenators were obtained from different sources and included in the
laboratory evaluation.

e Plant mixtures: a total number of 23 loose mixtures were collected from ITD paving projects with
different characteristics including different mix designs, binder grades, percent of RAP content,
and percent of RAP binder replacement.

Task 3: Prepare asphalt mixture test specimens

Under this task, the team prepared asphalt mixture test specimens needed to execute the testing
program. They prepared laboratory-mixed, laboratory-compacted specimens with the following
characteristics.

e Different RAP content (e.g., 0, 25, 50, 70, and 75 percent).

e Seven different rejuvenators. Their doses to obtain optimum cracking and rutting performance

varied.

e Five binder grades (e.g., PG 58-28, PG 58-34, PG 64-28, PG 64-34, and PG 70-28).

e Different binder content (Optimum binder content (OBC) and OBC +0.5 percent).
In addition, the researchers prepared plant-mixed, laboratory-compacted specimens to evaluate the
performance thresholds developed in RP 261 with the focus on IDEAL-CTingex and HWTT tests. The IDEAL-
CTingex test specimens are 150 mm in diameter and 62 mm in height and don’t need to be cut or notched
which is an advantage over the semicircular test specimens. The HWTT test specimens are 150 mm in
diameter and 60 mm in height.

Task 4: Conduct laboratory testing

Under this task, the researchers conducted laboratory testing to evaluate the properties of test
specimens. The following characteristics were evaluated.

e Rutting resistance and moisture susceptibility using HWTT. The HWTT is conducted in accordance
with AASHTO T324. Cylindrical test specimens are subjected to accelerated reciprocating wheel
loading. HWTT applies 705 N load on the surface of test specimens at a constant moving rate of
52 pass/minute. A set of four test specimens are used in each run. The test specimens are
submerged in water for at least one hour before testing at a specified temperature (e.g., 50 °C).
This test is used to assess the resistance to rutting as well as moisture susceptibility. The test is
completed when the test specimen achieves a certain rut depth (e.g., 12.5 mm) or the specified
number of passes (e.g., 20,000 passes) is applied.

e Fatigue cracking resistance (e.g., IDEAL-CTingex and WeibullCRI). IDEAL-CTingex and WeibullCRI
values can be calculated from the same load-displacement curve obtained using the indirect
tensile test (IDT). The IDT uses a circular specimen which is subjected to a compressive loading at
50 mm/min and the test is conducted at 25 °C. The IDEAL-CTinqex Was proposed by the researchers
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at Texas A&M (ASTM D8225 — 19), while WeibullCRI was developed in Idaho in RP 261. Higher
IDEAL-CTingex and WeibullCRI values indicate better resistance to cracking. IDEAL-CTingex is
calculated as a function of fracture energy, post-peak slope, and strain tolerance. The WeibullCRI
describes the entire load-displacement curve.

e Thermal cracking resistance at low temperature. The creep compliance and strength test are
conducted in accordance with AASHTO T 322. The test is conducted at three temperatures (i.e., -
20, -10, and 0 °C) where a vertical static load is applied on the test specimen for 100 sec to produce
a horizontal deformation between 0.00125 to 0.0190 mm to ensure that the test specimen is in
the linear viscoelastic range. Once the creep compliance test is completed at all temperatures,
the tensile strength test is conducted at a testing temperature of -10 °C by applying a vertical load
rate of 12 mm/min until failure.

Task 5: Analyze the laboratory testing results

Under this task, the researchers analyzed the laboratory testing results to evaluate the performance of
the asphalt mixtures. The researchers examined the cracking and rutting performance as well as the low-
temperature cracking of mixtures with different characteristics including RAP source and content,
rejuvenator type and content, and binder grade and content. The results for mixtures prepared with RAP
collected from four different sources (e.g., RAP Source No. 1 through RAP Source No. 4) were carefully
discussed. The cracking resistance was evaluated for all mixtures using the IDT test and calculations of
IDEAL-CTingex. The researchers calculated additional cracking parameters including IDTstength and
Weibullcr. The Hamburg Wheel Tracking Test (HWTT) was conducted using the Asphalt Pavement
Analyzer JR. (APA Jr.) to evaluate the rutting performance of the test mixtures. The effect of RAP content,
rejuvenator type, and rejuvenator doses on the performance was examined for each RAP source
separately. Furthermore, the researchers conducted statistical analysis of the test results using Tukey’s
Honestly Significant Difference (Tukey’s HSD). The Tukey’s HSD is a one-way analysis of variance (ANOVA)
and is performed at 95 percent confidence interval (i.e., a = 0.05). Tukey’s HSD can identify test means
with significant difference.

Task 5 also evaluated the cracking and rutting performance of loose mixtures collected from new paving
projects. These loose mixtures were collected from different districts in Idaho and have different
properties (mix design, binder grade, binder content, RAP, etc.). The researchers calculated different
cracking and rutting performance parameters and compared to performance thresholds proposed and
used in previous ITD studies (Kassem et al. 2019 and Kassem et al. 2021). Furthermore, the researchers
examined the coefficient of variation of various cracking performance indicators of the field projects along
with their correlations.

Task 6: Conduct cost analysis to assess economic savings

Under this task, the researchers conducted cost analysis to assess economic savings associated with using
rejuvenators with high RAP content in asphalt mixtures without compromising the performance (i.e.,
cracking and rutting resistance). In addition, the researchers examined the benefits and cost savings
associated with increasing the binder content at different RAP contents. The use of RAP can cut down the
percent of virgin binder added leading to cost savings. In addition, the current practice is to use one grade
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softer virgin binder if the RAP content between 17 percent to 30 percent and the blending chart to select
the grade of softer virgin binder if RAP content exceeds 30 percent. The use of softer binder costs more
than the conventional virgin binder due to its limited availability. Therefore, the use of rejuvenators may
eliminate or reduce the need for softer binders.

Task 7: Develop recommendations and guidelines

Under this task, the researchers developed recommendations on incorporating RAP and rejuvenators in
asphalt mixtures for improved performance and cost savings. Furthermore, the researchers provided
recommendations on implementing a balanced mix design approach using the performance thresholds
for cracking and rutting proposed in RP 261 and further evaluated in this study. Also, the researchers
provided recommendations on future studies for implementation.

Task 8: Prepare the final report

The researchers prepared a final report that includes the research methodology, results, analysis,
findings, and recommendations.

Report Organization

This report consists of seven chapters and five appendices. Chapter 1 provides an overview, objectives,
tasks, and report organization. Chapter 2 provides a literature review of previous studies and summarizes
the main findings. Chapter 3 discusses the material properties, testing matrix, and laboratory
experimental design used and conducted in this study. Chapter 4 discusses the performance of asphalt
mixtures prepared with different amounts of RAP and rejuvenators. Chapter 5 discusses the cracking and
rutting performance of asphalt mixtures collected from various paving projects across the state based on
performance thresholds developed in RP 261. Chapter 6 provides cost analysis to assess economic savings
associated with using rejuvenators and high RAP content in asphalt mixtures. Chapter 7 provides a
summary of the main findings of this study and associated recommendations. The appendices provide
additional information and figures that were cited and discussed in this report.
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2. Literature Review

Introduction

Many State Departments of Transportation (DOTs) allow incorporation of RAP into asphalt mixtures. The
use of RAP promotes and integrates sustainable solutions into civil engineering practices. The amount of
virgin aggregates and asphalt binders can be reduced by using RAP in asphalt mixtures which offers
environmental benefits and cost savings. The benefits of using RAP in asphalt mixtures include, but are
not limited to, reducing production energy consumption and associated emissions, preserving natural
resources, and reducing production cost (Yin et al., 2017). To ensure the pavement performance is not
compromised due to the use of RAP, rejuvenators or recycling agents are often recommended in asphalt
mixtures containing RAP. Recycling agents, also known as rejuvenators, are organic or petroleum products
with chemical and physical properties that help to restore the rheological properties of aged asphalt
binders. Rejuvenators were first introduced in 1960’s as a pavement preservation practice. RAP binders
are often aged and stiffer with less flexibility and ductility due to the oxidization process experienced by
the pavement during service. The asphalt binder is often modeled as a colloidal material with two phases,
asphaltene and maltene. The ratio of maltenes to asphaltenes is reduced due to oxidative aging, which
results in stiffer asphalt pavements that are susceptible to cracking (Kaseer et al. 2019a). Rejuvenators
contain maltenes to restore the original ratio of maltenes to asphaltenes which improves the flexibility
and resistance of asphalt mixtures to cracking.

Recently, the pavement community and industry are moving towards a Balanced Mix Design (BMD)
approach to complement current Superpave method for asphalt mixture design with improved
performance (Meroni et al. 2020 and Lombardo et al. 2020). The current Superpave mix design is primarily
based on volumetrics. As the pavement community gravitates towards incorporating more recycled
materials, the Superpave process fails to consider the interactions between virgin materials and recycling
agents (NCAT 2019). The goal of BMD is to design a mix that meets the specifications according to the
purpose the pavement will serve. BMD includes specific tests to evaluate pavement performance against
specific distresses, most commonly resistance to rutting and cracking. The goal of BMD is to define testing
criteria that are simple, affordable, and accurate enough to ensure acceptable performance (Taylor and
West 2019). BMD should accurately simulate realistic climate and aging conditions, loading expectations,
temperature variation, and other factors.

Rejuvenators

The American Standards for Testing and Materials (ASTM) developed a standard (ASTM D4552) that
classifies recycling agents into six groups based on their viscosity at 60°C as shown in Table 1Table 1. In
2014, the National Center for Asphalt Technology (NCAT) divided the rejuvenators into five categories: 1)
paraffinic oil (refined used lubricating oil), 2) aromatic extract (refined crude oil products with polar
aromatic oil components), 3) naphthenic oils (engineered hydrocarbons for asphalt modification), 4)
triglycerides and fatty acids (derived from vegetable oils), and 5) tall oils (byproducts from the paper
industry) as shown in Table 2 (NCAT 2014).
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Table 1. Physical Properties of Recycling Agents (ASTM D4552)

RA1l RA1l RA5 RA5 RA25 RA25 RA75 RA75 | RA250 | RA250 | RA500 | RA500
ASTM
Test Test Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max
Method
Viscosity at D 2170 or
140°F, cSt D2171 50 175 176 900 901 4500 4501 12500 | 12501 | 37500 | 37501 | 60000
Flash point,
coc, °F D92 425 - 425 - 425 - 425 - 425 - 425 -
Saturates, wt% D2007 -— 30 -— 30 - 30 - 30 - 30 --- 30
Tests on
residue from D 2872 or
RTFO or TFO D 1754
oven 325 °F
Viscosity Ratio - - 3 - 3 - 3 - 3 --- 3 - 3
Wt. change + % - - 4 - 4 - 4 - 4 - 4 --- 4
D7 D
Specific gravity 12;; Report Report Report Report Report Report
Table 2: Recycling Agent Types (NCAT 2014)
Category Examples Description
e Waste Engine Qil (WEQ)
e  Waste Engine Oil Bottoms
Paraffinic Oils (WEOB) Refined used lubricating oils
e Valero VP 165®
e Storbit®

Aromatic Extracts

e Hydrolene®
e Reclamite®
e Cyclogen L®
e ValAro 130A°®

Refined crude oil products with
polar aromatic oil components

Nathenic Oils

e SonneWarmix RJ™

e Erogon Hyprene®

Engineered hydrocarbons for
asphalt modification

Triglycerides & Fatty Acids

e Waste Vegetable Oil

e Waste Vegetable Grease
e Brown Grease

e Delta S*

Derived from vegetable oils

*Has other key chemical elements
in addition to triglycerides and
fatty acids.

Tall Qils

e Sylvaroad™ RP1000

e Hydrogreen®

Paper Industry byproducts
Some chemical family as liquid
antistrip agents and emulsifiers

Cracking Performance of Asphalt Mixtures with RAP and Rejuvenators

Many research studies examined the effect of recycling agents and rejuvenators on the performance of
RAP mixtures. Zaumanis et al. (2013, 2015) evaluated the effect of different rejuvenators in restoring the

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt

Pavements and Rejuvenators for Enhanced Performance 21



performance of 100 percent RAP mixtures. They examined included plant oils, waste-derived oils,
engineered products, and traditional and nontraditional refinery base oil. They evaluated the low
temperature cracking performance of the test mixtures using the creep compliance and tensile strength
tests as shown in Figure 1 and Figure 2. The results demonstrated that all mixtures showed improvements
in their low temperature cracking performance when compared to the control RAP mixture. The waste
vegetable oil improved the creep compliance of the RAP mixture to that of the virgin mix (i.e., 0 percent
RAP). The results of tensile strength, conducted at -10°C, showed that certain rejuvenators such as
aromatic extract increased the strength when compared to the control RAP mixture (i.e., without
rejuvenator) while others including waste engine oil reduced the tensile strength.
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Figure 1. Effect of Rejuvenators on Creep Compliance and Tensile Strength at -10°C (Zaumanis et al.
2013)
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Figure 2. Creep Compliance and Tensile Strength at -10 °C (Zaumanis et al. 2015)

Nabizadeh et al. (2017) studied the effect of various rejuvenators on asphalt mixtures and Fine Aggregate
Matrix (FAM) with 65 percent RAP. The study evaluated three unique rejuvenators including petroleum-
tech based, green-tech based, and agriculture-tech based rejuvenators. They compared the performance
of asphalt mixtures and FAM prepared with the selected rejuvenators to that of the control mix. The
control mix contained 65 percent RAP and 35 percent virgin aggregates. All mixes had nominal maximum
aggregate size of 12.5 mm and used PG 64-34 binder. The FAM mixtures used the same gradation as the
original asphalt mixtures without aggregates larger than 1.18 mm. The results presented in Figure 3 and
Table 3 showed that the petroleum-tech based rejuvenator or aromatic extract (CR1) had the highest
cracking resistance followed by agriculture-tech based rejuvenator or soybean oil (CR3), green-tech based
rejuvenator or tall oil (CR2). All mixtures exhibited better cracking resistance as compared to the control

mix (C).

Displacement (imm)

Figure 3. Effect of Different Recycling Agents on IDT Load-Displacement Curve (Nabizadeh et al. 2017)
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Table 3. Semi-Circular Bending Fracture Test Results (Nabizadeh et al. 2017)

Mixture ID Upward Slope D‘:‘r"‘;'l‘:::‘i:,dnsll:’;at Ffact(l;;t:n Ii;\ergv Flexibility Index (1)
C 1.472 111 942 8.5
CR1 0.593 -0.50 919 18.4
CR2 0.735 -0.63 685 10.9
CR3 1.276 -0.67 878 13.1

Kaseer et al. (2020) evaluated the performance of asphalt mixtures with high RAP content and
rejuvenators. They evaluated the performance of both field cores and laboratory mixes. The field mixtures
were extracted from five different states in the United States to cover different climate and mixture
properties. In addition, laboratory mixes were prepared using raw materials collected from the source of
each field project. Each field project had two sections, one designed with the maximum allowed
percentage of RAP without recycling agent per the DOT specifications of that state, and the other designed
similarly with the addition of rejuvenator. In the case of Texas field and laboratory mixtures, they used a
replacement binder ratio of 28 percent and two different recycling agents: tall oil at two different doses
and one dose of aromatic extract. The results of this study indicated that for both Short-Term Oven Aged
(STOA) and Long-Term Oven Aged (LTOA) the rejuvenated lab mixtures showed a better cracking
performance as shown in in Figure 4 (Kaseer et al. 2020). However, the rejuvenated field cores exhibited
a lower cracking resistance compared to the cores without recycling agents.
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Figure 4. Effect of Rejuvenators on Flexibility Index and Cracking Resistance Index (Kaseer et al. 2020)

An ongoing research study by the National Road Research Alliance (NRRA) is currently evaluating the
effect of rejuvenators on performance of asphalt mixtures. They examined the effect of seven different
rejuvenators including petroleum-based and bio-based rejuvenators. They prepared and tested a total of
ten mixtures. Nine mixtures had 40 percent RAP, and one mixture had 30 percent RAP. These mixtures
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were prepared with different rejuvenators. They compared the performance of Reheated Plant Mixtures
(RPM) to Long-Term Aging (LTA) mixtures. The preliminary results (Figure 5) showed that the IDEAL-CTndex
decreased with the increase of aging. Therefore, the cracking resistance is expected to decrease with
aging. Both RPM and LTA mixtures with bio-based rejuvenators (e.g., Soybean, Ingevity and Kraton) were
able to provide better cracking resistance compared to the control mix (i.e., 40 percent RAP). In addition,
it was found that certain rejuvenators had a negative impact on LTA mixtures as the cracking performance
decreased compared to the control mixture after aging. They indicated that such mixtures were more
susceptible to aging.
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Figure 5. Effect of Rejuvenator and Aging on Cracking Performance (NRRA 2022)

Zaumanis et al. (2014) evaluated the rutting performance of rejuvenated asphalt mixtures using the
HWTT. They examined six unique rejuvenators and compared the rutting performance of the virgin
mixture and RAP mixture to that of the rejuvenated mixtures. The virgin mixture was prepared by burning
the binder off RAP aggregates and then mixing the aggregates with a virgin binder. The results presented
in Figure 6 demonstrated that the virgin mixture had the lowest rutting resistance. This could be attributed
to higher binder content (5.94 percent), loss of fine materials during burning process, or moisture damage.
Conversely, the RAP mixture had the highest rutting resistance due to the presence of the aged RAP
binder. The results also showed that the use of rejuvenators helped to soften the materials which may
resulted in increased rut depth; however, all mixtures with rejuvenators performed better that the virgin
mixture and mixtures with aromatic extract, waste engine oil (WEQ), and organic oil passed the rutting
threshold (12.5 mm after 20,000 passes) (Zaumanis et al. 2014).
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Figure 6. Effect of Rejuvenators on Rutting Performance (Zaumanis et al. 2014)

Bajaj et al. (2020) evaluated the rutting performance of asphalt mixtures prepared with six unique
rejuvenators. The mixtures also included a control mix without RAP and one RAP mixture without
rejuvenator. Figure 7 shows the rut depth with loading cycles. The results demonstrated that the RAP
mixture without rejuvenators had the lowest rut depth which indicates better rutting resistance. All
mixtures with rejuvenators passed the rutting criteria of 12.5 mm after 7500 loading cycles except the
rejuvenated mixture with paraffinic recycling agent P (Bajaj et al. 2020).
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Figure 7. Effect of Rejuvenated RAP Mixture on Rutting Performance (Bajaj et al. 2020)

Kaseer et al. (2020) also evaluated the rutting performance of asphalt mixtures with rejuvenators. Asphalt
mixtures were prepared in the laboratory using materials from two different states: Wisconsin and
Delaware. They evaluated the rutting performance of mixtures containing two percentages of RAP (i.e.,
31 and 50 percent) and modified vegetable oil rejuvenator at 5.5 and 9 percent. Figure 8 shows the
number of passes for the mixtures to reach a rut depth of 12.5 mm. The results demonstrated that the
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addition of recycling agents increased the rutting of the mixture; however, all mixtures passed the rutting
threshold (minimum of 5000 passes for binder Performance Grade PG 58-XX before reaching 12.5 mm).
Also, they found that the test mixtures were susceptible to moisture damage. On the other hand, the APA
test (conducted in dry conditions) showed that the rutting resistance improved compared to HWTT results
with the use of rejuvenators.
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Figure 8. HWTT and APA Rutting Performance of Rejuvenated Mixtures (Kaseer et al. 2020)

Effect of Rejuvenators on Binder Performance Grade (PG)

Zaumanis et al. (2014) studied the effect of incorporating rejuvenators into asphalt mixtures on the binder
performance grade (PG) of the rejuvenated asphalt binders in the mix. They extracted and recovered
asphalt binders from rejuvenated asphalt mixtures and determined their PG. The results shown in Figure
9 indicated that all rejuvenated mixtures had improved low-temperature PG (PGL) compared to the RAP
binder (-12 °C). The target PG was reached in all rejuvenated mixtures except mixtures with WEO
rejuvenator which required a higher dose to reach the targeted PGL. None of the examined rejuvenators
decreased the high-temperature PG (PGH) as compared to that of the virgin binder (Zaumanis et al. 2014).

Ali et al. (2016) investigated the impact of rejuvenator on RAP mixtures. They used five unique
rejuvenators in asphalt mixtures containing 25 and 45 percent RAP at the manufacturer’s recommended
doses. They examined the effect of the rejuvenators on the extracted and recovered binder PG. The results
demonstrated that all rejuvenators lowered the PGH. In addition, the paraffinic oil was the most effective
rejuvenator in lowering the binder PG to that of the virgin binder. Other studies (Samara et al. 2022 and
NRRA 2022) evaluated the effect of rejuvenators on the binder PG. They evaluated asphalt mixtures with
four unique rejuvenators including crude tall oil, modified vegetable oil, corn oil and aromatic extract oil.
The results on the extracted and recovered binder showed that all rejuvenators lowered the PGH by at
least one grade. Furthermore, all rejuvenators lowered the PGL. They also concluded that increasing the
rejuvenator dose resulted in lower PGH.
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Figure 9. Effect of Rejuvenators on Performance Grade (Zaumanis et al. 2014)
Effect of Rejuvenators on Asphalt Mixture Workability

Limited studies were conducted on the effect of rejuvenators on the workability of asphalt mixtures.
Zaumanis et al. (2014) evaluated the workability of rejuvenated mixtures using different rejuvenators.
They recorded the number of gyrations to reach 8 percent air voids. The results demonstrated that the
virgin mixture had the highest workability while the RAP mixture had the lowest workability. The
workability of all mixtures with rejuvenators was enhanced by the addition of rejuvenators as shown in
Figure 10.

Another study evaluated the effect of rejuvenators on workability through characterizing binder
properties. Majidifard et al. (2019) investigated the effect of rejuvenators on the workability of asphalt
mixtures by measuring binder stiffness. They examined the workability of the binder extracted and
recovered from rejuvenated mixtures with waste cooking oil. The study concluded that the waste cooking
oil was able to reduce the stiffness of the RAP binder and thus improve the mixture workability.
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Figure 10. Effect of Rejuvenators on Workability of RAP Mixtures (Zaumanis et al. 2014)

Rejuvenator Dose Selection
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Several studies have been conducted to establish a method to select a proper dose of rejuvenators.
Arambula-Mercado et al. (2017) evaluated the selection of proper recycling agent dose and incorporation
method into asphalt mixtures with high RAP and Recycled Asphalt Shingles (RAS). In their study, they
evaluated three methods for dose selection and their effect on the performance of asphalt mixtures with
high RAP/RAS content. The three methods included 1) restoring PGL and verifying PGH, 2) achieving a
temperature difference in Bending Beam Rheometer (BBR), AT, of -5 °C, and 3) restoring the PGH. For the
first method, they used a PG 70-22 binder and determined an optimum dose of 4.5 percent of weight of
total binder, which was found to meet the PGL and then verified the PGH as shown in Figure 11 (Arambula-
Mercado et al. 2017). The second method was to achieve a maximum ATc of -5 °C after 20 hours of PAV
aging. They found that a dose of 12.5 percent was enough to reach the target ATc for PG 58-32 and 14.5
percent for PG 68-32. The third selection method suggested that an optimum rejuvenator dose of 6
percent to reach continuous the PGH (i.e., 70 °C).

The results of the three selection methods demonstrated that the first method improved the stiffness and
phase angle, but such improvement decreased with long-term aging. The second method showed that
the stiffness and phase angle were improved as well; however, the stiffness reduction was excessive and
had a negative effect on the mixture rutting performance. The third method provided better results over
the other two methods. The researchers demonstrated that the rejuvenator dose should be carefully
selected as the rutting resistance could be reduced while the cracking resistance improved. The dose
selection is affected by many factors such as binder source and grade, aging level of recycled materials,
and their proportions in the mix.
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Figure 11. Performance Grade blending Chart (Arambula-Mercado et al. 2017)

Zaumanis et al. (2014) also proposed a procedure to determine the optimum rejuvenator dose based on
Superpave PG specifications. They used extracted RAP binder with PG 94-12 which had penetration of 1.9
mm. Their target PG for the region was PG 64-22. Six rejuvenators were evaluated in their study. Two
rejuvenators were petroleum products and the other four were organic products. The petroleum products
were aromatic extract and waste engine oil. The organic products included waste vegetable oil, organic
oil, waste vegetable grease, and distilled tall oil. They evaluated two doses for organic products (i.e., 6
percent and 12 percent) and two doses for petroleum products (i.e., 12 percent and 18 percent). They
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conducted several binder tests including penetration test at 25°C, Dynamic Shear Rheometer (DSR), and
Bending Beam Rheometer (BBR) on extracted and recovered asphalt binders. The results demonstrated
that both PGH and PGL reduced linearly, while the penetration increased exponentially with the increase
of the rejuvenation dose as shown in Figures 12 and 13. Overall, organic-based products required a lower
dose than petroleum-based products.
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Figure 13. Minimum Rejuvenator Dose (Zaumanis et al. 2014)

Sanchez et al. (2020) examined three methods to select the optimum dose of a palm oil rejuvenator. They
conducted several tests including penetration, softening point, and PGH. The PGH resulted in the lowest
dose, while the softening point required the highest dose. The optimum dose was 3, 4.5 and 5.5 percent
based on the PGH, penetration, and softening point, respectively (Sdnchez et al. 2020).
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Other researchers evaluated the optimum rejuvenator dose through the balanced mix design approach.
S. Im et al. (2016) examined dose selection for three recycling agents including 1) Hydrogreen, 2) Road
Science, and 3) Arizona Chemical. They determined the rejuvenator dose range per binder weight, then
determined the optimum asphalt content and optimized the content for each rejuvenator used in their
study. First, they determined a range of rejuvenator content based on the binder PG and Glover-Rowe (G-
R) parameter. Based on the binder test results, they established the rejuvenator dose range and validation
table for the three recycling agents as well as the manufacturer recommended dose as presented in Table
4. The dose range based on the binder PG varied from about 0.7 to 4.8 percent for high and low
temperatures, respectively as shown in Figure 14. They also found that the rejuvenator content
determined by the G-R parameter had a lower range (i.e., 0.7 to 2.6 percent). Based on the validation
table (Table 4), they determined optimum dose ranges of 1.7 to 4.8 percent, 2.6 to 3.6 percent, and 1.8
to 3.7 percent per weight of binder for Hydrogreen, Road Science, and Arizona Chemical, respectively. To
confirm the optimum dose for each rejuvenator, the study conducted a balanced mix design approach by
examining the rutting and cracking of asphalt mixtures within the dose range. The optimum dose of each
rejuvenator was determined based on a maximum rut depth of 9.5 mm. The results demonstrated that
optimum dose was 3.2, 2.2, and 3.0 percent for Hydrogreen, Road Science, and Arizona Chemical,
respectively. The Hydrogreen rejuvenator required a higher dose compared to the other two rejuvenators
(i.e., Road Science and Arizona Chemical).

Table 4. Rejuvenator Content Range and Dose Validation (S. Im et al. 2016)

- Based on | Based on | Based on Based on Selected | Selected Dose
PG PG aging aging Range Range recommended by
manufacturer
Rejuvenator High Low Damage Significant Min Max -
temp. temp. onset Cracking
Min

max Min Min
Hydrogreen 4.8% 1.7% 1.0% 1.7% 1.7% 4.8% 2.9%
Road Science 3.6% 0.7% 0.8% 2.6% 2.6% 3.6% 2.0%
Arizona Chemical 3.7% 1.1% 0.7% 1.8% 1.8% 3.7% 2.3%
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Economic Benefits of Rejuvenators in RAP Mixtures

Many studies evaluated the economic benefits of incorporating rejuvenators along with high RAP content
in asphalt mixtures. Martin et al. (2019) studied the likelihood of cost savings of using rejuvenators when
RAP content increased from 20 to 40 percent. They considered two scenarios including low economic
incentive and high economic incentive. The low economic scenario assumed that the recycling agent and
RAP are relatively high in price and the amount of binder available in the RAP is low, while the high
economic incentive assumed that the amount of binder available in the RAP is high and the price of
recycling agent and RAP are relatively low. They found that increasing the RAP content from 20 to 40
percent resulted in 4.9 percent savings in the production cost for the low economic incentive and 17
percent savings for the high economic incentive assumption. In addition, they found that the cost saving

associated with 40 percent RAP is about 12 and 35 percent for the low and high economic incentive,
respectively.

S. Im et al. (2014) conducted cost analysis on the benefits of using rejuvenators with asphalt mixtures
containing RAP content of 19 percent. They calculated the cost (per ton) of virgin mix (i.e., 0 percent RAP),
RAP mixture containing 19 percent of RAP, and rejuvenated RAP mixture containing 19 percent RAP. The
outcome of their study demonstrated that a ton of virgin mix cost $47.2 while a ton of a similar mix
containing 19 percent RAP cost $38.9 which resulted in cost reduction of 21 percent. However, the
rejuvenated RAP mixture roughly increased the cost of the RAP mix by $0.3 per ton which resulted in cost
reduction of 20 percent compared to the virgin mix. Zaumanis et al. (2014) evaluated the cost of asphalt
mixtures prepared with and without RAP. The study indicated that the location of where the mixture was
made derived the cost as some locations may or may not have RAP materials accessible where other
locations may have extra RAP materials. Their study assumed that only the material cost will be impacted
by rejuvenators and other costs would remain constant. The cost saving associated with using 100 percent
RAP and rejuvenators resulted in cost reduction of about 50 to 70 percent as shown in Figure 15.
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Incorporating RAP in Asphalt Mixtures

Transportation agencies incorporate RAP into asphalt mixtures for its environmental and economic
benefits. A survey conducted by the National Asphalt Pavement Association (NAPA) demonstrated the
favorable impact of RAP on decreasing the cost of pavement construction and greenhouse gas emissions
(NAPA 2021). Figure 16 shows the amount of RAP and the average percentage of RAP used by different
transportation agencies from 2009 to 2021. The average percent of RAP increased from 21.1 percent in
2019 to about 21.9 percent in 2021 for all industry sectors. Figure 17 shows the average percentage of
RAP used in various states. The number of states using 20 percent RAP or grater increased to 32 states in
2021 compared to only 10 states in 2009. Idaho isamong the leading states by allowing higher RAP content
(up to 30 percent). Table 5 shows the amount of RAP mixes that incorporate softer binders and/or
recycling agents in each state. Most states (28 out of 32) using 20 percent RAP or more reported using
rejuvenator and/or softer binders in their asphalt mixtures. The rest of states (four) don’t use any
rejuvenators and/or softer binders in the asphalt mixtures with 20 percent or more RAP (NAPA 2021).
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Table 5. Percent of RAP Mixes Using Softer Binder and/or Recycling Agents by State (NAPA 2021)

Reported Tons Reported Tons Estimated Tons Estimated Tons
Stockpiled (Million) Stockpiled (Million)  Stockpiled (Million) Stockpiled (Million)
in 2020 in 2021 in 2020 in 2021

0.76 1.26 2.13 1.62
NCR NCR NCR NCR
[ Arizona | 0.58 1.02 1.02 2.13
[ Arkansas | 0.45 0.32 0.93 0.7
2.08 0.99 4.33 2.92
0.86 0.31 1.57 0.77
[ Florida | 3.62 2.04 5.43 5.21
3.31 2.25 6.07 5.03
[ Guam | NCR NCR NCR NCR
| Hawaii | * 0.13 * 0.24
[ 1daho | 0.65 0.59 1.56 1.39
[ llinois | 2 1.16 3.43 2.39
[ indiana | 2.35 3.71 4.07 5.05
[ lowa | 0.53 0.65 1.45 1.83
[ Kansas | 0.79 0.8 1.15 131
0.58 0.96 1.36 1.98
0.05 0.21 0.35 1.02
[ Maine | 0.37 0.29 0.37 0.29
2.65 2.27 3.63 4.49
| Massachusetts | 0.69 0.92 1.56 3.67
[ Michigan | 14.98 2.28 22.17 3.77
[ Minnesota | 3.96 1.88 6.62 2
[ Mississippi | 0.61 0.46 0.63 0.74
[ Missouri | 0.42 0.46 1.76 1.47
0.12 * 0.9 *
0.12 0.29 0.34 0.65
0.32 0.29 0.46 0.3
2.3 9.59 4.69 26.89
0.89 0.65 2.79 2.65
5.6 4.39 6.78 6.35
NCR NCR NCR NCR
[ ohio | 3.81 3.09 5.81 3.46
1.2 1.21 1.61 1.21
0.94 0.69 2.34 2.05
0.85 0.88 2.57 3.09
NCR NCR NCR NCR
1.42 1.68 3.11 1.68
1.85 1.67 4.32 2.59
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Table 5. Percent of RAP Mixes Using Softer Binder and/or Recycling Agents by State (NAPA 2021)
(Continued)

Reported Tons Reported Tons Estimated Tons Estimated Tons
Stockpiled (Million)  Stockpiled (Million)  Stockpiled (Million)  Stockpiled (Million)
in 2020 in 2021 in 2020 in 2021
0.99
NCR NCR NCR NCR
[ utah | 0.46 1.08 0.52 1.45
2.56 2.37 3.68 4.15
1.15 0.73 1.22 0.98
0.34 0.36 4.33 0.65
[ wisconsin | 2.14 2.7 2.67 4
71.48 59.82 1353 137.45
NCR No Companies Responding for the State Survey
* Fewer than 3 Companies Reporting
Total Includes Values from State with Fewer than 3 Companies

Several researchers examined the amount of RAP that can be used in asphalt mixes without detrimental
effects on performance (McDaniel et al. 2012; Beeson et al. 2011; Sondag et al. 2002). McDaniel et al.
(2012) demonstrated that asphalt mixtures with up to 50 percent RAP can meet the Superpave design
criteria. They reported that asphalt mixtures with more than 20 percent RAP increased the stiffness which
could impact the cracking resistance at low temperature (McDaniel et al. 2012). Beeson et al. (2011)
demonstrated that 22 percent of RAP can be used without changing the PGL of the tested binder. In
addition, the virgin binder PG should be reduced by one grade for up to 40 percent RAP. On the other
hand, Mogawer et al. (2020) demonstrated that using more than 15 percent RAP impacts the PGL
significantly. Sondag et al. (2002) also documented that lowa DOT requires the virgin binder PG to be
reduced by one grade for RAP exceeding 20 percent. ITD limits the maximum RAP content to 30 percent.
For mixtures with less than 17 percent RAP, no binder PG adjustment is required; however, either the
blending chart is required or lowering the high and low designated temperatures by one grade for
mixtures with more than 17 percent RAP. Tables 6 and 7 summarize the ITD specifications for the binder
grade adjustment and typical adjusted binder grades (ITD 2018). ITD RP 280 provides additional
information about incorporating RAP into asphalt mixtures including characterization of RAP, mix design
considerations of RAP mixtures, amount of RAP in asphalt mixtures, laboratory, and field evaluation of
mixes with high RAP contents, and state of practice at different DOTs (Kassem et al. 2021).
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Table 6. Grade Adjustment for RAP (ITD Specification 2018)

RAP binder content by weight of the Binder Grade Adjustment to compensate for the

Level
total binder in the mixture, percent stiffness of the asphalt binder in the RAP

1 Oto 17 No binder grade adjustment is made.

The selected binder grade adjustment for the
binder grade specified on the plans is one grade
lower for the high and the low temperatures
) >17 t0 30 designated. Or determine the asphalt binder grade
adjustment using a blending chart.

Note: See AASHTO M 323 for recommended
blending chart procedure.

Table 7. Typical Adjusted Binder Grades (ITD Specification 2018)

Binder Grade Specified in Adjusted Binder Grade Adjusted Binder Grade
Contract (Level2) (Levell)
58-28 58-34 No Adjustment Needed
58-34 No Adjustment Needed No Adjustment Needed
64-28 58-34 No Adjustment Needed
64-34 58-34 No Adjustment Needed
70-28 64-34 No Adjustment Needed
76-28 70-34 No Adjustment Needed

Balanced Mix Design Approach

Zhou et al. (2006) proposed a method to improve the mix design of asphalt mixtures that relies on
balancing the cracking and rutting performance, which is known as a balanced or engineered mix design
(BMD). Asphalt mixtures prepared with low binder content have better resistance to rutting; however,
they are prone to cracking. On the other hand, asphalt mixtures prepared with high binder content have
better resistance to cracking; however, they may be prone to rutting. Therefore, a procedure was
introduced for determining the optimum binder content that would balance rutting and cracking
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resistance (Zhou and Scullion 2006). This procedure is proposed for asphalt mixtures used in wearing
courses (i.e., surface layer). Figure 18 shows an example of balancing rutting and cracking resistance.

The most common tests used in BMD to assess cracking performance are Indirect Tensile Asphalt Cracking
Test (IDEAL-CT) and the Semi-Circular Bending lllinois Flexibility Index Test (SCB-IFIT), while the Hamburg
Wheel Tracking Test (HWTT) and Asphalt Pavement Analyzer (APA) are used to evaluate the rutting
performance (Kassem at al. 2019). Other tests used in BMD also include Texas Overlay to assess cracking
performance. Based on previous ITD research studies (Kassem et al. 2019 and Kassem et al. 2021), this
study used IDEAL-CT and HWTT to assess the cracking and rutting performance, respectively. In addition,
HWTT can be used to assess moisture susceptibility of the asphalt mixtures since it is conducted in wet
conditions (Kassem et el. 2019).

ITD RP 261 proposed three performance thresholds for the IDEAL-CT: good cracking resistance (IDEAL-CT
> 73.7), fair cracking resistance (26.4 < IDEAL-CT < 73.7), and poor cracking resistance (IDEAL-CT < 26.4).
The proposed thresholds for some performance indicators were comparable to the ones proposed by
other researchers (Kassem et al. 2019). In addition, ITD RP 261 proposed a maximum rut depth of 10 mm
for HWTT after 15,000 passes or 12.5 mm for HWTT after 20,000 passes to ensure adequate resistance to
rutting. Also, the HWTT thresholds can be used to ensure adequate resistance to moisture damage. Similar
thresholds were also used and adopted by several transportation agencies (Kassem et al. 2019).

Table 8 summarizes the most promising intermediate temperature cracking performance indicators and
their associate testing standards (Alkuime et al. 2020). ITD RP 261 provides comprehensive review of
cracking and rutting tests used by various states as well as various performance indicators and proposed
thresholds (Kassem et al. 2019). The following section provides an overview of cracking and rutting tests
selected in this study and proposed thresholds from the literature.
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Figure 18. An example of balancing rutting and cracking resistance (Zhou et al. 2006)
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Table 8. Intermediate temperature cracking most promising performance indicators and its associate
testing standards after (Alkuime et al. 2020)

No. Name Symbol Equation Standard No.
ASTM-D6931-07
L | Total Fracture | ot _ Frosture &
Energy frecture Fracture = rack face area
ASTM D8225-19
Cracking (Total ASTM-D6931-07
2 Resistance CRI CRI = —racture &
Index Poeat
ASTM D8225-19
rotal ASTM-D6931-07
T G ota
3 Flexibility Fl Fl = ::;c_tg:zk &
Index minflection
ASTM D8225-19
rotal ASTM-D6931-07
- Grractur t
4 IDEAL-CT index IDEAL IDEAL — CTlndex = frachre X = X &, tolerance &
CTIndex m75%Post—peak
ASTM D8225-19
T L ASTM-D6931-07
oughness
5 Nsiex Factor Nfiex flex = " Post—Peak &
inflection
ASTM D8225-19
ASTM-D6931-07
O Tensil &
6 IDT MOdU|US IDTModulus IDTMOduluS = __renste
LPeak Load
ASTM D8225-19
ASTM-D6931-07
. . . n
7 Weibullcr Weibullcr Weibullog, = (E) x log[A] &

ASTM D8225-19
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Indirect Tensile Asphalt Cracking Test

IDEAL-Cracking Test Index [IDEAL-CTindex]

IDEAL-CTngex is a cracking resistance index recently developed by Zhou et al. (2017). IDEAL-CTinqex utilizes
the load-displacement curve obtained from the IDT test. This index is a function of the total fracture
energy, 75 percent post-peak slope mss, and the strain tolerance parameter (Equation 1). This index is
measured in accordance with ASTM D8225-19 “Determination of Cracking Tolerance Index of Asphalt
Mixture Using the Indirect Tensile Cracking Test at Intermediate Temperature”. Several researchers
evaluated this index as a cracking resistance measure. Zhou et al. (2017) found the index to be sensitive
to the key components of asphalt mixtures such as, but not limited to, binder grade, RAP content, binder
content, and air voids. Dong et al. (2019) found the IDEAL-CTinqex to be sensitive to binder content and the
use of emulsion. Bennert et. al (2018) evaluated the index as a quality control tool in New Jersey, and they
found that IDEAL-CTnqex cOrrelated very well with overlay tester (OT) lower variability.

GTotaI Fracture t (1)

IDEAL — CTIudex = X a X &y tolerance
M750, Past—peak

where:

IDEAL-CTingex = Cracking test index

Grotal Fracture = Total fracture energy (J/m?)

M75% Post-peak = Post-peak slope at 75 percent of the peak load
t = Specimen thickness (mm)

€y tolerance = Strain tolerance

Since the development of IDEAL-CTingex, Several researchers and DOTs have proposed thresholds for
cracking performance. Zhou et al. (2020) proposed an IDEAL-CTinqex Criteria based on a strong correlation
with the OT. They proposed a minimum criterion of 90 for Superpave mixes, 55 for TxDOT dense-graded
mixes, and 135 for stone matrix asphalt mixtures (SMA). West et al. (2021) suggested a minimum
threshold of 40 and 80 for Superpave, SMA mixes, respectively. ARDOT adopted a minimum preliminary
threshold of 50. Kassem et al. (2019) proposed three performance thresholds for the IDEAL-CT: good
cracking resistance (IDEAL-CT > 73.7), fair cracking resistance (26.4 <IDEAL-CT £ 73.7), and poor cracking
resistance (IDEAL-CT < 26.4). Diefenderfer et al. (2019) proposed CTingex Of 80 as an initial minimum
criterion for VDOT. Similarly Cross et al. (2019) proposed a minimum threshold of 80 for Oklahoma mixes.
Yin et al. (2021) demonstrated that TDOT considers a minimum of 100 for interstate and controlled access
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state routes and a minimum of 50 for non-controlled access state routes with less than 10,000 Average
Daily Traffic (ADT) and 75 for an ADT greater than 10,000.

Weibullcm

The Weibullcr is another cracking resistance indicator that was developed in RP 261 (Kassem et al. 2019).
Similar to the IDEAL-CTingex, this indicator utilizes the IDT load-displacement curve. However, the Weibullcg,
describes the entire load-displacement curve, while other monotonic cracking indicators (e.g., IDEAL-
CTindex) Uses one or more elements of the load-displacement curve. The Weibullc uses the Weibull
probability density function’s fitting parameters to calculate the cracking resistance index. The Weibullcg
is calculated using Equation 2. Kassem et al. (2019) found Weibullcg to have less variability in the test
results compared to IDEAL-CTingex.

Weibullcg, = (%) X log(A) (2)

where:

n = Scale parameter

B = Shape parameter (Weibull slope)

A = Scaling factor equals to the area under the load-displacement curve
IDT Strength

The IDTstrength is also another performance indicator that is used in the literature (Kassem et al. 2019).
This indicator is calculated by dividing the IDT peak load by the specimen geometry. The IDTstrength iS
calculated using Equation 3. Additional cracking resistance indices are described in Table 8.

lDTstrenght = % (3)
where:
IDTstrength = Tensile strength (kPa) determined from IDT test
Preak = Peak load (N)
t = Specimen thickness (mm)
D = Specimen diameter (mm)
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Creep-Compliance and Strength Test as low Temperature

The creep-compliance and strength test are two parameters used to evaluate the low-temperature
cracking performance (thermal cracking) of asphalt mixtures. The test is conducted in accordance with
AASHTO T322 “Standard Method of Test for Determining the Creep Compliance and Strength of Hot Mix
Asphalt (HMA) Using the Indirect Tensile Test Device”. The creep compliance is calculated using Equation
4. Further discussion of the test is provided in Chapter 3 of this report. This test was used in several studies
to evaluate the low-temperature cracking performance of asphalt mixtures. Krcmarik et al. (2016)
demonstrated that mixtures with stiffer binder resulted in a higher low-temperature IDT strength which
indicates higher thermal cracking susceptibility. Another study by Zaumanis et al. (2015), concluded that
mixtures with higher creep-compliance and lower thermal tensile strength tend to have better cracking
resistance than mixtures with lower creep and higher strength.

- AXtm X Dav_g X bavg
POavg =5 " GL

X CCmp.!

(4)

-1

X
Compt = 0.6354 x (?) ~0.332

where:

D(t) = Creep compliance at time t (kPa)

GL = Gauge length in (mm)

Davg = Average diameter of the test specimen (mm)

Bave = Average thickness of the test specimen (mm)

Pave = Average creep load (kN)

AXim =Trimmed mean of the normalized horizontal deformations

(X/Y) = Absolute value normalized trimmed mean of the horizontal deformation ratio

Hamburg Wheel-Tracking Test

The Hamburg Wheel-Tracking Test (HWTT) is used to assess the rutting performance as well as moisture
susceptibility of asphalt mixtures. The HWTT has steel wheel rollers that move back and forth over
cylindrical asphalt specimens. The wheels are 17 mm wide and apply 705 N force. The test samples are
submerged in a water bath at a controlled temperature of 50 °C. The rut depth is measured along the
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roller path during the test, and generally the test is performed for 20,000 passes. The test is conducted in
accordance with AASHTO T324 “Standard Method of Test for Hamburg Wheel-Track Testing of Compacted
Asphalt Mixtures”. Table 9 provides information on the rutting performance standards along with HWTT
rutting performance thresholds established by various DOTs including Texas Department of
Transportation (TxDOT), Washington State Department of Transportation (WSDOT), Colorado
Department of Transportation (CODOT), Louisiana Department of Transportation (LADOT), and Montana
Department of Transportation (MTDOT). ITD RP 261 proposed a maximum rut depth of 10 mm for HWTT
after 15,000 passes or 12.5 mm for HWTT after 20,000 passes to ensure adequate resistance to rutting.
Also, the HWTT thresholds can be used to ensure adequate resistance to moisture damage. In addition,
other HWTT parameters such as Stripping Inflection Point (SIP) can also be calculated to evaluate moisture
damage (Yin et al. 2014).

Figure 19. Hamburg wheel tracking test setup (Kassem et al. 2011)

Figure 20. APA Jr. for Hamburg wheel tracking test

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance 43



Table 9. HWTT rutting performance threshold (after: Kassem at al. 2019)

PG
. . Rutting performance threshold (minimum #
DOT Test procedure  grading/Mixture gp (
of passes)
Type
TXDOT Tex-242-F - Limits, @12.5mm rut depth tested at 50 °C
TXDOT Tex-242-F <=PG 64 10000
TXDOT Tex-242-F PG 70 15000
TXDOT Tex-242-F =>PG 76 20000
WSDOT AASHTO T 324 - 15,000 Passes @10 mm rut depth tested at 50 °C
coDoT CP-L5112 - 10,000 @ 4 mm rut depth tested at 50 °C
Inci | Pavi
LADOT = AASHTO T 324 ”C'd::;aAT:V'”g 10 mm @ 10,000 passes tested at 50 °C
Weari Bi
LADOT = AASHTO T 324 earing and Binder 10 mm @ 20,000 passes tested at 50 °C
Course level 1
Weari Bi
LADOT AASHTO T 324 earing and Binder 6 mm @ 20,000 passes tested at 50 °C
Course level 2
MTDOT MT 334-14 Mix design 13 mm @ 10,000 passes
MTDOT MT 334-14 Plant 13 mm @ 15,000 passes
ITD AASHTO T 324 - 12.5 mm @ 20,000 passes tested at 50 °C
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3. Material Description and Experimental Design

Chapter 3 provides information about the testing materials (e.g., RAP, virgin aggregates, binders,
rejuvenators). In addition, it documents the methods and procedures used by the researchers to evaluate
the performance of the asphalt mixtures including intermediate temperature cracking performance,
thermal cracking performance, rutting performance, and moisture susceptibility. Also, it discusses the
preparation of test laboratory mixtures, loose mixtures obtained from the field, as well as the testing
program.

Material Description

Reclaimed Asphalt Pavement

The researchers obtained RAP materials from four different sources and acquired virgin aggregates from
two sources. The first source of RAP (i.e., RAP No. 1) was an “artificial RAP”. This RAP was prepared in the
lab using loose mixtures obtained from an ITD paving project that is described later in this section. The
second source of RAP (i.e., RAP No. 2) and third source of RAP (i.e., RAP No. 3) were obtained from two
different asphalt plants in Lewiston, Idaho. The last source of RAP (i.e., RAP No. 4) was obtained from an
asphalt plant in Boise, Idaho. The first source of virgin aggregate was river gravel obtained from a quarry
in Lewiston, Idaho, while the second source of virgin aggregate was also a river gravel obtained a quarry
in Boise, Idaho.

The first source of RAP (i.e., RAP No. 1) was an “artificial RAP” that was aged in the laboratory. The mixture
was obtained from a paving project in District 2, and the materials were sampled and delivered by ITD to
the laboratory at University of Idaho in 50-Ib boxes. The Nominal Maximum Aggregate Size (NMAS) of this
mixture was 12.5 mm, the binder grade was PG 64-28, and the binder content was 5.3 percent. The loose
mixture was placed in an oven at 135 °C for 3 days to simulate long-term field aging. This method was
used by researchers in a previous study and was found to simulate field aging (Sirin et al. 2020). Figure 21
shows the RAP gradations for all examined RAP (i.e., RAP No. 1 through RAP No. 4).

Figure 22 shows the RAP binder content from different sources. RAP No. 2 and RAP No. 3 had an asphalt
content of 5.37 percent and 4.3 percent, respectively. The first three sources of RAP materials (RAP No.
1, 2, and 3) were used in the laboratory testing at the University of ldaho. RAP No. 2 and 3 were
fractionated into two different sizes: coarse (i.e., retained on Sieve No. 4) and fine (i.e., passing Sieve No.
4). RAP No. 4 had an asphalt content of 5.3 percent, and similar to RAP No. 2 and RAP No. 3, it was
fractionated into coarse and fine piles. RAP No. 4 was used in the laboratory evaluation at Boise State
University. Appendix A provides more information about the RAP materials of different sources acquired
and used in this study.
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In this project, seven unique commercially available rejuvenators were used. Five rejuvenators (R1

through R5) were used at the University of Idaho (Ul) and the other two rejuvenators (i.e., R6 and R7)

were used at Boise State University (BSU). Figures 23 and 24 show the examined rejuvenators in this study.
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The first rejuvenator (R1) is categorized as a tall oil. This rejuvenator is derived from a crude tall oil which
is a by-product of the paper industry and tends to have a clear yellowish color. The first rejuvenator (R1)
was obtained from a company in the United Kingdom. The second rejuvenator (R2) is categorized as an
aromatic extract which is a refined crude oil product obtained from a company in the U.S. This rejuvenator
is a dark brown color with a petroleum odor. The third rejuvenator (R3) is considered as a bio-based
forestry product which was also obtained from another company in the U.S. This rejuvenator tends to
have a dark brown color. The fourth rejuvenator (R4) is an engineered product by a company in the U.S.
This rejuvenator tends to have a dark brown color with a petroleum odor too. The fifth rejuvenator (R5)
is considered as a triglycerides and fatty acids rejuvenator, and it is derived from waste vegetable oil
obtained from a company in the U.S. This rejuvenator tends to have a light brown color. The sixth (R6)
and seventh (R7) rejuvenators were obtained from a company in the U.S. too. The sixth rejuvenator (R6)
is a bio-based oil, and it has an orange hue oil. The seventh rejuvenator (R7) is a petroleum-based oil and
has a clear liquid look as shown in Figure 24. Table 10 summarizes the examined doses of various
rejuvenators. These doses were within the recommended values by the manufacturers.

R7

Figure 24. Rejuvenators evaluated at BSU
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Table 10. Rejuvenator Test Doses

Rejuvenator No. Examined Doses Dose Description
By weight of total
0, 0, 0,
R1 3.5%, 5%, and 7% binder
R2 6%, 10%, and 12% By weight of
reclaimed binder
R3 12.5% and 15% By weight of
reclaimed binder
R4 1% and 2% By weight of RAP
RS 12% and 16% By weight of
reclaimed binder
R6 6.6% and 8.3%" By weight of
reclaimed binder
By weight of
0/t
R 11.3% reclaimed binder

Notes:

The doses of R6 and R7 were further checked using the blending charts, see Appendix B

*Only one dose was evaluated.

*Only 8.3 percent was used to evaluate both cracking and rutting performance, while 6.6 percent was used to
evaluate the cracking performance

Laboratory-Mixed Laboratory-Compacted (LMLC) Test Specimens

The researchers prepared Laboratory-Mixed, Laboratory-Compacted (LMLC) asphalt mixtures with
different RAP materials and rejuvenators. The laboratory experiments at Ul included three different
sources of RAP, five rejuvenators, three binder grades, two binder contents, different RAP contents, and
different rejuvenator doses as discussed in detail later in this section. Similarly, the team at BSU prepared
LMLC with one source of RAP, two rejuvenators, two binder grades, one binder content, different RAP
contents, and different rejuvenator doses as discussed also later in this section.

The LMLC mixtures were prepared and tested to evaluate the cracking and rutting performance of asphalt
mixtures with RAP and rejuvenators. The testing matrix at Ul included LMLC mixes that were prepared
using three different sources of RAP (i.e., RAP No. 1, RAP No. 2, and RAP No. 3). Each mixture was prepared
using different RAP content. For RAP No. 1, different RAP contents were included (i.e., 0, 25, 50, 75
percent), while mixtures with RAP No. 2 examined the RAP contents of 0, 25, 50, 70 percent. Mixtures
with RAP No. 3 included higher RAP content of 70 percent and control mix (i.e., 0 percent RAP).
Furthermore, different rejuvenator doses were examined at each RAP content. Table 11 summarizes the
testing matrix at Ul, and Chapter 4 provides detailed information and performance results on examined
mixtures. The mix designs of asphalt mixtures prepared and tested in this study are provided in Appendix
B.
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Similarly, the testing matrix at BSU included LMLC mixes that were prepared using one source of RAP.
Each mixture was prepared using different RAP contents (i.e., 0, 25, 50, and 70 percent). In addition, the
mixtures were prepared using two different rejuvenators at two different doses. Table 12 summarizes the
testing matrix at BSU. The mixing and compaction temperatures for the LMLC specimens were obtained
from the job mix formula. Prior to compaction, all mixes were short-term aged for four hours at a
temperature of 135 °Cin accordance with AASHTO R30-02. The LMLC specimens were compacted using a
SuperPave Gyratory compactor to a target air void of 7+0.5 percent.

Table 11. Laboratory-Mixed, Laboratory-Compacted Testing Matrix at Ul

RAP % 0 25 50 >70 -
RAP Source 1 2 3 - -
Air Void % 7% - - - R

Binder Grade PG 70-28 PG 64-28 PG 58-34 PG 58-28* | -

Binder Content % OBC OBC+0.5% - - -

Rejuvenators R1 R2 R3 R4 R5

*Only used with the 3™ source of RAP.

Table 12. Laboratory-Mixed, Laboratory-Compacted Testing Matrix at BSU

RAP % 0 25 50 70
RAP Source 4 - - -
Air Void % 7% - - -

Binder Grade PG 70-28 PG 64-34 - -

Binder Content % OBC - - -

Rejuvenators R6 R7 - -

Plant-Mixed Laboratory-Compacted (PMLC) Test Specimens

In this project, the researchers prepared Plant-Mixed Laboratory-Compacted (PMLC) test specimens
obtained from new ITD paving projects. Loose asphalt mixtures from 23 projects were obtained and
delivered to Ul to evaluate the cracking and rutting performance of asphalt mixtures currently produced
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and used in the state. These projects were distributed across all six districts of the state (District 1 to
District 6). The loose mixtures were delivered in boxes, and each box weighed 50 Ibs. Also, the boxes
received were labeled with the necessary information and mix composition (e.g., binder content, project
number, compaction temperature, etc.). The main properties of PMLC are summarized in Table 13, which
include mix design, binder grade, RAP content, and RAP binder replacement. These mixtures included two
different mix types (SP3 and SP5), four different virgin binder grades (PG 58-34, PG 64-28, PG 64-34, and
PG 70-28), different percent of RAP content (ranging from 0 to 35 percent by weight of the mix), and 10
different percent of RAP binder replacement (e.g., 8, 15, 17, 20, 22, 25.4, 26.3, 27.3, 29.3, and 29.7
percent). Appendix D provides the mix design for the loose mixtures evaluated in this study. The PMLC
specimen were reheated at the compaction temperature specified in the job mix formula for two hours
and shoveled to avoid segregation. All PMLC specimens were compacted at a target air void of 7£0.5
percent using a SuperPave gyratory compactor.

Table 13. PMLC Properties

o @

o| 2| 3¢ ®< 28w 5% 5 2|29 B _|1S=3 s
s |2 5| B8 325|222 |88 (B8 (235|285 B2|E2f| &%

) 3 ; g‘ ® 35 X5 e |77 |3 3 a ) :7;' & 243 |~ o ‘é’ ;

° | o= - ~3e i85 |F° 2

D5
1 | gg | SP-3 | PG58-34 | PG58-34 5 30 29.4 19 2.423 1.2 4.44 20590
2 | D4 | SP-3 | PG70-28 | PG 70-28 6.2 0 NA 9.5 2.377 1.4 5.12 19863
3 | D4 | SP-3 | PG70-28 | PG 64-34 5.6 30 26.3 12.5 2.396 1.1 4.8 18737
4 | D4 | SP-3 | PG 64-34 NA 5.8 17 15 19 2.420 1.2 4.56 19404
5 | D4 | SP-2 | PG58-28 | PG58-34 5.7 35 29.7 12.5 2.402 1.2 4.8 19312
6 | D4 | SP-3 | PG 64-34 NA 5.8 17 15 19 2.409 1.2 4.56 19699
7 | D4 | SP-3 | PG70-28 | PG 64-34 5.6 30 26.3 12.5 2.402 1.1 4.8 20180
8 | D4 | SP-3 | PG 64-34 NA 5.4 NA NA 12.5 2.392 1.3 4.74 19130
9 | D3 | SP3 | PG64-34 | PG 58-34 5.5 20 20 12.5 2.497 1.3 4.75 20508
10 | D2 | SP-3 | PG 64-28 | PG 58-34 5.7 30 25 12.5 2.491 1.4 4.73 20436
11 | D3 | SP-3 | PG70-28 | PG64-34 | 5.33 31 29.3 12.5 2.418 0.8 4.7 13932
12 | D3 | SP-3 | PG64-34 | PG58-34 | 5.34 31 29.3 12.5 2.382 1.2 4.53 20714
13 | D6 | SP-5 | PG 64-34 | PG 58-34 4.9 29 NA 12.5 2.458 0.9 4.5 19812
14 | D3 | SP-3 | PG 64-28 | PG 58-34 5.3 32 NA 12.5 2.441 1.4 4.33 19112
15 | D2 | SP-3 | PG 64-28 | PG 58-34 5.2 30 25.4 12.5 2.602 1.4 4.2 19261
16 | D2 | SP-3 | PG 64-28 NA 5.6 10 8 12.5 2.555 1.4 4.66 20193
17 | D4 | SP-5 NA NA 5.2 NA NA 12.5 2.285 NA NA 20559
18 | D4 | SP-5 | PG 70-28 NA 5.7 19 17 19 2.298 1.3 4.44 19086
19 | D5 | SP-3 | PG 64-34 | PG 58-34 5 20 27.3 19 2.466 1.3 3.94 20051
20 | D2 | SP-3 | PG 70-28 NA 5.9 NA NA 12.5 2.536 1.4 4.76 19373
21 | D4 | SP-3 | PG 64-34 NA 5.8 17% 15 19 2.407 1.2 4.56 18742
22 | D5 | SP-3 | PG 58-34 NA 4.8 NA 22 19 2467 | 096 | 3.96 20051
23 | 2.423 20003

*Note: Project No. 23 (key 20003) was the only one without proper identification
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Laboratory Testing

The researchers conducted various laboratory tests to evaluate the cracking and rutting performance of
the test mixtures. The cracking tests included the Indirect Tensile (IDT) Strength Test in accordance with
ASTM D8225 “Standard Test Method for Determination of Cracking Tolerance Index of Asphalt Mixture
Using the Indirect Tensile Cracking Test at Intermediate Temperature” to evaluate the intermediate
cracking resistance. In addition, the researchers evaluate the low temperature cracking performance of
selected mixtures in accordance with AASHTO T 322 “Standard Method of Test for Determining the Creep
Compliance and Strength of Hot Mix Asphalt (HMA) Using the Indirect Tensile Test Device”. Furthermore,
the team examined the rutting performance of the test mixtures in accordance with AASHTO T 324
“Standard Method of Test for Hamburg Wheel-Track Testing of Compacted Asphalt Mixtures”. This section
describes the laboratory tests conducted in this study.

Evaluation of Cracking Performance

The researchers evaluated the intermediate temperature cracking performance of the test asphalt
mixtures using the Indirect Tensile (IDT) Strength Test in accordance with ASTM D8225. The IDT was
conducted at Ul using a servo-hydraulic Material Testing System (MTS-810) as shown in Figure 25. The
test specimens were placed inside an environmental chamber at a temperature of 25 °C for two hours for
condition before testing. The IDT conducted at BSU used a counter-top IDT apparatus at room
temperature. The IDT test specimens are 6 inches (150 mm) in diameter and 2.45 inches (62 mm) thick
and compacted to have 7 plus/minus 0.5 percent air voids. The IDT test is conducted at a constant
compressive axial loading rate of 2 inches per minute (50 plus/minus 5 mm per minute) until failure. Figure
25 shows the test setup at Ul.

a. Test Setup

Chamber
Figure 25. IDT Test Setup
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The researchers evaluated low temperature cracking (i.e., thermal cracking) of selected asphalt mixtures
using the creep-compliance and strength test in accordance with AASHTO T 322. The creep compliance
test was conducted using a servo-hydraulic Material Testing System equipped with an environmental
chamber as shown in Figure 26b. The creep-compliance test specimens are 6 inches (150 mm) in diameter
and 1.7 inches (43 mm) thick and compacted to have 7 plus/minus 0.5 percent air voids (Figure 26). The
test is conducted at three different temperatures (i.e., -20, -10, and 0 °C), and the specimens are
conditioned at the test temperatures for three hours before testing. In this test, a vertical static load is
applied on the test specimen for 100 sec to produce a horizontal deformation between 0.00125 to 0.0190
mm to ensure that the test specimen is in the linear viscoelastic range. Both horizontal and vertical
deformations are recorded during the test. Once the creep compliance test is completed at all
temperatures, the tensile strength test is conducted. The tensile strength test is performed at the middle
testing temperature (i.e., -10 °C) by applying a vertical load rate of 12 mm/min until failure.

b. MTS 810 Controller

*e

a. Test Setup c. Test Specimen

Figure 26. Creep-Compliance Test specimen
Evaluation of Rutting Performance

The researchers evaluated the rutting performance of the mixtures by conducting the Hamburg Wheel
Tracking Test (HWTT) in accordance with AASHTO T324. Figure 27 shows the Asphalt Pavement Analyzer
Jr. (APA Jr.) at Ul. Four test specimens were used from each mixture for the HWTT testing. The HWTT test
specimens are 6 inches (150 mm) in diameter and 2.36 inches (60 mm) thick and compacted to have 7
plus/minus 0.5 percent air voids. The specimens were sawed and placed in the testing molds as shown in
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Figure 27a. The specimens were conditioned in a water bath at a temperature of 50 °C for 30 minutes
before the test started. The HWTT wheels apply 705 N load directly on the surface of the test specimens
at a constant rate of 52 pass/minute. The test is terminated after 20,000 passes or after an average rut
depth of 12.5 mm is achieved. The rut depth is measured at 11 different locations along the pass of the
HWTT wheels on the test specimens.

a. Test Setup b. Asphalt Pavement Analyzer Jr.

Figure 27. APA Jr. and HWTT Test Specimen and Setup
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4. Evaluation of the Performance of Rejuvenators
Incorporated in Mixtures with High RAP Content

This chapter presents and discusses the results of the laboratory testing program conducted to evaluate
the cracking and rutting performance as well as the low-temperature cracking of mixtures with different
characteristics including RAP source and content, rejuvenator type and content, and binder grade and
content. The cracking resistance was evaluated for all mixtures using the IDT test and calculations of
IDEAL-CTingex. The IDEAL-CTingex is proposed by Zhou et al. (2017) and is calculated from the IDT load-
displacement curve as discussed in Chapter 2 using Equation 1. The IDEAL-CTin¢ex is @ function of the
fracture energy (Gf) and the post peak slope (m7s) at which the load after the peak equals to three quarters
of the maximum load. The IDEAL-CTndex is an indicator that measures the resistance of asphalt mixtures
to intermediate-temperature cracking. The higher the IDEAL-CTngex the higher the resistance to cracking.
In addition, the researchers evaluated the low-temperature cracking performance using the creep-
compliance and strength test. Creep compliance is used to evaluate the cracking performance of mixtures
at low temperatures. The test is conducted in accordance with AASHTO T 322 as discussed in Chapter 2
using Equation 4. Safi et al. (2018) concluded that the lower the compliance the stiffer the mix and thus
more prone to thermal cracking and vice versa. At least three replicates were tested for each cracking test
(i.e., IDT and creep compliance) to minimize the variation of the test results.

The rutting performance was evaluated in this study using Hamburg Wheel Tracking Test (HWTT)
conducted using the Asphalt Pavement Analyzer JR. (APA Jr.). The rut depth is measured at eleven
different locations along the wheel pass and the average rut depth is recorded. The test is conducted for
20,000 passes or until 12.5 mm rut depth is achieved as discussed in Chapter 2.

The statistical analysis of the test results for cracking and rutting evaluation was conducted using Tukey’s
Honestly Significant Difference (Tukey’s HSD). The Tukey’s HSD is a one-way analysis of variance (ANOVA)
and is performed at 95 percent confidence interval (i.e., a = 0.05). It can identify test means with
significant difference. In this study, the researchers used Minitab software (Minitab 2019) to conduct the
statistical analysis. In this chapter, the researchers discussed the results for mixtures prepared with
various RAP sources separately. RAP materials from four different sources were utilized in this study as
discussed in Chapter 3.

Evaluation of Asphalt Mixtures Prepared with RAP No. 1

The source of RAP No. 1 was a loose mixture (PMLC) obtained from an ITD paving project. The loose
mixture was aged in the laboratory by placing the mixture in an oven at 135 °C for 3 days to simulate aged
RAP materials as discussed in Chapter 3. Therefore RAP No. 1 was an artificial RAP. The researchers
conducted this control experiment using artificial RAP to eliminate the effect of RAP variability (e.g.,
gradation, binder content, etc.) on the test results when other parameters were evaluated such as
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rejuvenator type and content. Different amounts of RAP (i.e., 0, 25, 50, and 75 percent), four different
rejuvenators (R1, R2, R3, and R4) and two different doses from each rejuvenator were evaluated. The
examined doses were based on the manufacturers’ recommendations and literature as discussed in
Chapter 3 in Table 10. The recommended dose for R1 is between 3.5 to 7.0 percent by weight of total
binder. The recommended dose of R2 depends on RAP content (i.e., for less than 30 percent RAP, 5to 7
percent by weight of reclaimed binder and for more or equal to 30 percent RAP, 9 to 12 percent by weight
of reclaimed binder). For the third rejuvenator (R3), the recommended dose is between 12.5 to 15 percent
by weight of reclaimed binder. For rejuvenator No. 4 (R4), the recommended dose is between 1 to 3
percent of weight of RAP, while it is between 12 to 16 percent by weight of reclaimed binder for R5. For
R6 and R7, the examined doses were 6.6 and 8.3 percent by weight of reclaimed binder for R6 and 11.3
percent by weight of reclaimed binder for R7.

Effect of RAP Content

Figure 28 shows the effect of RAP content (i.e., 0, 25, 50, and 75 percent) on cracking performance using
IDEAL-CTingex. Figure 28 also includes performance thresholds proposed in ITD RP 261 (Kassem et al. 2019)
where the red dotted line represents the higher threshold (IDEAL-CTndex Of 73.7), and the solid blue line
shows the minimum threshold (IDEAL-CTngex Of 26.4). Mixtures with IDEAL-CTinqex greater than 73.7 are
expected to exhibit good cracking resistance, while mixtures with IDEAL-CTngex l€ss than 26.4 are expected
to have poor resistance to cracking. Mixtures with IDEAL-CTinqex between 26.4 and 73.7 are expected to
exhibit moderate or fair cracking performance. Tukey’s HSD was also conducted to compare the IDEAL-
CTingex Values for the examined mixtures. The statistical analysis results (Tukey’s HSD groups) are included
in the form of capital letters on each bar. If the mixtures share the same capital letters (e.g., A, B, C, D,
etc.) then, there was no significant difference between the means.

The results of Figure 28 demonstrate that the control mix (i.e., 0 percent RAP) had higher IDEAL-CTngex
which indicates good cracking performance. The addition of 25 percent RAP decreased the IDEAL-CTindex
but still the mixture is expected to exhibit good cracking performance, and there was no statistically
significant difference in the IDEAL-CTingex results between mixtures without RAP (0 percent RAP) and with
25 percent RAP. Mixtures with 50 percent and 75 percent RAP showed lower IDEAL-CTingex and are
expected to exhibit poor cracking performance (average IDEAL-CTingex Was less than 26.4). In addition,
mixtures with 50 percent and 75 percent RAP share the same letter “B” which indicate that there was no
statistically significant difference in the IDEAL-CTngex results between these two mixtures. However, there
was statistically significant difference in IDEAL-CTingex results between these mixtures (i.e., mixtures with
50 percent and 75 percent RAP) and mixtures without RAP and 25 percent RAP.

Figures 29 and 30 show the IDTstrength and Weibullcg results for mixtures prepared at different RAP contents
using RAP No. 1. The results showed that the IDTstrength increased with the increase of RAP content which
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demonstrates that the mixtures are stiffer with the addition of RAP. Meanwhile, mixtures with 70 percent
RAP had slightly lower stiffness compared to 50 percent; however, such difference was not statistically
significant. Furthermore, the results Weibullcr; were consistent with that of IDEAL-CTingex and the cracking
performance decreased from good (Weibullcg > 4.7) to poor (Weibullcr < 3.6) with increasing RAP content.
Therefore, the researchers focused on the results of IDEAL-CT ngex in this section and provided the IDTstrength
and Weibullc results in Appendix E.

The results of this section clearly demonstrated the detrimental effect of increasing RAP content on the
cracking performance of asphalt mixtures prepared with RAP No. 1. Increasing the amount of RAP in
asphalt mixtures resulted in stiffer mixtures with reduced resistance to cracking as expected. Next, the
researchers evaluated the use of rejuvenators to improve the cracking resistance of these mixtures.
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Figure 28. Effect of RAP Content on Cracking Performance for RAP No. 1
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Effect of Rejuvenator Type

The researchers evaluated the use of rejuvenators to improve the cracking resistance of mixtures
prepared with different RAP contents and the results were compared to the control mix (i.e., without
RAP). Figures 31, 32, and 33 show the effect of the first dose (lower end) of different types of rejuvenators
for mixtures with RAP content of 25, 50, and 75 percent, respectively. For RAP No. 1, the researchers
evaluated four different rejuvenators 1) tall oil (R1) at 3.5 percent by weight of total binder for 25 and 50
percent RAP and 5 percent for 75 percent RAP; 2) aromatic extract (R2) at 6 percent by weight of the
reclaimed binder for the 25 percent RAP and 10 percent by weight of reclaimed binder for 50 percent and
75 percent RAP, 3) bio-based forestry oil (R3) at 12.5 percent by weight of reclaimed binder, and 4)
engineered product (R4) at 1 percent of weight of RAP. These doses were discussed in Chapter 3.

As shown earlier from Figure 28, mixtures with 25 percent RAP showed good cracking performance based
on proposed IDEAL-CTndex thresholds. The results of Figure 31 demonstrated that adding rejuvenators
didn’t significantly impact the cracking performance except mixtures with R2 (25 percent plus R2)
compared to mixtures with 25 percent RAP. The use of R2 resulted in reduced cracking resistance. For
mixtures with 50 percent RAP (Figure 32), the addition of rejuvenators R2 and R4 showed improvements
to cracking resistance; however, R1 and R3 didn’t have significant improvement on cracking resistance
compared to mixtures with 50 percent RAP. Unlike mixtures with 25 percent RAP, R2 improved the
cracking performance from poor to good and this is attributed to increased rejuvenator dose as specified
for mixtures with 30 percent RAP or higher. The dose was increased as specified for R2 (i.e., for less than
30 percent RAP, 5 to 7 percent by weight of reclaimed binder and for more or equal to 30 percent RAP, 9
to 12 percent by weight of reclaimed binder). Mixtures with R4 also exhibited improved cracking
resistance from poor to good cracking performance. Rejuvenators R1 and R3 improved the cracking
resistance slightly but there was no statistically significant difference in the results compared to that of
mixtures with 50 percent RAP.
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Figure 32. Effect of Rejuvenator Type on Cracking Performance at 50% RAP No. 1

Figure 33 shows the effect of rejuvenator type on the cracking performance for mixture prepared with 75
percent RAP. The results demonstrated that the use of R1, R2 and R4 improved the cracking resistance
from poor to fair; however, the results of IDEAL-CTingex for R2 and R4 were not statistically significant
different from the control mix (i.e., 75 percent RAP). Also, rejuvenator R3 improved the performance

slightly but such improvement was not statistically significant.
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Figure 33. Effect of Rejuvenator Type on Cracking Performance at 75% RAP No. 1

Effect of Rejuvenator Dose

Figure 34 shows the effect rejuvenator dose on the IDEAL-CTngex results for mixtures prepared with 75
percent RAP. The researchers increased the dose for three rejuvenators (i.e., R2, R3, and R4). Two doses
were evaluated for R2 (i.e., 10 and 12 percent by weight of reclaimed binder), two doses for R3 (i.e., 12.5
and 15 percent by weight of reclaimed binder), and two doses for R4 (i.e., 1 and 2 percent of weight of
RAP). Increasing the rejuvenator dose for R2 improved the cracking performance, while it showed slight
improvement for R3. On the other hand, the second dose of R4 adversely impacted the cracking
resistance; however, such detrimental effect was not significant. These results clearly demonstrate that
increasing the rejuvenator dose doesn’t necessarily improve the cracking resistance. In some cases, it
could adversely impact the cracking performance.
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Figure 34. Effect of Rejuvenator Dose on Cracking Performance for RAP No. 1

Evaluation of RAP No. 2 Mixtures

RAP No.2 was obtained from an asphalt plant in Lewiston, Idaho. The researchers prepared and tested
asphalt mixtures in the laboratory prepared using RAP No. 2 to evaluate the cracking performance at
various RAP contents (i.e., O percent [control], 25 percent, 50 percent, and 70 percent), three different
binder grades (i.e., PG 58-34, PG 64-28, and PG 70-28), two different binder contents (i.e., optimum binder
content [OBC] and OBC+0.5 percent), five different rejuvenators (i.e., R1, R2, R3, R4, and R5), and two
different doses of each rejuvenator. For R1, the researchers evaluated two doses of 5 percent and 7
percent by weight of total binder. For R2, two doses of 6 percent and 7 percent by weight of reclaimed
binder for mixtures with 25 percent RAP, and 10 percent and 12 percent by weight of reclaimed binder
for mixtures with 50 and 70 percent RAP. Also, two doses of 12.5 percent and 15 percent by weight of
reclaimed binder were evaluated for R3. For R4, the researchers evaluated two doses of 1 percent and 2
percent by weight of RAP incorporated in the mixture. Finally, two doses of 12 percent and 16 percent by
weight of reclaimed binder were examined for R5. Furthermore, the researchers conducted the creep
compliance test to evaluate the low-temperature cracking as well as rutting testing for selected mixtures
that exhibited good cracking performance.

Effect of RAP Content

Figure 35 shows the results of IDEAL-CTndex fOr test mixtures prepared with different RAP contents of RAP
No. 2. The results demonstrated that IDEAL-CTinqex decreased with the increase of RAP content. This trend
is consistent with the results of RAP No. 1 (artificial RAP). The mixture without RAP (0 percent) had higher
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IDEAL-CTingex and fair cracking resistance (26.4 < IDEAL-CTingex > 73.7) compared to mixtures prepared with
RAP No. 2. Mixture with 25, 50, and 70 percent RAP which had poor cracking resistance (26.4 > IDEAL-
CTindex). In addition, there was a statistically significant difference in IDEAL-CTinqex results of control mixture
compared to mixtures with 50 and 70 percent RAP. Also, there was no statistically significant difference
in IDEAL-CTndex for mixtures prepared with various RAP contents (i.e., 25, 50, and 70 percent RAP).

Figures 36 and 37 show the IDTstrength and Weibullcg results for mixtures prepared at different RAP contents
using RAP No. 2, respectively. The results showed that the IDTstrength cOnsistently increased with the
increase of RAP content which demonstrated that the mixtures became stiffer with the addition of RAP
similar to the results of RAP No. 1. Furthermore, the results of Weibullcr were consistent with that of
IDEAL-CTingex and the cracking performance decreased from fair (3.6 < Weibullcr > 4.7) to poor (Weibullcg
< 3.6) with increasing RAP content. In this section, the researchers focused on the results of IDEAL-CTindex
and provided the IDTstrength and Weibullcg results in Appendix E.
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Effect of Rejuvenator Type

The researchers examined the effect of rejuvenator type at different doses on IDEAL-CTingex. Figures 38,
40, and 41 show the effect of rejuvenators (i.e., R1, R2, R3, R4, and R5) at the first dose of each rejuvenator
at 25, 50, and 70 percent RAP, respectively. The first dose was 5 percent by weight of total binder for R1,
10 percent by weight of reclaimed binder for R2, 12.5 percent by weight of reclaimed Binder weight for
R3, 1 percent by weight of RAP for R4, and 12 percent by weight of reclaimed binder for R5. In addition,
the researchers evaluated the mixtures at two different binder contents (i.e., OBC and OBC+0.5 percent).
For mixtures with 25 percent of RAP No. 2 (Figure 38), the use of different rejuvenators results in improved
cracking performance of higher IDEAL-CTingex compared to mixtures with 25 percent RAP. Also, increasing
the binder content by 0.5 percent above the optimum binder content increased the IDEAL-CTngex.
Meanwhile, the statistical analysis demonstrated that such improvement was not statistically significant.
Also, increasing the binder content by 0.5 percent above the optimum binder content for mixtures
without RAP (0 percent RAP) resulted in good cracking resistance (IDEAL-CTingex > 73.7) compared to
mixtures without RAP at optimum binder content which had fair cracking resistance (26.4<IDEAL-CTngex >
73.7) and the difference in IDEAL-CTngex results was statistically significant.

Similarly, all rejuvenators improved the cracking resistance for mixtures prepared with 50 percent RAP;
however, such improvement was not statistically significant as shown in Figure 39. Meanwhile, R3 and R4
provided fair cracking performance comparable to the mixture without RAP (i.e., 0 percent RAP). Figure
40 shows the cracking performance at higher RAP content of 70 percent. All mixtures with rejuvenators
had better cracking resistance (i.e., higher IDEAL-CTingex) compared to the control mixture (i.e., mixture
with 70 percent RAP without rejuvenators). Mixtures with R4 exhibited statistically significant
improvements compared to the control mixture. Also, increasing the binder content by 0.5 percent at 70
percent RAP increased IDEAL-CTndex and improved the cracking performance from poor to fair. Next, the
researchers evaluated the effect of different rejuvenator doses at various RAP contents as discussed in
the following section.
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Figure 38. Effect of Rejuvenator Type on Cracking Performance at 25% RAP No. 2
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Figure 40. Effect of Rejuvenator Type on Cracking Performance at 70% RAP No. 2

Effect of Rejuvenator Dose

The researchers evaluated the effect of various rejuvenator doses at different RAP contents. The
researchers increased the dose for five rejuvenators (i.e., R1, R2, R3, R4, and R5). Two doses were
evaluated for each rejuvenator as follows: R1 (5 percent and 7 percent by weight of total binder), R2 (6
percent and 7 percent by weight of reclaimed binder for mixtures with 25 percent RAP, and 10 percent
and 12 percent by weight of reclaimed binder for mixtures with 50 and 70 percent RAP ), R3 (12.5 and 15
percent by weight of reclaimed binder), R4 (i.e., 1 and 2 percent of weight of RAP), and R5 (12 and 16
percent by weight of reclaimed binder). Figures 41, 42, and 43 show the IDEAL-CTn¢ex results for mixtures
prepared with 25, 50, and 70 percent RAP, respectively. The following findings were found.

e  Mixtures prepared with 25 percent RAP showed improved performance at higher rejuvenator
dose (i.e., R1+, R2+, R3+, and R4+) compared to the control mixture with 25 percent RAP at
optimum binder content (OBC). Also, the difference in IDEAL-CTingex results was statistically
significant for R1 at higher dose (R1+) and R3 at higher dose (R3+).

e  Mixtures prepared with 50 percent RAP showed improved performance at higher rejuvenator
dose compared to the first dose and compared to the control mixture with 50 percent without
rejuvenators. The use of R1+, R3+, and R4+ improved the cracking resistance from poor cracking
performance (26.4 > IDEAL-CTingex) for the control mixture (i.e., 50 percent RAP) to moderate
cracking performance (IDEAL-CTingex between 26.4 and 73.7). The IDEAL-CTingex Of R4 at a higher
dose was statistically significantly different compared to the control mixture and provided the
best cracking performance among all examined rejuvenators.
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e Mixtures prepared with 70 percent RAP showed improved performance at higher rejuvenator
dose (i.e., R1+, R3+, R4+, and R5+) compared to the first dose and compared to the control mixture
prepared with 70 percent RAP, for all rejuvenators except for R2. Also, the results demonstrated
that R4 at higher dose exhibited the best performance among all examined rejuvenators at
different doses, even better than the mixture without RAP. However, this mixture was relatively
wet (i.e., soft) and it failed in rutting as discussed later in this chapter. These results demonstrated
the importance of the balanced mix design approach to satisfy both cracking and rutting criteria.
Also, R1 and R5 improved the cracking resistance significantly when compared to the control mix
(70 percent RAP) and provided comparable cracking performance to the mixture without RAP.
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Figure 41. Effect of Rejuvenator Dose on Cracking Performance at 25% on RAP No. 2
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Figure 42. Effect of Rejuvenator Dose on Cracking Performance at 50% on RAP No. 2
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Figure 43. Effect of Rejuvenator Dose on Cracking Performance at 70% on RAP No. 2
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Effect of Rejuvenator on Cracking Performance of Mixtures with Different Binder
Grades

Based on the results of the previous section, R1 and R5 were selected for further evaluation at higher dose
with different binder grades (i.e., PG 58-34, PG 64-28, and PG 70-28). The objective of this evaluation was
to assess the positive impact of these two rejuvenators at higher doses for mixtures prepared with
different binder grades. It should be noted that R4 also provided good cracking performance but produced
relatively softer mixtures susceptible to rutting; therefore, it was not included in this additional
evaluation.

Figure 44 shows the IDEAL-CTingex results for mixtures prepared without RAP (0 percent RAP) and 70
percent RAP, with and without rejuvenators (l.e., R1 and R5 at higher doses) with different binder grades.
In addition, Figures 45 and 46 show the IDTstrength and Weibuller, respectively. The main findings of the
results can be summarized below.

e  Mixtures prepared with 70 percent RAP had lower IDEAL-CTinqex Values compared to the ones
without RAP (0 percent RAP) irrespective of the binder grade. Mixtures with RAP had poor
cracking resistance (26.4>IDEAL-CTingex) compared to the control mixture with moderate cracking
resistance (IDEAL-CTngex between 26.4 and 73.7).

e The binder grade did not affect the IDEAL-CTindex for mixtures without RAP (0 percent RAP) and
those prepared with 70 percent RAP. However, the IDTstrength for mixtures with PG 64-28 and PG
70-28 was higher compared to the ones for PG 58-34 for the mixtures without RAP. The results of
IDTstrength Were comparable for mixtures of different binder grades at higher RAP content (70
percent RAP) which demonstrates stiffer mixtures.

e The use of R5 resulted in significantly improved the cracking performance (higher IDEAL-CTingex)
compared to mixtures with 70 percent RAP without rejuvenators irrespective of the binder grade.
In addition, the use of R5 resulted in comparable cracking performance to the mixtures without
RAP at the corresponding binder grade. The IDTstrength results further demonstrated that R5 was
effective in reducing the mixture stiffness irrespective of the binder grade too.

e Mixtures prepared with 70 percent RAP and rejuvenator R1 showed improved cracking
performance compared to mixtures at the same RAP content without rejuvenator. Also, there was
significant improvement in IDEAL-CTngex results for mixtures with PG 58-34 and PG 64-28.
Therefore, R1 provided better results with softer binders which could be attributed to the
compatibility between asphalt binders and rejuvenators. Also, the use of R1 resulted in
comparable cracking performance to the mixtures without RAP for PG 58-34 and PG 64-28.

e The results of Weibullcgi shown in Figure 46 had the same trend as the IDEAL-CTngex results, and
there was good agreement between both performance indicators.

e The results of this section clearly demonstrated the effectiveness of rejuvenators in improving the
cracking performance at higher RAP content which offers significant environmental and economic
benefits. The associated cost savings are discussed in Chapter 6.

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance 69



80
?ﬂ________-_____—
60
Es0 AB B 73.7
= AB
g 5
3 2
g 30 o f  eC
2 b
10 & I
o i
0 - i
= - - = =
FO§F 0§ § § 3
i 2 a2 @ @ @
- - - - - -
[~] ] @ @ ] ]
-4 z 3 & z 3
T0% RAP No. 2
M A
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Evaluation of Rutting Performance

To ensure that mixtures prepared with RAP and rejuvenators attain good resistance to rutting, the
researchers evaluated the rutting performance using the HWTT. Test mixtures prepared with RAP and
rejuvenators that exhibited improved cracking performance were further evaluated for rutting
performance. Mixtures without RAP (i.e., O percent RAP) and with 70 percent RAP, prepared without
rejuvenators and with rejuvenators (i.e., R1, R4, and R5) at different rejuvenator doses (i.e., 7 percent by
weight of total binder for R1, 1 percent and 2 percent by wight of RAP for R4, and 12 percent and 16
percent by weight of reclaimed binder for R5) were tested.

Figure 47 shows the HWTT rut depth results. Mixtures prepared with R4 at two different doses (i.e., R4
and R4+) failed HWTT. Mixtures with R4 at 1 percent by weight of RAP accumulated rut depth of 12.5 mm
after 7060 passes, while mixtures with R4 at 2 percent by weight of RAP reached 12.5 mm rut depth after
only 2470 passes. Rejuvenator R4 over softened the asphalt mixtures, and this was observed during the
laboratory preparation of these mixtures. It should be noted that R4, which is an engineered commercial
product, had the lowest viscosity among all test rejuvenators. All remaining test mixtures, including the
ones prepared with R1 and R5, experienced very low rutting (rut depth less than 3 mm after 20,000 passes)
and passed the test criteria of 12.5 mm after 20,000 passes. Mixtures prepared with R1 and R5 had
comparable rutting performance to that of mixtures with RAP (70 percent RAP) and mixtures without RAP
and rejuvenators. Figures 48 and 49 further illustrate the rutting performance of asphalt mixtures
prepared with R4 at 1 percent dose and 2 percent dose, respectively.
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The results of this section further demonstrated the importance of the balanced mix design approach to

produce asphalt mixtures with adequate resistance to cracking and rutting. Some mixtures prepared with

certain rejuvenators (R4 as an example) had good cracking resistance but failed the rutting resistance

criteria; therefore, it is important to ensure that mixtures prepared with RAP and rejuvenators achieve

balanced performance.
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Figure 47. Evaluation of HWTT Rutting Performance of Asphalt Mixtures with RAP No. 2
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Figure 48. HWTT Test Specimens with 70% RAP and Rejuvenator 4 at 1 Percent Dose

Figure 49. HWTT Test Specimens with 70% RAP and Rejuvenator 4 at 2 Percent Dose

Evaluation of RAP No. 3 Mixtures

RAP No.3 was obtained from a second asphalt plant in Lewiston, Idaho. The researchers evaluated the
cracking performance of asphalt mixtures prepared without RAP (0 percent RAP), 70 percent RAP, two
different rejuvenators (i.e., R1 and R5) at optimum binder content (5.8 percent of PG 58-28). For
rejuvenator R1, the dose was 7 percent by weight of total binder and 16 percent by wight of reclaimed
binder for R5. These doses were found to provide good cracking performance based on the testing results
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of mixtures prepared with RAP No. 2. In addition, the researchers evaluated the rutting performance and
moisture susceptibility of test mixture using the HWTT. Furthermore, the researchers investigated the low
temperature cracking performance in accordance with AASHTO T 322 “Standard Method of Test for
Determining the Creep Compliance and Strength of Hot Mix Asphalt (HMA) Using the Indirect Tensile Test
Device”.

Effect of RAP and Rejuvenator Type

Similar to mixtures prepared with RAP No. 1 and RAP No. 2, incorporating 70 percent RAP of RAP No. 3,
resulted in stiffer mixtures with lower IDEAL-CTingex compared to the control mixture without RAP.
Mixtures prepared with 70 percent RAP showed poor cracking resistance (26.4 > IDEAL-CTingex) While
mixture without RAP had moderate performance (IDEAL-CTingex between 26.4 and 73.7) as shown in Figure
50. The use of R1 and R5 increased IDEAL-CTindex Which indicates improved cracking performance. Both
rejuvenators produced mixtures with good cracking performance (IDEAL-CTingex >73.7) compared to the
control mixture which exhibited moderate cracking resistance (IDEAL-CTingex between 26.4 and 73.7). The
results of Figure 50 further demonstrated that increasing the binder content by 0.5 percent at 70 percent
RAP (70 percent + 0.5BC) increased IDEAL-CTn¢ex cOmpared to mixtures prepared at optimum binder
content and 70 percent RAP, and such improvement was statistically significant. Meanwhile, mixtures
with no RAP at a higher binder content (0.5 percent above optimum binder content) provided better
cracking performance compared to mixtures with no RAP at optimum binder content and compared to
mixtures with 70 percent RAP at optimum binder content.

Figures 51 and 52 show the results of IDTstrength and Weibullcr,, respectively. Mixtures prepared with high
RAP content (i.e., 70 percent RAP) had higher IDTstrength cOmpared to mixtures without RAP (0 percent
RAP); however, such increased stiffness was associated with reduced cracking resistance (lower Weibullcg
and IDEAL-CTindex). The results of loose mixtures presented in Chapter 5 showed that this an opposite
correlation between IDTstrength and both IDEAL-CTingex and Weibullcri. Furthermore, the results of Weibullcg
were consistent with that of IDEAL-CTingex. Increasing the binder content and the use of rejuvenators (i.e.,
R1 and R5) were found to be very effective in improving the cracking resistance based on the Weibullcg
results.
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Figure 50. Effect of RAP Content and Rejuvenator Type on IDEAL-CTq4ex for RAP No. 3
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Figure 52. Effect of RAP Content and Rejuvenator Type on Weibullc for RAP No. 3

Evaluation of Low-Temperature Cracking

Researchers further evaluated the low-temperature or thermal cracking of mixtures prepared with RAP
No. 3 and rejuvenators. They evaluated mixtures without RAP (0 percent RAP), 70 percent RAP, and 70
percent RAP with rejuvenators R1 and R5. Previous study by Safi et al. (2018) showed that stiffer mixtures
tend to have lower deformation and thus lower compliance. Figures 53 through 55 show the creep
compliance for the test mixtures at different temperatures of -20 °C, -10 °C, 0 °C, respectively. Figure 56
shows the creep compliance at all test temperatures. Also, Figure 57 shows the IDTstrength for the same
mixtures measured at -10 °C after the completion of creep compliance testing. The main findings of these
results can be summarized below.

e  Mixtures with 70 percent RAP had the lowest creep compliance compared to mixtures without
RAP (i.e., 0 percent RAP), and mixtures prepared with 70 percent RAP with rejuvenators R1 and
R5 (i.e., 70 percent+R1 and 70 percent+R5). Lower compliance values are associated with stiffer
mixtures and less resistance to low-temperature or thermal cracking.

e  Mixtures prepared with 70 percent RAP and R1 and R5 had the highest creep compliance and
consequently would exhibit better resistance to thermal cracking compered to mixtures with 70
percent RAP without rejuvenators as well as mixtures without RAP and rejuvenators. Also,
mixtures without RAP and rejuvenators had higher creep compliance than those of mixtures with
70 percent RAP without rejuvenators and lower creep compliance than mixtures with
rejuvenators. These results demonstrated that the use of rejuvenators (i.e., R1 and R5) were
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found effective in improving the thermal cracking resistance of asphalt mixtures with high RAP
content (i.e., 70 percent).

o The results of IDTstrength Mmeasured at -10 °C demonstrated that mixtures without RAP and
rejuvenators had comparable IDTstrength Values with no statistically significant difference in the
results.

e The use of rejuvenators reduced the IDTstrength cOMmpared to mixtures without rejuvenators (with
and without RAP). Mixtures with R5 had the lowest IDTstrength cOmpared to all other mixtures. In
addition, the difference in IDTstength results between mixtures with R5 and mixtures without
rejuvenators was statistically significant.

e There is a good agreement between the results of IDTstrength (Mmeasured at -10 °C) and that of the
creep compliance test. The results further demonstrated the favorable impact of rejuvenators on
improving the performance of asphalt mixtures with high RAP content at low temperature.
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Figure 53. Creep Compliance Results at -20 °C
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Evaluation of Rutting Performance

Mixtures prepared with 70 percent of RAP No. 3 and rejuvenators R1 and R5 all passed HWTT rutting
criteria. The rut depth values after 20,000 passes were way below the rutting threshold of 12.5 mm as
shown in Figure 58. Furthermore, there was no sign of moisture damage. In addition, the results showed
that there was no statistically significant difference in the rut depth results between mixtures with
rejuvenators and high RAP content of 70 percent and the control mixture with no RAP. These results
demonstrated that the use of rejuvenators R1 and R5 at high RAP content of 70 percent produced
mixtures with good resistance to intermediate-temperature as well as low-temperature cracking. In
addition, these mixtures exhibited good resistance to rutting and moisture damage.
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Figure 58. Evaluation of Rutting Performance of Mixtures with RAP No. 3

Evaluation of RAP No. 4 Mixtures

The researchers evaluated the performance of asphalt mixtures prepared with a fourth source of RAP (i.e.,
RAP No. 4). This RAP was obtained from an asphalt plant in Boise, Idaho. The asphalt mixtures were
prepared at different RAP contents (i.e., 0, 25, 50 and 70 percent) as well as rejuvenator type and doses.
Two rejuvenators (i.e., R6 and R7) were used at 6.6 percent and 8.3 percent by weight of RAP binder for
R6 and 11.3 percent by weight of RAP binder for R7. Rejuvenator R6 is a bio-based product while R7 is
petroleum-based product as discussed in Chapter 3.
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The researchers conducted the IDT and HWTT to assess the intermediate temperature cracking and
rutting performance, respectively and this section discusses the results of these tests.

Effect of RAP Content

Figure 59 shows the effect of RAP content on IDEAL-CTingex. Mixtures without RAP had higher IDEAL-CTingex
and it decreased with the increase of RAP content. There is a statistically significant difference in the
IDEAL-CTingex results for mixtures prepared without and with RAP. Based on the results of Figure 59,
mixtures without RAP had good cracking performance (IDEAL-CTingex > 73.7), mixtures with 25 and 50
percent RAP had moderate cracking performance (IDEAL-CTn¢ex between 26.4 and 73.7), while mixtures
with 70 percent RAP had poor cracking resistance (26.4>IDEAL-CTinqex). These results are consistent with
the other sources of RAP (i.e., RAP No. 1, 2, and 3) where increasing RAP content resulted in decreased
cracking performance.
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Figure 59. Effect of RAP Content on Cracking Performance of Mixtures Prepared with RAP No. 4

Effect of Rejuvenator Type

Figure 60 shows the effect of rejuvenator type and first dose on the IDEAL-CTingex results. Mixtures
prepared with different RAP contents (i.e., 0, 25, 50, and 70 percent) and two types of rejuvenators (i.e.,
R6 and R7). The following findings can be summarized from these results.

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance 81



e The use of rejuvenators R6 and R7 didn’t affect the IDEAL-CTingex Significantly at 25 percent RAP.
It should be noted that mixtures with 25 percent RAP had good cracking performance. These
results are consistent with the results of other RAP sources where the use of rejuvenators at low
RAP content didn’t improve the cracking performance.

e The use of softer binder PG 64-34 at 25 percent RAP did not affect IDEAL-CTingex cOmpared to
mixtures prepared with 25 percent RAP and PG 70-28 and there was no statistically significant
difference in the results.

e Similar to mixtures prepared with 25 percent RAP, the IDEAL-CTingex results of mixtures prepared
with 50 percent RAP did not exhibit improved cracking performance when rejuvenators R6 and
R7 were used at the lower dose (i.e., 6.6 percent by weight of reclaimed binder for R6 and 11.3
percent by weight of reclaimed binder for R7). It should be noted that the results of other RAP
sources demonstrated that some rejuvenators were effective at 50 percent RAP which might be
attributed to the compatibility between asphalt binders and rejuvenators.

o The IDEAL-CTindex for mixtures prepared with 70 percent RAP further demonstrated that the use
of both rejuvenators, R6 and R7 improved the cracking resistance from poor cracking performance
to moderate performance; however, there was no statistically significant difference mixtures with
70 percent RAP with and without rejuvenator.
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Effect of Rejuvenator Dose

The researchers examined a higher dose of 8.3 percent by weight of reclaimed binder for R6 only. Figure
61 shows the IDEAL-CTngex results of the tested mixtures at different doses of R6 (i.e., 6.6 and 8.3 percent
by weight of reclaimed binder) and different RAP contents (i.e., 0, 25, 50, and 70 percent RAP). The
following observations can be drawn from the results shown in Figure 61.

The increase of rejuvenator dose from at 6.6 to 8.3 percent by weight of RAP binder for R6 at 25
and 50 percent RAP increased the cracking performance; however, the IDEAL-CTingex Was
comparable to mixtures prepared with 70 percent RAP without rejuvenators. In other words,
there was no favorable effect for R6 on the cracking performance at both 25 and 50 percent RAP
at different doses.

For mixtures prepared with 70 percent RAP and R6 at 6.6 percent by weight of reclaimed binder
showed improved cracking resistance compared to mixtures with the same RAP content (i.e., 70
percent). The IDEAL-CTingex increased from 25, which indicates poor cracking resistance (26.4
>IDEAL-CTingex) to IDEAL-CTingex of 39, which indicates fair or moderate cracking resistance (IDEAL-
CTindex between 26.4 and 73.7). The increase of dose from 6.6 to 8.3 percent of R6 had an inverse
effect on the cracking resistance (decreased IDEAL-CTingex); however, such reduction was not
statistically significant. These results demonstrated the need to evaluate different doses of the
same rejuvenator to select the one that provides optimum performance at the mixture level. Also,
an increase in rejuvenator’s dose does not necessarily translate into improved mixture

performance.
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Evaluation of Rutting Performance

The researchers evaluated the rutting performance of all test mixtures prepared using RAP No. 4. Figure
62 shows the effect of RAP content on HWTT rut depth. Test mixtures prepared with RAP had less rutting
compared to mixtures without RAP; however, all the mixtures had rut depths way below the threshold of

12.5 mm after 20,000 passes. Furthermore, mixtures prepared with rejuvenators also satisfied the rutting
performance as shown in Figure 63.
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Figure 62. Evaluation of Rutting Performance on RAP No. 4
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5. Evaluation of Field Mixes

Chapter 5 evaluates the cracking and rutting performance of loose mixtures collected from new paving
projects. These loose mixtures were collected from different districts in Idaho and have different
properties (mix design, binder grade, binder content, RAP, etc.) as discussed in Chapter 3. The researchers
calculated different cracking and rutting performance parameters and compared to performance
thresholds proposed and used in previous ITD studies (Kassem et al. 2019 and Kassem et al. 2021).
Furthermore, the researchers examined the coefficient of variation of various cracking performance
indicators of the field projects along with their correlations.

Cracking and Rutting Performance Thresholds

Kassem et al. (2019) proposed monotonic performance thresholds for various performance indicators to
assess the cracking and rutting performance for asphalt mixtures produced in Idaho. The cracking
performance indicators included IDEAL-CTingex, Weibullcri, Niex factor, Cracking Resistance Index (CRI), and
Flexibility Index from IDT test (FI[IDT]). They proposed a minimum and maximum threshold for each
cracking performance indicator. Table 14 summarizes the recommended thresholds for each indicator
that were proposed by Kassem et al. (2019). Mixtures with cracking performance below the minimum
thresholds are expected to exhibit poor cracking resistance, while mixtures with cracking performance
above the maximum thresholds are expected to exhibit good cracking resistance. Mixtures with
performance between the minimum and maximum thresholds are expected to show fair or moderate
cracking resistance.

Table 14. Proposed Thresholds for Monotonic Cracking Performance Indices (after Kassem at al. 2019)

Poor Fair/Moderate Good

IDEAL-CTindex <26.4 26.4 < IDEAL-CTingex < 73.7 >73.7
Weibullc <3.60 3.60 < WeibulICRI < 4.70 >4.70
Niiex <0.40 0.40 < Nflex< 0.70 >0.70

CRI (IDT) <466 466 < CRI (IDT) < 614 >614
FI (IDT) <11.4 11.4<FI(IDT)<22.6 >22.6

Kassem et al. (2019) reviewed the HWTT rutting depth thresholds used in different DOTSs (i.e., TxDOT,
WSDOT, CODOT, LADOT, and MTDOT). All DOTs performed the HWTT test at 50°C. ITD RP 261 proposed
a maximum rut depth of 10 mm after 15,000 passes or 12.5 mm after 20,000 passes to ensure adequate
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resistance to both rutting and moisture damage (Kassem et al. 2019). TxDOT specifies a max rut depth of
12.5 mm at different number of HWTT passes based on the binder grade (i.e., < PG 64 required a minimum
of 10,000 passes, PG 70 required a minimum of 15,000, and > PG 76 required a minimum of 20,000).
WSDOT specifies a maximum rut depth of 10 mm at 15,000 passes. In addition, CODOT specifies a
maximum rut depth of 4 mm at 10,000 passes while LADOT specifies a maximum rut of 10 mm at different
number of passes based on the mixture type (i.e., Incidental Paving and ATB required at least 10,000
passes, while Wearing and Binder Course required at least 20,000 passes). MTDOT specifies a maximum
rut depth of 13 mm and a minimum number of passes based on the mix design (i.e., the mix design
required a minimum of 10,000 passes and the plant mix required a minimum of 15,000 passes). Table 9,
in Chapter 2, summarizes the HWTT rutting performance thresholds used by different DOTs.

Evaluation of Cracking Resistance of Field Mixes

IDEAL-CTingex is one of the monotonic cracking performance indicators that is obtained from the IDT load-
displacement curve. This index can be used to evaluate the cracking resistance for a given asphalt mixture.
Mixtures with higher IDEAL-CTngex €xhibit higher cracking resistance and vice versa. The IDEAL-CTingex is
calculated using Equation 1. The researchers calculated IDEAL-CTndex for all PMLC specimens. Figure 64
shows the results of the IDEAL-CTingex for 23 different mixes that were collected from different districts.
Most of the PMLC mixes (18 out of 23) in Figure 64 exceeded the maximum threshold of 73.7 which
indicate that these mixtures are expected to exhibit good cracking resistance in the field based on the
proposed threshold by Kassem e al. (2019). Four projects were within the moderate cracking performance
range including Project No.7, No.12, No.14, and No. 23. Only one project (Project No. 11) had an IDEAL-
CTindex less than the minimum threshold of 26.4.

It was observed that some mixtures with good cracking resistance used a higher binder content or lowered
down the binder grade if they included high RAP content. For instance, Project No. 10 and Project No. 15
had a good cracking resistance with 5.7 percent and 5.2 percent binder content, respectively. Both
projects had 30 percent RAP and lowered the binder PG by one grade to PG 58-34. In addition, Project No.
21 found to have a good resistance to cracking had 5.8 percent biner content, 17 percent RAP, and the
specified binder grade of PG 64-28. Project No. 2 had the highest binder content of 6.2 percent, 0 percent
RAP, and PG76-28 among other projects which provided a good cracking resistance. On other hand,
Project No. 7 had a moderate cracking resistance and had PG 64-34, 30 percent RAP, and 5.6 percent
binder content. Moreover, Project No. 12 used 32 percent RAP, 5.3 percent binder content, and PG 58-34
and showed moderate cracking resistance which could be attributed to RAP sources as some may have
been aged more than others. Project No. 11 with poor cracking resistance had RAP content of 31 percent,
binder content of 5.3 percent, and PG 64-34. The researchers observed that this mix (i.e., Project No. 11)
was relatively drier and has more fines compared to other projects.

The Tukey’s HSD analysis classified the mixes into five statistical groups (A, B, C, D, and E). The statistical
analysis showed that there was a statistically significant difference between Project No. 11 compared to
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Project No. 4, No. 8, No. 10, No. 15, No.16, No. 17, No. 19, and No. 21, while there was no significant
difference between Project No. 11 and the remaining projects.
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Figure 64. IDEAL-CTndex for PMLC Mixes

Weibulleg is another cracking performance indicator that was examined in this study. Weibullcg is
calculated from the IDT test by fitting the entire load-displacement curve as discussed in Chapter 2. The
higher the Weibullcg value the better cracking resistance and vice versa. Figure 65 shows the Weibullcg
values for the examined 23 mixes. The figure includes the maximum (i.e., 4.7) and minimum (i.e., 3.6)
thresholds for the Weibullcr cracking performance indicator. The results demonstrated that 18 field
projects were above the maximum threshold and are expected to exhibit good resistance to cracking. Four
projects (i.e., Project No.7, No.12, No.14, and No. 23) are expected to show fair cracking resistance, while
only one project (i.e., Project no. 11) is expected to exhibit poor cracking resistance (Weibullcr < 3.6).
These results are consistent with the results of IDEAL-CTingex. However, the Tukey’s HSD analysis classified
the mixes into eight statistical groups (A, B, C, D, E, F, G, and H). This could be due to the lower coefficient
of variation for Weibullcr compared to IDEAL-CTingex as discussed later in this section. A higher number of
statistical groups helps to distinguish between more mixes in terms of cracking resistance. The statistical
analysis showed that there was a statistically significant difference between Project No. 11 and all the
projects except those with fair cracking resistance (i.e., Project No.7, No.12, No.14, and No. 23). These
results demonstrated that Weibullcg was able to distinguish between more projects in terms of cracking
resistance compared to IDEAL-CTngex. Based on the cracking performance results of IDEAL-CTingex and
Weibullcr and the corresponding thresholds proposed in RP 261, there is no concern with the expected
cracking performance of most asphalt mixtures currently produced in Idaho.

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance 88



ABCDEF

Weibullgg,
[ T T L L ¥ 1 I = N ¢ « I Ve |

i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
\_ Project No. Y,

Figure 65. WeibullCRI for PMLC Mixes

Figure 66 illustrates the results of IDTstrength for the field projects. The IDTstrength is calculated from the IDT
load-displacement curve as discussed in Chapter 2. Mixtures with higher IDTsiength are often stiffer
compared to those with lower IDTstengtn and vice versa. Stiffer mixtures often exhibit lower resistance to
cracking. Based on the IDEAL-CTingex and Weibullcr, cracking resistance for different groups (i.e., good, fair,
and poor), the group of mixtures with good cracking resistance had an IDTstrength ranging from 872 kPa to
1004 kPa, while mixtures with fair cracking resistance had an IDTstrength ranging from 774 kPa to 1160 kPa.
The mixture (Project No. 11) that is expected to exhibit poor cracking resistance had relatively higher
IDTstrength Of 1156 kPa. The IDTstrength had an opposite correlation with both IDEAL-CTingex and Weibullcgi, as
discussed later in this chapter; however, such correlation is not strong. Similar to Weibullcg;, the Tukey’s
HSD analysis classified the mixes, based on IDTstength, into eight statistical groups (A, B, C, D, E, F, G, and
H). Also, there was a statistically significant difference between Project No. 11 and some projects with
good cracking performance including Project No. 1, No. 2, No. 4, No. 6, No. 8, No. 9, No. 10, No. 13, No.
16, No. 19, No. 20, No. 21, and No. 22.
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Figure 66.IDTsrength for PMLC Mixes

Evaluation of Correlation and Coefficient of Variation for Cracking Performance
Indicators

The researchers evaluated various cracking performance indicators including IDEAL-CTingex, Weibullcgi, Nriex
factor, Cracking Resistance Index (CRI), and Flexibility Index from IDT test (FI[IDT]), Fracture Energy (Gf),
IDTstrength, @and IDTmoduius. All these performance indicators can be calculated from the same IDT load-
displacement curve and conducted using the same testing protocol. The formulas used to calculate these
indicators are summarized in Table 8 of Chapter 2.

The researchers evaluated the correlation among the above-mentioned cracking performance indicators.
The Pearson coefficient is a statistical tool used in this study to examine the correlation between various
cracking performance indicators. The Pearson product moment correlation coefficient (r) is used to assess
the linear relationship between two indicators (Salkind 2010). The value of “r” ranges between
-1 and +1. The magnitude of
the sign (negative or positive) indicates whether such relationship is direct (+) or inverse (-). Higher

o" n
r

describes the strength of the correlation between two parameters, while

o, n
r

magnitude of demonstrates stronger correlation. Table 15 presents the value of r between various
cracking performance indicators. The results clearly demonstrated that IDEAL-CTingex, Weibullcri, Nriex, CRI,
and Fl had direct strong correlations (r > 0.90). Also, the results showed that both IDTstrength and IDTmodulus
had an inverse correlation with mostindicators (i.e., that IDEAL-CTindex, Weibullcri, Neiex, CRI, and FI), except
between each other. Fracture Energy (Gf) had poor correlations (r < 0.5) with all other examined
performance indicators. The Pearson correlation results in Table 15 also demonstrated that WeibullCRI

and IDEAL-CTindex had a strong correlation (r = 0.964); however, Weibullcr had lower variability in the test
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results (average COV = 6.6 percent) compared to IDEAL-CTindex (average COV = 18.8 percent) as discussed
in the section below. These results are very consistent with the results of ITD RP 280 (Kassem et al. 2021).

Table 15. Pearson Coefficient (r) for Cracking Performance Indicators

Spearman Weibull IDEAL - Niex CRI Fracture
Coefficiont ior) | cruom) | o) | om | FHOPT) | IDTsweng  IDTweds E?é;')gy
Weibullc (IDT) 1
IDEAL -CT (IDT) 0.964 1
Nriex (IDT) 0.971 0.983 1
CRI (IDT) 0.989 0.963 0.983 1
FI (IDT) 0.960 0.944 0.955 0.958 1
IDT strength -0.539 -0.547 -0.643 | -0.632 | -0.572 1
IDTModulus -0.741 -0.731 -0.808 -0.82 | -0.756 { 0.937 1
Fracture Energy (Gf) 0.494 0.428 0.341 0.392 0.411 0.445 0.147 1

[ Excellent Correlation (rs > 0.9)——Good Correlation (0.7 < rs< 0.9)C—Fair Correlation (0.5 < r; £ 0.7)C—Poor Correlation (0.1 < r; < 0.5) EEEEE No Correlation

Figure 67 shows the coefficient of variation (COV) for each cracking performance indicator based on the
results of 23 loose mixtures. The COV indicates that variability in test results in relation to the mean of the
values. It is calculated as the ratio of the standard deviation to the mean. The results of COV presented in
Figure 67 demonstrate that CRI, Weibullcg, Nflex, Fl, and IDEAL-CTingex had a COV of 6.0, 6.6, 12.5, 14.7,
and 18.8 percent, respectively, while Gf, IDTstrength, and IDTmoguius had @ COV of 4.2, 6.3, and 11.2 percent,
respectively. Weibullcr) had lower COV compared to IDEAL-CTingex Which is consistent with previous
findings by Kassem et al. (2019) and Kassem et al. (2021).
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Figure 67. Coefficient of Variation of Cracking Performance Indicators for PMLC Mixes
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Evaluation of Rutting Resistance of Field Mixes

Figure 68 shows the HWTT rut depth for the examined 23 field projects. Four PMLC replicates were
prepared from each mixture. A total of 92 PMLC specimens were prepared to evaluate the rutting
resistance of the field mixtures. The HWTT measures the rut depth at 11 different locations along the pass
of the HWTT wheels on the test specimens. The test is conducted at 50°C in wet conditions where the test
HWTT specimens are submerged in water; therefore, the test can be used to assess both rutting resistance
as well as moisture susceptibility of asphalt mixtures. The results of the HWTT rutting depth summarized
in Figure 68 demonstrate that the rut depth after 20,000 passes for all field mixtures ranged from 1.12
mm to 4.41 mm. Therefore, all the mixtures had a rut depth way below the maximum threshold of 12.5
mm after 20,000 passes, and there was no statistically significant difference in rut depth among various
projects except between Project No. 11 and Project No. 12. Project No. 11 had a RAP content of 31
percent, 5.3 percent binder content, and PG 64-34. The researchers observed that this mix (i.e., Project
No. 11) was relatively drier and has more fines compared to other projects. It had the maximum rut depth
of 4.41 mm. Project No. 12 had RAP content of 32 percent, binder content of 5.3 percent and PG 58-34,
and had the minimum rut depth of 1.18 mm. Meanwhile, Project No. 11 and Project No. 12 were way
below 12.5 mm after 20,000 passes. In addition, Project No. 6, No. 9, No. 10, No. 13,No. 17, No. 20, No.
22, and No. 23 had an average rut depth from 3 mm to 4 mm. Project No. 6, No. 13, No. 9, and No. 10 had
RAP content ranging from 17 percent to 30 percent with binder content ranging from 4.9 percent to 5.8
percent, while Project No. 17, No. 20, and No. 22 had binder content ranging from 4.8 percent to 5.9
percent with 0 percent RAP. Project No. 1, No. 2, No. 3, No. 4, No. 5, No. 7, No. 8, No. 14, No. 15, No. 16,
No. 18, No. 19, and No. 21 had an average rut depth between 2 mm to 3 mm. These mixtures had RAP
content ranging from 0 percent to 35 percent while the binder content ranged from 4.9 percent to 6.2
percent. It should be noted that Project No. 11 was found to exhibit the lowest cracking resistance among
all examined projects too. The HWTT results further demonstrated that there was no sign of moisture
damage. Most of the examined projects had anti-strip agents of 0.5 percent except Project No. 1 and No.
13 where 0.75 percent of anti-strip agents was used. Project No. 9 and No. 16 did not have any anti-strip
agents, while Project No. 8 had 0.25 percent anti-strip agents. Based on the results of this section, there
is no concern on the rutting performance of asphalt mixtures currently produced in Idaho which is
consistent with the findings of RP 261 and RP 280.
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6. Cost Analysis

The researchers conducted cost analysis to assess economic savings associated with using rejuvenators
with high RAP content in asphalt mixtures without compromising the performance (i.e., cracking and
rutting resistance). The use of RAP can cut down the percent of virgin binder added, leading to cost
savings. In addition, the current practice is to use one grade softer virgin binder if the RAP content
between 17 percent to 30 percent and the blending chart to select the grade of softer virgin binder if RAP
content exceeds 30 percent. The use of softer binder costs more due to its limited availability. Therefore,
the use of rejuvenators may eliminate or reduce the need for softer binders.

In this study, the researchers evaluated mixtures with different sources of RAP. Some RAP sources had
higher binder content (e.g., RAP No. 3 and RAP No. 4 had 5.37 and 5.3 percent, respectively) and others
had lower binder content (e.g., RAP No. 3 had 4.3 percent). The researchers evaluated the cost of asphalt
mixtures with and without RAP as well as RAP mixtures with and without rejuvenators. They examined
the materials cost for asphalt mixtures prepared with three different RAP materials evaluated in this study
(i.e., RAP No.2, RAP No. 3, and RAP No. 4) incorporating the best performing rejuvenators for each RAP
source. For RAP No. 2, the researchers studied the cost associated with using two rejuvenators (i.e., R1
and R5) with different RAP contents (i.e., 25, 50,70 percent) and at different binder grades for the 70
percent RAP mixtures. For RAP No. 3, they examined the cost associated with using two rejuvenators (i.e.,
R1 and R5) at a higher RAP content of 70 percent. In addition, the researchers examined the cost of
mixtures with no RAP (i.e., O percent RAP) and mixtures with higher binder content. For RAP No. 4, the
researchers studied the cost associated with using two rejuvenators (i.e., R6 and R7) at different RAP
content (i.e., 0, 25, 50, and 70 percent). The results of the cost analysis are presented and discussed for
each RAP source separately in this chapter.

Materials Cost

The researchers conducted a cost-benefit analysis based on the cost of rejuvenators, aggregates, asphalt
binders obtained from the manufacturers or literature. Martin et al. (2020) estimated the material cost at
around 45 to 50 percent, plant production cost at around 35 to 40 percent, and cost of field operations
(i.e., hauling, laydown, and compaction) at around 15 to 20 percent of the total in-place HMA cost. In this
study, the researchers examined the cost savings associated with materials only. The cost of rejuvenators
is much higher than the cost of binders, virgin aggregates, and RAP materials as summarized in Table 16.
Meanwhile, the percentage of rejuvenator used in asphalt mixtures is very small and taken as a small
percent of asphalt binder by weight. The tall oil rejuvenator (R1) cost ranges from $4,000 to $4,900 per
ton, waste vegetable oil rejuvenator (R5) is about $3,800 per ton, the bio-based oil rejuvenator (R6) cost
is about $2,200 per ton, and the petroleum-based oil rejuvenator (R7) cost is about $1,900 per ton. The
cost of virgin binder ranges from $750 to $925 per ton depending on the binder grade. The virgin
aggregate and RAP materials are much lower compared to the cost of rejuvenators and asphalt binders.

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance 94



The cost per ton for virgin aggregates and RAP materials ranges from $12 to $15 and from S5 to S8,
respectively.

Table 16. Summary Materials Cost

SPrice/ton
Material Type Material Description Low High
Aggregate Virgin Aggregates 12 15
Aggregate RAP Aggregates 5 8
Virgin Binder PG 58-28 750 -
Virgin Binder PG 58-34 875 -
Virgin Binder PG 64-28 800 -
Virgin Binder PG 64-34 925 -
Virgin Binder PG 70-28 825 -
Rejuvenator (R1) Tall oil 4000 4900
Rejuvenator (R5) Waste Vegetable Oil 3800 -
Rejuvenator (R6) Bio-Based Oil 2200 -
Rejuvenator (R7) Petroleum-Based Oil 1900 -

Cost Comparison Associated with RAP No. 2

The researchers calculated the materials cost for mixtures prepared with different percentages of RAP
No.2, rejuvenators, and binder contents as shown in Figures 69 and Table 17. Figure 69 includes two “Y”
axes, the one on the left for the cost in US dollar per ton of asphalt mixtures and the axis on the right is
for the IDEAL-CTindex. The grey bars represent the IDEAL-CTindex and the colored bars represent the cost.
The percentage of cost reduction or increase, with respect to the control mix, is written on the top of each
bar corresponding to mixtures with different compositions. A negative sign indicates a cost reduction,
while a positive sigh demonstrates a cost increase. The following observations can be made based on the
cost analysis:

e The control asphalt mixture (0 percent RAP) had an IDEAL-CTingex Of 39 which is moderate cracking
resistance according to the cracking performance thresholds proposed in RP 261 (Kassem et al.
2019). Also, the control mixture costs about $65 per ton.

e When the binder content was increased from 5.8 percent to 6.3 percent which represents 0.5
percent increase in OBC (i.e., 0 percent RAP + 0.5 BC), the IDEAL-CTin¢ex Was increased which
indicates improved cracking resistance compared to the control mixture. The IDEAL-CTindex
increased from 39 (moderate cracking resistance) to 102 (good cracking resistance). However, this
resulted in a cost increase of 6.8 percent compared to the control mix.

e Asphalt mixtures prepared with 25 percent RAP (25 percent RAP) without rejuvenators resulted
in a cost reduction of $13 per ton which is approximately 21.6 percent reduction in the cost
compared to the virgin mix (0 percent RAP). However, the performance of mixtures with 25
percent RAP had a lower IDEAL-CTingex (IDEAL-CTngex of 20) which demonstrated reduced cracking
resistance compared to the control mixture (IDEAL-CTingex Of 39).

e When the binder content was increased from 5.8 percent to 6.3 percent which represents 0.5
percent increase in OBC at 25 percent RAP (25 percent RAP + 0.5 BC), the cracking performance
was improved (IDEAL-CTndex Of 46) compared to the control mixture (IDEAL-CTingex Of 39). In
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addition, there was a net 14.8 percent reduction in the cost compared to the control mix (S9
reduction per ton). These analyses indicate that increasing the binder content at a RAP content of
25 percent could be a cost-effective approach to incorporate RAP in the mix without
compromising the performance (i.e., both cracking and rutting resistance). All mixtures passed
the rutting requirements as discussed in Chapter 4. This further demonstrates the importance of
implementing a balanced mix design approach when incorporating RAP in asphalt mixtures. This
leads to cost savings as well as producing a mixture with comparable or improved performance.

e At 25 percent RAP, the use of tall oil (25 percent RAP + R1) resulted in improved IDEAL-CTindex
(IDEAL-CTingex of 52) compared to the mix with 25 percent RAP (IDEAL-CTingex Of 20) and the control
mix (IDEAL-CTindex Of 39). However, this resulted in a 6.8 percent cost increase (S5 increase per
ton) compared to the control mix.

e At 25 percent RAP, the use of waste vegetable oil (25 percent RAP + R5) resulted in slightly higher
IDEAL-CTingex (IDEAL-CTingex of 26) compared to mixture with 25 percent RAP (IDEAL-CTingex Of 20);
however, it was less than the control mixture (IDEAL-CTinqex Of 39). In addition, there was an 8.5
percent cost reduction compared to the control mix.

e The cracking performance of mixtures prepared with 50 percent RAP and tall oil (50 percent RAP
+ R1) was comparable to the control mixture (i.e., IDEAL-CTngex Of 33 compared to 39 for the
control mixture). In addition, there was a cost reduction of 14.6 percent compared to the control
mixtures. Mixtures prepared with 50 percent RAP and waste vegetable oil (50 percent RAP + R2)
had lower IDEAL-CTindex (IDEAL-CTingex Of 25) than the control mixture (IDEAL-CTingex Of 39). In
addition, increasing the binder content by 0.5 percent at 50 percent RAP (50 percent RAP+0.5BC)
was not sufficient to improve the cracking resistance to that of the control mix. For the previous
analysis, it can be concluded that using the tall oil is the most cost-effective alternative to improve
the performance of asphalt mixtures prepared with 50 percent RAP compared to the other
rejuvenator (waste vegetable oil) or increasing the binder content. Martin et al. (2019) reported
12 percent reduction in materials cost for mixtures prepared with 40 precent RAP which agrees
with our study where there was 14.6 percent reduction in materials cost for mixtures with 50
percent RAP.

e Asphalt mixtures prepared with 70 percent RAP and rejuvenators exhibited higher cost savings
than at 25 and 50 percent RAP. Asphalt mixtures with 70 percent RAP and tall oil (70 percent RAP
+ R1) had comparable or improved cracking performance (IDEAL-CTngex Of 40) compared to the
control mix (IDEAL-CTingex Of 39). Furthermore, the use of tall oil resulted in the highest cost
reduction of 30.4 percent compared to the cost of control mix. Similarly, asphalt mixtures with 70
percent RAP and waste vegetable oil (70 percent RAP + R2) also provided comparable or improved
cracking performance (IDEAL-CTingex Of 39) compared to the control mix (IDEAL-CTingex Of 39).
Meanwhile, the cost reduction (i.e., 23.1 percent) was less than that of the tall oil (i.e., 23.1
percent). Increasing the binder content by 0.5 percent (70 percent RAP + 0.5 BC) resulted in higher
cost reduction (52.2 percent) and slightly lower cracking performance (IDEAL-CTn¢ex Of 30) to the
control mix (IDEAL-CTingex Of 39) which demonstrates that the increasing the binder content could
be very beneficial in some cases. This further emphasizes the effectiveness of the balanced mix
design approach.
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Figure 69. Cost Comparison of Mixtures with RAP No. 2 and Rejuvenators

Table 17. RAP No. 2 Cost Analysis Summary

Mix Type Cost ($/ton) Cost Difference Performance, IDEAL-CTndex
($/ton)
0% RAP 63 0 39
0% RAP +0.5 BC 67 4 102
25% RAP 50 -13 20
25%RAP +0.5 BC 54 -9 46
25% + R1 68 5 52
25% + R5 58 -5 26
50% RAP 36 -27 14
50%RAP +0.5 BC 41 -22 18
50% + R1 55 -8 33
50% + R5 53 -10 25
70% RAP 26 -37 14
70%RAP +0.5 BC 41 -22 30
70% + R1 44 -19 40
70% + R5 43 -20 39
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Cost Associated with RAP No. 3

The researchers also calculated the materials cost for mixtures prepared with 70 percent RAP, two
rejuvenators, and binder contents as shown in Figures 70 and Table 18. The following observations can
be made based on the cost analysis:

e The control asphalt mixture (0 percent RAP) had an IDEAL-CTingex Of 49 which is moderate cracking
resistance according to the cracking performance thresholds proposed in RP 261 (Kassem et al.
2019). Also, the control mixture costs about $56 per ton.

o When the binder content was increased from 5.8 percent to 6.3 percent which represents 0.5
percent increase in OBC (i.e., 0 percent RAP + 0.5 BC), the IDEAL-CTindex Was increased from 43
(moderate cracking resistance) for the control mix to 102 (good cracking resistance) which is
considered a significant improvement. However, this resulted in an increase in the cost by 7
percent compared to the control mix.

o The use of 70 percent RAP decreased the cracking resistance (IDEAL-CTingex Of 23) which indicated
poor cracking resistance according to the thresholds presented in RP 261. Although the use of 70
percent RAP resulted in higher cost savings (i.e., 48 percent reduction), the cracking performance
was not acceptable (IDEAL-CTidex Of 23 demonstrates poor cracking resistance).

e Increasing the binder content from 5.8 percent to 6.3 percent which represents 0.5 percent
increase in OBC) combined with the use of 70 percent RAP (i.e., 70 percent RAP + 0.5 BC), resulted
in improved cracking resistance (IDEAL-CTingex Of 72) compared to the control mix (IDEAL-CTingex Of
49). This approach resulted in a higher cost reduction of 42 percent.

e The use of both rejuvenators (i.e., tall oil and waste vegetable oil) improved the cracking
resistance from poor performance for 70 percent RAP (IDEAL-CTnqex Of 23) to good performance
(IDEAL-CTingex of 118 for tall oil and IDEAL-CTngex Of 92 for waste vegetable oil) which is better than
the control mix (IDEAL-CTndex Of 49) at optimum binder content (0 percent RAP) and even to the
virgin mix at higher binder content (0 percent RAP + 0.5 BC). The use of tall oil and waste vegetable
oil resulted in cost reductions of 16 and 15 percent, respectively. These results further
demonstrate the effectiveness of the use of rejuvenators at higher RAP contents which are
consistent with the cost analysis of RAP No. 2.
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Figure 70. Cost Comparison of Mixtures with RAP No. 3 and Rejuvenators

Table 18. RAP No. 3 Cost Analysis Summary

Mix Type Cost ($/ton) Cost Difference Performance, IDEAL-CTindex
($/ton)
0% RAP 56 0 49
0% RAP +0.5 BC 60 4 102
70% RAP 29 -27 23
70%RAP +0.5 BC 33 -23 72
70% + R1 47 -9 118
70% + R5 48 -8 92

Cost Associated with RAP No. 4

The researchers also calculated the materials cost for mixtures prepared with different percentages of
RAP No. 4 (i.e., 0, 25, 50, and 70 percent), two rejuvenators (i.e., R6 and R7), and one binder content as
shown in Figures 71 and Table 19. In addition, the cost of mixtures prepared with 25 percent of RAP with
softer binder (i.e., PG 64-34) was included. The following observations can be made based on the cost

analysis:

e The control mix (i.e., 0 percent RAP) had an IDEAL-CTindex Of 90 which illustrates good cracking
resistance according to the cracking performance thresholds proposed in RP 261 (Kassem et al.

2019) and costs about S57 per ton.
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e Mixtures prepared with 25 percent RAP without rejuvenators resulted in 22 percent reduction in
the cost; however, these mixtures had lower cracking resistance (IDEAL-CTingex Of 59) compared
to control mixture (IDEAL-CTingex Of 90).

e The addition of rejuvenators R6 (at two doses of 6.6 and 8.3 percent by weight of reclaimed
binder) and R7 (at 11.3 percent by weight of reclaimed binder) with 25 percent RAP resulted in a
cost reduction of 19.4, 18.5, and 18.7 percent respectively. However, the use of R6 and R7 at 25
percent RAP resulted in reduced cracking performance compared to mixtures with 25 percent
RAP without rejuvenators (IDEAL-CTingex Of 59). The IDEAL-CTingex Values for mixtures prepared
with 25 percent RAP and 6.6 and 8.3 percent of R6 and 11.3 percent of R7 were 43, 56, and 54,
respectively.

e The use of softer binder grade (i.e., PG 64-34) at 25 percent RAP didn’t impact the cracking
performance (IDEAL-CTingex Of 59) compared to mixtures with 25 percent and PG 70-28 (IDEAL-
CTindex Of 60). Meanwhile, the cost increased by 6.4 percent as compared to the control mix (i.e.,
0 percent) and 36 percent as compared to mixtures with PG 70-28.

e The use of 50 percent RAP resulted in a cost reduction of 43 percent compared to the control mix
(0 percent RAP); however, this was associated with reduced cracking resistance (IDEAL-CTingex Of
90 for the control mixture compared to IDEAL-CTindex Of 59 for mixtures with 37 percent RAP).

e The use of R6 at a lower dose of 6.6 percent and a higher dose of 8.3 percent resulted in cost
reduction of 38.2 and 38.0 percent compared to the control mixture without RAP or rejuvenators.
However, this was associated with reduced cracking resistance (i.e., IDEAL-CTingex Of 36 and 44 for
the lower and higher doses of R6, respectively compared to IDEAL-CTingex Of 90 for the control
mixture). Similarly, mixtures prepared with 50 percent RAP and rejuvenator R7 showed 37.6
percent reduction in the total cost but with reduced IDEAL-CTngex Of 33 compared to the control
mixture of 90. These results showed that the use of both R6 and R7 were not effective at 50
percent RAP.

e The use of 70 percent RAP provided the maximum cost reduction of 60.9 percent; however, the
cracking performance decreased from good (IDEAL-CTngex Of 90 for the control mixture) to poor
(IDEAL-CTingex Of 24). The use of R6 at two doses (6.6 and 8.3 percent), and R7 at 70 percent RAP
reduced the cost by 55.1, 46.0, and 45.4 percent, respectively. Meanwhile, the IDEAL-CTindex
values for mixtures prepared with R6 and R7 at 70 percent RAP were much lower compared to
the control mixture without RAP but were slightly higher compared to mixtures with 70 percent
RAP. The use of 6.6 percent of R6 improved the cracking performance from poor for mixture with
70 percent RAP (IDEAL-CTngex Of 24) to good (IDEAL-CTngex Of 39).
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Figure 71. Cost Comparison of Mixtures with RAP No. 4 and Rejuvenators

Table 19. RAP No. 4 Cost Analysis Summary

Mix Type Cost ($/ton) Cost(lelzfoer:)e nce I:;::X[_n;:::'
0% RAP 57 0 90
25% RAP 44 -13 59
25% RAP+ (R6) 6.6% 45.54 -11 43
25% RAP+ (R6) 8.3% 46 -11 56
25% RAP+ (R7) 46 -11 54

25% RAP+ Softer Binder

(PG 64-34) 60 3 60
50% RAP 32 -25 37
50% RAP+ (R6) 6.6% 35 -22 36
50% RAP+ (R6) 8.3% 35 -22 44
50% RAP+ (R7) 35 22 33
70% RAP 22 -35 24
70% RAP+ (R6) 6.6% 25.37 -32 39
70% RAP+ (R6) 8.3% 31 -26 33
70% RAP+ (R7) 31 -26 29
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7. Conclusions and Recommendations

The researchers examined the performance of asphalt mixtures with different percentages of RAP. In
addition, they evaluated the use of rejuvenators to improve the performance of asphalt mixtures through
a balanced mix design approach that produces asphalt mixtures with sufficient resistance to cracking and
rutting. The researchers prepared and tested mixtures prepared with different sources of RAP (i.e., RAP
No. 1, RAP No. 2, RAP No. 3, and RAP No. 4) as well as different RAP contents (e.g., 0, 25, 50, 70 percent
RAP). Seven unique commercially available rejuvenators (i.e., R1 though R7) were acquired and included
in the testing program. These rejuvenators were tall oil, aromatic extract, bio-based forestry, engineered
product, triglycerides and fatty acids product, bio-based oil, petroleum-based oil for R1 through R7,
respectively. Asphalt mixtures prepared employing different doses of each rejuvenator were examined as
discussed in Chapter 3. Furthermore, the researchers prepared and tested asphalt mixtures at different
binder contents (i.e., optimum binder content [OBC] and OBC+0.5 percent) and binder grades (e.g., PG
58-28, PG58-34, PG, PG 64-28, PG 64-34, and PG 70-28).

Also, the researchers prepared Plant-Mixed Laboratory-Compacted (PMLC) test specimens obtained from
new ITD paving projects. Loose asphalt mixtures from 23 projects were obtained and tested to evaluate
the cracking and rutting performance of asphalt mixtures currently produced and used in the state. These
projects were distributed across the six districts of the state (District 1 to District 6). The mixtures included
different mix designs, binder grades, percent of RAP content, and percent of RAP binder replacement as
discussed in detail in Chapter 3. The researchers evaluated the performance of the test mixtures based
on the performance thresholds developed in RP 261 and the ones proposed in the respective standards
and literature.

The researcher conducted several laboratory tests to evaluate the cracking and rutting performance of
asphalt mixtures examined in this study. The cracking tests included the Indirect Tensile (IDT) Strength
Test in accordance with ASTM D8225 to evaluate the intermediate cracking resistance. In addition, the
researchers evaluated the low temperature cracking performance of selected mixtures by measuring the
creep compliance and strength of the test mixtures at low temperature in accordance with AASHTO T 322.
In addition, the researchers examined the rutting performance of the test mixtures in accordance with
AASHTO T 324. The main findings from this study are summarized below.

Evaluation of the Performance of Asphalt Mixtures Prepared with RAP and Rejuvenators
e The cracking resistance decreased with the increase of RAP content. Both IDEAL-CTindex and
Weibullcri decreased with the increase of RAP content which demonstrates reduced cracking
resistance. Meanwhile, the IDTstength increased with the increase of RAP content which
demonstrates that the mixtures become stiffer with the addition of RAP.
e The use of rejuvenators in mixtures with low RAP content (e.g., 25 percent), especially for
mixtures with good cracking performance, didn’t improve the cracking resistance (i.e., did not
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increase IDEAL-CTindex). In fact, it was observed that the addition of some rejuvenators (i.e., R4
and R6) could be detrimental to the cracking resistance at low RAP content for mixtures with good
cracking resistance at low RAP content.

e Mixtures prepared with 70 percent RAP had statistically significant lower IDEAL-CTingex Values
compared to the ones without RAP (0 percent RAP) irrespective of the binder grade.

e The favorable effect of rejuvenators in asphalt mixtures is observed in mixtures with higher RAP
content (e.g., 70 percent) for different RAP sources evaluated in this study. In some cases (e.g.,
RAP No. 2 and RAP No. 3), it was possible to produce mixtures prepared with 70 percent RAP and
rejuvenators that provided comparable cracking performance to the mixture without RAP.

e The use of rejuvenator R1 (tall oil) and rejuvenator R5 (waste vegetable oil) with mixtures with
high RAP contents provided the best performance compared to other rejuvenators examined in
this study, and these mixtures had comparable cracking performance to the virgin mix (i.e., 0
percent RAP).

e The binder PG did not affect the IDEAL-CTinqex for mixtures without RAP (0 percent RAP) and those
prepared with 70 percent RAP. However, the IDTstrength for mixtures prepared with PG 64-28 and
PG 70-28 was higher compared to the ones for PG 58-34 for the mixtures without RAP. The results
of IDTstrength Were comparable for mixtures of different binder PG at higher RAP content (70
percent RAP) which demonstrates stiffer mixtures. Also, the rejuvenator R1 provided better
results with softer binders, likely due to better compatibility between that product and the binder
used.

e The rejuvenator R4 (engineered product) at a higher dose improved the cracking performance of
mixtures with RAP; however, these mixtures failed the rutting criteria prematurely (i.e., the
mixtures were over softened). These results demonstrated the importance of following a
balanced mix design (BMD) approach to satisfy both cracking and rutting criteria.

e Depending on the RAP source and aging conditions, rejuvenators could improve the cracking
performance significantly.

e Increasing the binder content was found to increase the cracking resistance for some mixtures
with or without RAP. This further emphasizes the effectiveness of following BMD approach.

e The use of rejuvenators R1 and R5 could slightly increase the rut depth compared to the control
mixtures (i.e., 70 percent RAP); however, such increase is not statistically significant. All mixtures
prepared with these rejuvenators passed the rutting criteria.

e All mixtures with and without rejuvenators prepared with RAP No. 4 provided good rutting
resistance and there was no sign of moisture damage or stripping and the rut depth for all mixture
was under 4 mm. Meanwhile, the use of RAP in the mixtures tends to decrease the rut depth.

e The use of rejuvenator R1 (tall oil) and rejuvenator R5 (waste vegetable oil) provided higher creep
compliance compared to the virgin mixture (0 percent RAP) and control mixture (70 percent RAP)
which demonstrated improved cracking resistance at a low temperature.

e Some rejuvenators (e.g., R1 and R5) were highly effective in improving cracking performance of

asphalt mixtures with higher RAP content, which offers significant environmental and economic
benefits. Furthermore, these rejuvenators enhanced the thermal cracking performance.
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There was a good agreement between the results of IDTsiength (Mmeasured at -10 °C) and that of
the creep compliance test. The results further demonstrated the favorable impact of rejuvenators
on improving the performance of asphalt mixtures with high RAP content at low temperature.

Evaluation of Cracking and Rutting Performance of Plant Mixtures

The researchers examined the cracking and rutting performance of 23 loose mixtures collected
from new paving projects. These loose mixtures were collected from different districts in Idaho
and have different properties.

Most of the field mixes (18 out of 23) exceeded the proposed IDEAL-CTinqex threshold of 73.7 which
indicates that these mixtures are expected to exhibit good cracking resistance in the field. Four
projects were within the moderate cracking performance range, while only one project had an
IDEAL-CTingex less than the minimum proposed threshold of 26.4 which demonstrates poor
cracking resistance.

Based on the cracking performance results of IDEAL-CTngex and Weibullcr and the corresponding
thresholds proposed in RP 261, there is no concern with the expected cracking performance of
most asphalt mixtures currently produced in Idaho.

The results demonstrated that IDEAL-CTingex, Weibullcr, Nrex, CRI, and FI had direct strong
correlations (r > 0.90). Also, the results showed that both IDTstrength and IDTmoguius had an inverse
correlation with most indicators (i.e., that IDEAL-CTingex, Weibullcr, Nrex, CRI, and Fl), except
between each other.

The Pearson correlation results demonstrated that Weibullcri and IDEAL-CTingex had a strong
correlation (r = 0.964); however, Weibullcr had lower variability in the test results (average COV
= 6.6 percent) compared to IDEAL-CTingex (average COV = 18.8 percent) which is consistent with
the results of ITD RP 280 (Kassem et al. 2021).

The HWTT rut depth for the field mixes ranged from 1.12 mm to 4.41 mm after 20,000 passes.
Therefore, all the mixtures had a rut depth way below the maximum threshold of 12.5 mm after
20,000 passes.

The HWTT results further demonstrated that there was no sign of moisture damage. Most of the
examined projects had anti-strip agents of 0.5 percent except Project No. 1 and No. 13 where 0.75
percent was used.

Based on the HWTT results, there is no concern on the rutting performance of asphalt mixtures
currently produced in Idaho which is consistent with the findings of RP 261 and RP 280.

Economic Benefits of Incorporating RAP and Rejuvenators in Asphalt Mixtures

The researchers conducted cost analysis to assess economic savings associated with using
rejuvenators with high RAP content in asphalt mixtures without compromising the performance
(i.e., cracking and rutting resistance).

At 25 percent RAP, increasing the binder content was more effective than using rejuvenators in
terms of cracking performance and associated cost reduction. This leads to cost savings as well as
producing mixtures with comparable or improved performance.

At 50 percent RAP, the use of rejuvenator R1 (tall oil) was the most cost-effective alternative to
improve performance as compared to the other rejuvenators including R2 (waste vegetable oil)
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or increasing the binder content. In addition, R1 provided comparable cracking performance to
that of the virgin mixture.

e Ata higher percentage of RAP (e.g., 70 percent), the use of rejuvenators (especially R1) was very
effective in improving the cracking resistance with associated cost savings.

Recommendations and Implementation

The results of this study demonstrated that the use of rejuvenators in asphalt mixtures with RAP is
beneficial and could offer environmental benefits and cost savings. However, it is more cost effective to
incorporate rejuvenators in mixtures with high RAP content (e.g., 50 or 70 percent). The cracking
performance of mixtures with certain rejuvenators and high RAP content could be comparable to that of
the virgin mixture (0 percent RAP) with additional cost savings. At a low RAP content, increasing the
binder content could be more effective in improving the cracking resistance and reducing the cost of
asphalt mixtures as compared to that of the virgin mixtures. In addition, the use of rejuvenators R1 (tall
oil) and R2 (waste vegetable oil) were found effective in improving the cracking resistance and providing
cost savings compared to other rejuvenators. Furthermore, different doses of rejuvenators should be
evaluated at the mixture level to select the optimum dose based on cracking performance.

Based on the cracking and rutting assessment of 23 PMLC projects, it is recommended to implement the
performance thresholds for cracking and rutting proposed in RP 261 and further evaluated in RP 280 and
this study (RP 292) in assessing the performance of asphalt mixtures produced in the state as well as
designing new mixtures using a BMD approach. The results of this study clearly demonstrate the
importance of implementing a BMD approach to optimize the design of asphalt mixtures prepared with
RAP and rejuvenators to provide adequate performance in terms of cracking and rutting resistance.
Furthermore, the balanced mix design should be supplemented by conducting a cost-benefit analysis to
compare different alternatives that provide acceptable performance.

Itis recommended to construct trial sections in the field. These sections should be constructed using
asphalt mixtures designed based on a BMD approach. The performance thresholds proposed in RP 261
and evaluated in this study can be adopted to ensure adequate resistance to cracking, rutting as well as
moisture damage. The asphalt mixtures used in these sections should be prepared with RAP and
rejuvenators. The performance of these sections should be monitored overtime to evaluate the need to
revise or adjust the performance thresholds proposed for the BMD approach. In addition, field cores
should be extracted and tested in the laboratory to examine the correlation between laboratory tests
and field performance.
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Appendix A. RAP Properties

I Design Specifications: Blend 1/ 75 Gyrations @ N Design PG 64-28 (58-34 Adjusted Binder)

Gyratory Model #  AFGZAS

Compactor: Serial # B4 Job Mix Formula Spec
1 Percent Asphalt by Welght of Totsl Mix 53 -
2 Percent Asphalt by Weight of Aggregate 5.64 -
3 Virgin Asphalt by Weight of Mix 4,08 -
4 Vingin Asphall by Weight of Aggregate 4.32 =
5 Percent Alr Volds {Pa} 4.0 4.0
& Volds in Mineral Aggregate (VMA} 15.6 14 min
7 Compacted Unit Weight Gmb, pcf 2.386 147.3 -
E Theoretical Maximum Density Gmm, pef | 2465 153.4 -
9 Parcant Effiective Asphall Contant (Pbe) 5.04 -
16 Parcent Absorbed Asphalt (Pba) 0.32 -
11 Specific Gravity of Binder (Gb) 1.028 -
12 Percent Gmm @ N Initial (7 Gyrations) 6.6 =89.0
13 Percent Gmm @ M Design (75 Gyrations) 6.0 95.0
14 Parcant Grom @ N Max (115 Gyrations) ar3 88,0
i5 Dust to Asphalt Ratio (DP) 1.1 0.6-1.4
15 Percent Passing #200 Sieve 5.6 2.0-10.0
17 Voids Filled wi Asphalt {VFA) 74 5-T5
18 Labaoratory Mixing Tampsraturs for Design (*F) 320 316-324
19 Labkoratory Compaction Temperature for Design (*F) 298 285-303
20 Laboratory Sampls Weight for Volumetric Testing {g) 4720 -
il _Ignition Oven [NCAT) Carrection Factor @ 538 *F 0.30 -
2 *Los Angeles Abrasion (LAR) (%) 24 30 max
23 *|daho Degradation A % -200 3.5 5.0 max
24 Sand Equivalent BE 40 rmin
5 “Fragiure Face Count (%) 96/56 a0
6 Fine Aggragate Angularity (%) 47.2 40 min
27 *Flat and Elongated Particles in Coarse Aggregates (%) 0.3 10 max

Recycled Asphalt Pavement (I Properties

28 Parcentage of Asphall in RAF (W1 of Mix) 4,20
i) Parcentage of RAP by Total Waight of Aggregate 30 =
30 Percent of RAP Binder by Wesght of Total Binder 24 30 max
ER RAP Contribution by Mix 1.26 --
32 RAP Contribution by Aggregate 132
EE] RAF NCAT Comrection Factor 0.36 -

*Composite blend including RAP

Figure A.1: RAP No. 1
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Project Name: yS-26, MP 271.83 to MP 284.2; US-26, Puzzle to MP
283

Project Number: A020(590) Project Key Number: 20590
Asphalt Mix Type: 19 mm SP3 (Design ESALs, 1<10) Mix Producer:
JMF Identification: 20036-19mmSP3-R30 Specified Oil: PG 58-34
Binder Suppher: ldaho Asphalt Supply Adjusted Oil:_ PG 58-34
Anti-Strip:_Morlife 5000 Agg. Source Number: Bu-26s
Job Mix Formula Targets and Volumetric Data
Target Oil Content: 5.0 RAP Percent By Binderr 30 JMF G ,,, Specimen Weight 4675
Virgin Oil Added by Mix: 3.5 RAP Oil Contribution: 1.5 JMF Ncat Correction Factor: 0.40
Virgin Oil Added by Agg: 3.7 Compaction Temp. Range: 288-302 °F _Lab Compaction Temp (F°). 292
Percent Anti-Strip.  0.75 Mixing Temp. Range: 315-329 °F Binder Specific Gravity (G,): 1.0293
Aggregate, RAP and Binder Specific Gravities
Combined Gsb: 2.585 Effective Specific Gravity (G ,,): 2.624 D6 RAP Bulk Specific Gravity:  2.589
Fine Aggregate Gsb: 2.562 Fine SSD Specific Gravity - 2.608 IF RAP Bulk Specific Gravity:  2.605
Coarse Aggregate Gsb: 2.594 Coarse SSD Specific Gravity :  2.621 Fine Apparent Specific Gravity (G,,).  2.679
Fine Agg. % Absorption 1.6 Coarse Agg. % Absorbtion: 1.1 Coarse Apparent Specific Gravity (G ., ): 2.667
IF RAP Correction Factor: _ 0.08 D6 RAP Correction Factor:  0.07
Job Mix Formula Target Volumetric Properties
Design _Spec. Design _ Spec.
Maximum Theoretical Specific Gravity (G nm): 2.435 - Bulk Specific Gravity (G .»): 2.338 -
Percent Air Voids (P,): 4.0 |2550 Voids In Mineral Aggregate (VMA): 141 | 13.0 min
Voids Filled with Asphalt (VFA): 72 65-75 Dust Proportion (OP): 1.2 0.6-1.4
Absorbed Apshalf (P,,): 0.59 - Effective Asphait Content (P,,): 4.44 -
Density Percent G n, @ Nini:_97.6 | 589.0 Density Porcent G s @ Ndes: 96 | 96.0
Density Percent G ny, @ Nmax: 97.3 | $98.0 Average Rut Depth @15,000 Passes 6.2 | 10.0 max
Uncompacted Void Content of Fine Aggregate: 81 | 40 min Sand Equivalent: 60 | 40 min
Fracture Face Coarse Aggregate (1 Face/2 Face): 98/98 | 75/60 Flat and Elongated Particles: 0 10 max
Average IDEAL-CT Cracking Index: 123 80 min
JMF Target Aggregate, Breakdown, Proportions
Blend Percentages: A-Pile: 120 B-Pile: 21.0 C-Pile:  37.0 IFRAP: 20.0 D6 RAP: 10.0

Job Mix Formula Aggregate Gradations & Stockpile Averages
1" 3/4" 1/2" 8" e #8 #16 #30 #50  #100  #200
JMF Specifications: 100 90-100 90 max 28-58 20-100
JMF Target Gradation: 100 99 85 73 48 32 23 17 12 8.0 5.2
Ncat CF. Gradation: 100.0 983 844 727 492 307 232 16.9 11.9 7.2 4.2
_Agg. Comrection Factor: 0.0 0.7 0.6 0.3 -1.2 1.3 -0.2 0.1 0.1 0.8 1.0
A-Pile 100 91 21 5 2 1 1 1
B-Pile 100 100 80 45 5 2 2 1 1 1 0.7
Breakdown. 100 100 100 100 100 100 100 100 100 100 90.0
C-Ple. 100 100 100 100 80 53 35 24 16 10 7.3
IF Category 1 RAP. 100 100 96 88 62 43 33 28 22 14 7.6
D6 Category 1 RAP._ 100 100 90 78 51 36 28 22 17 12 7.6

1 1 0.6

Figure A.2: RAP No. 2
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Design Specifications: Blend 4 175 Gyrations @ N Design PG 70-28 (64-34 Adjusted Binder)

Gyratory Medal #  AFGIAS

Compactbor: Serlal #8732 Jab Mix Formula Spec

1 Percent Asphalt by Waight of Tolal Me 5.1 -

H __ Parcant Asphalt by Weight of Aggregate 5.4 -

3 Wingin Asphal by Weight of Mx 362 -

4 ingin Asphalt by Walght of Aggregate 383 -

5 Parcant Air Voids (Pa) 4.0 4.0
& \aids in Mineral Aggregabs [VALA) 14.7 14 min

T Compacted Unit Weight Gmb, paf 2485 164.7 =

] Thearatical Maximum Density Gmm, pod 2.580 1681.2 -

9 Percont Effective Asphalt Cantant (Fba) 4.44 ==

1] Parcent Absarbed Asphalt (Pha) (L] -

11 Specific Granity of Binder [(Gb) 1.030 -
12 Pepcert Gmm £ M il (7 Gyratons) BA.4 5 800
13 Parcant Gmm & M Design (75 Gyrations) w0 96.0
14 Parcant Gmim @ M Max {116 Gyrationg) 9TE 9B
15 Dust to Asphalt Ratia (DF) 13 0.6-1.5
16 Parcan Pagaing #200 Sieve i) 2.0-10.0
17 ‘okls Filked wi' Asphal {VEA) T3 B5-76
15 Lataratony Mixing Tempemiure for Design (°F) 328 az1-328
13 Labaratony Cormpaciion Temperatura for Design (*F) 305 708-308
m Laborsiary Sampbs Weight for Valumetric Tasting {g) 4850 -

1 Ignitign Cwen (MCAT) Comection Faclar 482 °F 1.85 -

2 "Los Angelas Abrasion (LAR) () n 30 max
3 “Idaho Degredation o % -200 2.6 5.0 max
4 Sand Equivalent [ 40 min
5 “Frachura Faca Cour [Fe) SE93 TERE0
5 Fina Aggregata Angularity (%) 480 40 min
27 “Fiad and Elongated Particles in Coarse Aggregates (%) 31 10 Max

Recycled Asphalt P t (RAF) Proparties

28 Parcaniage of Asphall in RAF WE of Mix) 4.34 =

29 Percentage af RAP by Tatal Wiaight of Aggregate 4 =
3 Percant of RAP Binder by 'Waight af Total Binder 29 30 Max
31 RAP Cantribulion by Mix 1.48 -

az AP Contrinution by Aggrageta 1.54 -

35 RAP NCAT Cormaction Faclor 1.73 -

“Composite blend including RAP

Figure A.3: RAP No. 3
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Table A.1: RAP No. 4

True RAP Grade:

PG 82-16

Available Asphalt Content (RAP): 5.3%

Sieve Size % Passing
1” 100
%" 100
%" 94

3/8” 83
No. 4 57
No. 8 42
No. 16 33
No. 30 25
No. 50 17
No. 100 11
No. 200 7.2
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Appendix B. Rejuvenator Dose using Blending Charts

Table B.1: Binder Blend Critical Temperatures (°C)

Testing Property RAP R6 (5%) R6 (8%) R7 (8%) R7 (12%)
(units)
Org. High G*/sind (1 85.3 81.9 74.2 78.7 70.7
kPa)
RTFO G*/sind (2.2 89.0 84.1 81.2 81.2 75.6
High kPa)
PAV BBR BBR, Stiffness -24.5 -31.2 -34.7 -36.2 -40.7
(300 MPa)
PAV BBR BBR, m-value -16.2 -24.5 -31.7 -17.3 -20.0
(0.3)
True PG 85.3- PG 81.9- PG 74.2- PG 78.7- PG 70.7-
Grade 16.2 24.5 31.7 17.3 20
PG Grade PG 82-16 | PG 76-22 PG 70-28 PG 76-16 | PG 70-16
(M320)

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
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Table B.2: Calculated Dose

DSR/BBR property PG 70-28 value RA type RA dose (%)
Stiffness (BBR) 245 R6 3.6
Stiffness (BBR) 245 R7 -1.3
m-value (BBR) 0.32 R6 8.3
m-value (BBR) 0.32 R7 31.6

G*/sin(6) 1.36 R6 8.3
G*/sin(6) 1.36 R7 11.3
Log [G*/sin(8)] 0.13354 R6 8.5
Log [G*/sin(8)] 0.13354 R7 11.0
m-value (#2) 0.3 (standard minimum) R6 6.6
m-value (#2) 0.3 (standard minimum) R7 23.6
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Appendix C. LMLC Mix Desigh Summary

I Design Specifications: Blend 1/ 75 Gyrations @ N Design PG 64-28 (58-34 Adjusted Binder) |

Gyralory Model #  AFGZAS

Compactor: Serial # 8436 Job Mix Formula Spec
1 Percent Azphalt by Welght of Totsl Mix 53 -
2 Percent Asphalt by Weight of Aggregate 5.64 -
3 Virgin Asphalt by Weight of Mix 4,08 -
4 Virgin Asphall by Wesght of Aggregate 4,32 --
H Percent Alr Volds {Pa} 4.0 4.0
& Voids in Mineral Aggregate (VIMA) 15.8 14 min
7 Compacted Unit Weight Gmb, pcf 2.386 147.3 -
E Thearetical Maximum Density Gmm, pef 2,485 1534 -
] Parcant Effiective Asphall Content (Pbe) 5.04 -
16 Parcant Absorbed Asphalt (Pea) 0.32 -
11 Specific Gravity of Binder (Gb) 1.028 -
12 Percent Gmm @ N Initial (7 Gyrations) 6.6 = B9.0
13 Percent Grnm (@ N Design {75 Gyrations) 96.0 96.0
14 Parcant Grom @ N Max (115 Gyrations) ars % 88.0
i5 Dust to Asphalt Ratio (DF) 1.4 0614
16 Percent Passing #200 Sieve 5.6 2.0-10.0
17 ‘oids Filled wi Asphalt (VFA) T4 B5-T5
18 Laboratory Mixing Tempsratura for Design (*F) 320 316-324
19 Laboratory Compaction Temperature for Dasign ("F) 298 285-303
20 Laboratory Sample Waight for Volumetric Testing (g) 4720 -
L _Ignition Oven [NCAT) Corection Faclor @ 538 *F 0.30 -
2 *Los Angeles Abrasion (LAR) (%) 24 30 max
23 *|dakho Degradation A % -200 3.5 5.0 max
24 Sand Equivalent B6 40 rmin
5 “Fraciure Face Count (%) 86/06 7560
26 Fine Aggragate Angularity (%) 47.2 40 min
k1 *Flat and Elongated Particles in Coarge Aggregates (%) 0.3 10 max

Recycled Asphalt Pavement (| Properties

28 Parcentage of Asphall in RAF (WL of Mix) 4,20
paj Percantage of RAP by Total Weight of Aggregate 30 -
30 Percent of RAP Binder by Wesght of Total Binder 24 30 max
31 RAP Contribution by Mix 1.26 --
3z RAP Contribution by Aggregate 132
EE] RAF NCAT Comection Factor 0.36 -

*Composite blend including RAP

Figure C.1: Mix Design of LMLC with RAP No. 1
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Asphalt Mix Type.  12.50 mm SP3 (Design ESALSs 1<10) Mix Producer KRC

JMF Identification: 21030 Specified Ofl: PG 58-28
Binder Supplier: Idaho Asphalt Adjusted Oil NR
Job Mix Formula Targets and Volumetric Data
Target Od Content: 6.8 RAP Percent By Binder 175 JMF G .o Specimen Weight 4650
Virgin Od Added by Mx: 4.8 RAP O Contribution: 1.02 JMF Ncat Correction Factor:  0.73
Virgin Ol Added by Agg: 5.1 Compaction Temp. Range: 272-281 Lab Compaction Temp (F7). 275
Percent Anti-Strip:_ 0.06 Mixing Temp. Range: 293-305 RAP Comection Factor: _ 0.53
Aggregate, RAP and Binder Specific Gravities
Combined G, 2.591 Effective Specific Gravity (G,.)  2.657 RAP Bulk Specific Gravity: 2685
—_Fine Aggregate G~ 2.559 Fine SSD Specific Gravity . 2.615 Fine Apparent Specific Gravily (G ). 2711
Coarse Coarse G~ 2.581 Coarse SSD Specific Gravily ©  2.629 Coarse Apparent Specific Gravily (G,). 2710
Fine Agg.% Absorbtion”  2.223 Coarse Agg. % Absorbtion: 1.80 Binder Specific Gravity (G,): _ 1.0317
Job Mix Formula Target Volumetric Properties
Design _ Spec. Design _ Spec.
Maximum Theoretical Specific Gravity (G ). _ 2.433 = Bulk Specific Gravity (G ..): 2.335 -
Percent Air Voids (Pa) 40 2550 Voids in Mineral Aggregate (Vma). 151 14.0 min
Voids Filled with Asphalt (VFA) 74 6575 Dust Proportion (DP). 12 06-14
Absorbed Apshalt (Py,): 1.0 - Effective Asphalt Content (P,,): 4.9 -
Density Percent Gmm @ Nini 869 <890 _Uncompacted Void Content of Fine Aggregate: 610 40.0
Densily Percent Gmm @ Ndes:  96.0 96 Sand Equivalent (SE): &7 40
Densily Percent Gmm @ Nmax: 975 <980 Flat and Elongated Partices: 0 10
Fracture Face Coarse Aggregate (1Face/2Face): 1001100 75/80 Rut Depth @ 15,000 Passes (Averags): NR <100 mm
IDEAL-CT Cracking Index (Average): NR 80
JMF Target Aggregate, Breakdown, Proportions

__Blend Percentages: BPile 400 CPio 400 RAP 200
Job Mix Formula Aggregate Gradations & Stockpile Averages

1 4" 12* k% = #3 #16 #30 #50 #100  #200
JMF Specifications: -~ 100 90-100 0 max - 2858 - - - - 20100
JMF Target Gradation: 100 100 90 7 85 38 25 18 13 ) 6.1
Ncat CF. Gradation: 100 100 2 ™ 55 38 25 13 13 10 65
Agg. Correction Factor, 0.0 0.0 22 0.1 0.1 03 02 02 0.0 086 04

B-Plle 100 100 79 54 12 2 1 1 1 1 06
CPie 100 100 . 100 100 93 70 46 32 2 15 10.7

RAP 100 100 54 86 64 46 33 2 17 12 80

)

Figure C.2: Mix Design of LMLC with RAP No. 2
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Design Specifications: Blend 4 /75 Gyrations @ N Design PG 70-28 (64-34 Adjusted Binder)

Gyratory Model 8 AFGZAS

Compacior: Serial # 8732 Job Mix Formula Spac
1 Percant Asphalt by Waeight of Total Mix 51 -
z Percent Asphalt by Weight of Aggregate 5.4 .-
3 Virgin Asphalt by Weight of Mix 362 -
4 Wirgin Asphalt by Welght of Aggregate 383 =
5 Percent Air Voids (Fa) 4.0 40
6 Voids in Mineral Aggregats (VMA) 14.7 14 min
7 Compactad Unit W-aightﬁmb, pof 2.485 154.7 -
Theoretical Maximum Dengity Gmm, pof | 2.589 161.2 -
g Parcent Effective Asphalt Content (Pha) 4.44 -
10 Parcent Absorbed Asphall (Pba) 0.59 -
11 Specific Gravity of Binder (Gh) 1,030 -
12 Percent Gmm @ N initial (7 Gyrstions) B6.4 £ 88.0
13 Parcent Gmm @& N Design (75 Gyrations) 96,0 96,0
14 Percent Gmm @ N Max (115 Gyrations) 9T £98.0
15 Duest fo Asphalt Ratio (OF) 1.3 0.6-1.8
18 Percent Passing #200 Sleve 5.8 2.0-10.0
7 Vioids Fillad w! Asphait (VFA) 72 65-75
18 Laboratony Mixing Temperature for Design (°F) 328 321-320
19 Laborainry Cornpaction Temperature for Design (°F) 308 268-308
it Labaratory Sample Weight for Violumetric Testing (g) 4950 -
il Ignition Owen (NCAT) Comection Fackor @ 482 °F 1.05 -
2 *Los Angeles Abrasion (LAR) (%) il 30 max
23 “ldaho Degredation & % -200 2.6 5.0 max
4 Sand Eguivalent 5] 40 min
25 “Fraciure Face Count (%) area TEE0
26 Fina Aggregate Angularity (%) 4.0 40 min
27 *Flat and Elongated Particles in Coarse Aggregates (%) ad 10 Max
Recycled Asphalt Pavament (FLAF) Properties
26 Percentage of Asphalt in RAP (Wi of M) 4.34 =
] Percentage of RAF by Total Weight of Aggragate a4 -
30 Percent of RAP Binder by Waeight of Total Binder 28 30 Max
31 RAP Contribution by Mix 1.48 -
32 RAP Contribution by Aggregate 1,54 -
33 RAP MCAT Corraction Facior 1.73 -

“Composite blend including RAP

Figure C.3: Mix Design of LMLC with RAP No. 3
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Table C.1: Mix Design of LMLC with RAP No. 4

%

Y

*s

Sieve Size | | ' _ , No.4 | No.8 | No.16 | No.30 | No.50 | No.100 | No.200
inch | inch | inch | inch

Virein 1 400 | 100 | 94 | 76 | s0 | 37 | 24 18 14 10 5.3

% Passing

RAPA 1 100 | 100 | 04 | 83 | 57 | 42 | 33 25 17 11 7.2

% Passing

o)

25%RAP | 1001 100 | 94 | 76 | s0 | 37 | 24 | 18 | 12 | 10 5.3

% Passing

[0)

S0%RAP 1 100 1 100 | 94 | 76 | 50 | 37 | 24 | 18 | 12 | 10 5.3

% Passing

[0)

TO%RAP | 100 | 100 | 94 | 76 | 50 | 37 | 24 | 18 | 14 | 10 | 53

% Passing

COI'.ltl’Ol 100 90 28 2.0

Points

Control 100 | 100 | 90 58 10.0

Points

Restricted 39.1 | 25.6 19.1 15.5

Zone

Restricted 391 | 316 23.1 15.5

Zone
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Mix Property Job Mix Formula Spec.
Percent Asphalt by Weight of Total Mix 5.3
Percent Asphalt by Weight of Aggregate 5.3
Percent Air Voids (Pa) 4.1 4.0
Voids in Mineral Aggregate (VIMA) 14.7 14 min
Compacted Unit Weight Gmb, pcf 2.307
Theoretical Maximurm Density Gmm, pcf 2.406
Percent Effective Asphalt Content (Pbe) 4.7
Percent Absorbed Asphalt (Pba) 0.54
Specific Gravity of Binder {Gb) 1.0331
Percent Gmm @ N Initial (7 gyrations) 86.7 <83.0
Percent Grnm @ N Design (75 gyrations) 95.9 96.0
Percent Grm @ N Maximum (115 gyrations) 96.8 <58.0
Dust to Asphalt Ratio (DP) 11 0.8-1.2
Percent Passing #200 Sieve 5.0 3.0-6.0
Voids Filled with Asphalt (VFA) 72.1
Labaratory Mixing Temperature for Design (F) 336 327-337
Laboratory Compaction Temperature for Design (F) 314 306-316
Laboratory Sample Weight for Volumetric Testing (g) 4741
Ignition Oven (MCAT) Correction Factor @ 538 F 0.37
Los Angeles Abrasion (LAR) (%) 29 40 max
Sand Equivalent 64 45 min
Fracture Face Count (%) 98 75 min (2 Face)
Fine Aggregate Angularity (%) 46.1 45.0 min
Flat and Elengated Particles in Coarse Aggregates (%) 0 20 max (3:1)
Coarse Clay Lumps and Friable Particles 0 0.3 max
Fine Clay Lumps and Friable Particles 0 0.3 max
Percent Natural Sand 0 15 max
Coarse Sodium Sulfate Soundness 11 12 max

Figure C.4: Mix Design of LMLC with RAP No. 4
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Appendix D. PMLC Mix Design Summary

Project Name: US-26, MP 271.83 to MP 284.2; US-26, Puzzle to MP
283

Project Number: A020(590) Project Key Number: 20590
Asphalt Mix Type: 19 mm SP3 (Design ESALs, 1<10) Mix Producer:
JMF Identification: 20036-19mmSP3-R30 Specified Oil: PG 58-34
Binder Suppher: ldaho Asphalt Supply Adjusted Oil:_PG 58-34
Anti-Strip:_Morlife 5000 Agg. Source Number: Bu-26s
Job Mix Formula Targets and Volumetric Data
Target Oil Content: 5.0 RAP Percent By Binder: 30 JMF G ,, Specimen Weight 4675
Virgin Oil Added by Mix: 3.5 RAP Oil Contribution: 1.5 JMF Ncat Cormrection Factor: 0.40
Virgin Oil Added by Agg: 3.7 Compaction Temp. Range: 288-302 °F Lab Compaction Temp (F%): 292
Percent Anti-Strip:  0.75 Mixing Temp. Range: 315-329 °F Binder Specific Gravity (G,): 1.0293
Aggregate, RAP and Binder Specific Gravities
Combined Gsb: 2.585 Effective Specific Gravity (G ,,): 2.624 D6 RAP Bulk Specific Gravity:  2.589
Fine Aggregate Gsb: _2.662 Fine SSD Specific Gravity - 2.608 IF RAP Bulk Specific Gravity: _ 2.605
Coarse Aggregate Gsb: 2.594 Coarse SSD Specific Gravity :  2.621 Fine Apparent Specific Gravity (G,,): 2.679
Fine Agg. % Absorption 1.6 Coarse Agg. % Absorbtion: 1.1 Coarse Apparent Specific Gravity (G ., ): 2.667
IF RAP Correction Factor: _ 0.08 D6 RAP Correction Factor:  0.07
Job Mix Formula Target Volumetric Properties
Design _Spec. Design _ Spec.
Maximum Theoretical Specific Gravity (G nm): 2.435 - Bulk Specific Gravity (G .»): 2.338 -
Percent Air Voids (P,): 4.0 |2550 Voids In Mineral Aggregate (VMA): 141 | 13.0 min
Voids Filled with Asphalt (VFA): 72 65-75 Dust Proportion (OP): 1.2 0.6-1.4
Absorbed Apshalf (P,,): 0.59 - Effective Asphalt Content (P.,): 4.44 -
Density Percent G mn @ Nini: _97.8 | $89.0 Density Porcent G mm @ Ndes: 96 | 960
Density Percent G ., @ Nmax: 97.3 | s980 Average Rut Depth @15,000 Passes 6.2 | 10.0 max
Uncompacted Void Content of Fine Aggregate: 81 | 40 min Sand Equivalent: 60 | 40 min
Fracture Face Coarse Aggregate (1 Face/2 Face): 98/98 | 7560 Flat and Elongated Particles: 0 10 max
Average IDEAL-CT Cracking Index: 123 80 min
JMF Target Aggregate, Breakdown, Proportions
Blend Percentages: A-Pile: 120 B-Pile: 21.0 C-Pile:  37.0 IFRAP: 20.0 D6 RAP: 10.0

Job Mix Formula Aggregate Gradations & Stockpile Averages
1 3/4" 1/2" 8" e #8 #16 #30 #50  #100 _ #200
JMF Specifications: 100 90-100 90 max 28-58 20-100
JMF Target Gradation: 100 99 85 73 48 32 23 17 12 8.0 5.2
Ncat CF. Gradation: 1000 983 844 727 492 307 232 16.9 11.9 7.2 4.2
_Agg. Cormrection Factor: 0.0 0.7 0.6 0.3 -1.2 1.3 0.1 0.1 0.8 1.0
A-Pile 100 91 21 5 2 1 1 1 0.6
B-Pile 100 100 80 45 5 1 1 1 0.7
Breakdown: 100 100 100 100 100 100 100 100 90.0
C-Pie: 100 100 100 100 80 24 16 10 73
88 28
78 22

IF Category 1RAP.__ 100 100 96 62 22 1416
D6 Category 1 RAP.__ 100 100 90 51 171218

g/5(2ig/s[-
28832

Figure D.1: Job Mix Formula for Project No. 1
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G Dena ]
SH-75, Old US-93 to Richfield 4
Coniract ltem Number | Testing Name & Location Mix Deslgn No.
405-435A ITD Central Laborat A520—0221
S € y WAQTC Number [Date Sam| ecel ate
Doug Yearsley D. Kilmer 22046 6/10/2020 6/1 0/2020 6/1 1/2020
[ASphan minder suppser . 1sp 5] o1 Binder [Trom Thx n 4l naer, o (DY X |Source Number |
Sﬂlj%rlo_ﬁ«gmrag% PG 70-28 1.031 6.2 Ln-84s
mple Location , plant, 1ab, eic.) Mix Design Lab & Location DT P.E. in Responsibie Charge of Design
Lab Prepared All West, Meridian Dan Kilmer Adrian Mascorro, P.E.
SALS om. Max. Size Aggrega [Phimary Control sieve . |rercent Passing P nmary Teve 355 Of TNX
F 1<10 (75 Gyrations) -3/8" No. 8 47 % SP3
Combined Aggregate Bulk SPG G, from ITD 0802 2.548
Test Results
Gradation Anayisis Asphalt Binder Content (By Weight of Mix)
FOP for AASHTO T 30 FOP for AASHTO T 308
Lab No, Lab No. Lab No. Lab No. Lab No. Lab No.
209MX-~ 209MX-
Sieve Size -0088 -0088 Average
(mm) (in.) Avg. | JMF |Total Asphalt Binder Content  6.59
(50) 2 100 100 [ 100 JNCAT Correction Factor 0.42
(37.5) _1/1/2 100 100 | 100 | Moisture % (-) 0.03
(25) 1 100 100 | 100 JAct. Asph. Binder Content %  6.14 [ 61 |
(19) 3/4 100 100 | 100
(12.5) 1/2 100 100 | 100 | Compaction Temperature, °F
(8.5) 3/8 95 95 94 304 FOP for AASHTO T 312/ AASHTO M 323 Average
4.75) No.4| 70 70 | 70 |LabAirVoids % atNpesign 3.6 36
(2.36) _No.8 46 46 | 46 |G, (compacted mixture) 2.307 2.307
(1.18)  No. 16 31 31 32 |G, (max spec gravity) 2.392 2.392
0.600) No. 30 23 23 | 23 VWA % 15.0 15.0
0.300) No. 50 17 17 | 17 JVFA, % 76 76
0.150) No. 10( 12 12 | 11 ]Dust Proportion (DP) 1.4 14
0.075) No.20q 7.2 72| 64
G, - Effective Sp. Gravity 2.619
ﬂvg_ Samp]e E” - Eff. Binder Content, % 5.12
ﬂHeigh’t. mm | 1154 | | | Py, - Binder Absorbed, % 1.09
FOP for AASHTO T 209 result within 0.020 of JMF? Gmm from JMF= 2389 Gmm from Sample Tested= 2,392 Yes
FOP for AASHTO T 166 result within 0.020 of JMF?  Gmb from JMF=  2.263 Gmb from Sample Tested=  2.307 Yes
ASTM D1075 & AASHTO T 167 AASHTO T 340
Sample # Sample # n/a
%@ 0.50 % MORLIFE 5000 Rutting Depth, mm l n/a I Maximum Allowable
FAIL Left Sample n/a Rut Depth
Center Sample n/a 0.2in. ( 5 mm)
Right Sample n/a n/a
Mix Design Volumetrics Confirmation: mPass DFail
| APA became inoperable prior to test. Retaining pucks for information only testing.
esied By WADTC Number
Dan Henscheid/Jaime Conley/ Shelby Alvarado/ Heather Miley 24083/24080/24079/24047
fe Malled Taboratory Managers Signature
6/16/2020 Digitally signed by chadw.  Chad Clawson|, P.E.

Figure D.2: Job Mix Formula for Project No. 2
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Class: 12.5mm 5P-3 PG 70-28
Project: 1/S-93, 200 South
Proposed Job Mix Formula
Laboratory Values Tareet Spec.
Total Asphali by Weight of Mix % (Pb) 5.6
Total Aspalt by Weight of Aggregate 5.98
Air Voids % (Va) 4.0 3.0-5.0
Voids in Mineral Aggregate (VMA) 14.7 14.3
Voids Filled with Asphalt (VFA) 73 H5-75
Bulk Specific Gravity (Gmb) 2304
Umit Weight lb./cufi. 143.4
Theo Max Spee Gravity (Gmm) 2.401
Theo Max Spee Gravity [b./cufi. 149.5
Effective Specific Gravity of Blend {Gse) 2.608
Effect of Water on Compressive Strength (Al Wesi) 95 85 min
Ninitial { 7 Gyrations ) 86.4 = §9.0
Mdesign SP-5 ( 75 Gvrations ) 96.0 = 96.0
Mmax [ 115 Gyvrations ) 97.6 = 98.0
NCAT Asphalt Correction Factor 0.23
Dust to Asphali 1.1
Laboratory Mixing Temperature{ deg in F) ]
Laboratory Compaction Temperature(deg in F) 300
Plant Mixing Temperature{deg in F)** 36 - 324
Field Compaction Temperature({deg in Fj** 295 - 303
Superpave Design Sample Wt in grams 4580
*Field mixing and compaction may be adiusted +/- 25 degrees per Viscosity Graph
Agoregate Gradation Data
. - Ln-80¢c | Cs-201 | Ln-80c | Md-101¢ Break MF
Sieve Size B C WC Sand RAP down !:n:ed
23.0% | 16.0% | 25.5% | 5.0% | 30.0% [ 0.5% i rudlation
1%/ 25mm 10 ({1} 1000 1(0h 100y 100 104
347/ 19mm 10 ({1} 100 1(0b 10 100 [LL
12%/ 12.5mm HE ({1} 10600 1(Hh 95 101 Ui
IR0 5mm 46 104} 100 10N 6 100 LE]
No, 4 [ 4.75mm 2 H3 75 100 62 100 57
Mo, & / 2. 36mm 2 58 43 K3 45 10 39
No 16/ 1.18mm 1 41 26 6 34 10 27
Na. 30 / 600um 1 30 16 4 26 10d 20
Mo, 50 / 300um 1 22 9 20 20 104 14
No. 100 / 1 50um 1 15 4 4 14 10 9
Na. 200/ T5um 0.7 9.9 1.4 1.4 9.5 0.0 5.5
* Aggregare breakdown will be contralled by the Hor Plant dist control 3ysten.

Figure D.3: Job Mix Formula for Project No. 3

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance

124



ASPHALT CONCRETE JOB MIX FORMULA

Page 5
Project: Big Wood River Bridge Replacement Date: _7M8/2016
Paving Contractor: Valley Paving Class of Mixture:  SP-3
Asphalt Supplier: ldaho Asphalt Specified Grade of Asphali: PG 64-34
Anti-Strip Agent: 0.5% Morelife 5000 Preparad by: LLC
Aggragate Sources: BE 106¢ Gyratory Compacior: Pine AFGC125X
Design Specification: ITD
AASHTO JMF Requirements
t. Asphalt by Weight of Total Mix, % R 35 5.8%
2. Asphalt by Waight of Aggregates, % 6.1%
3. Asphalt by Weight of Total Mix (Added), % 5.0%
4. Asphall by Weight of Aggregales (Added), % 5.2%
5. Air Voids (Va), % T 268 4.0% 3.0-5.0
6. Voids in Mineral Aggregate (VMA), % R 35 15.0% 13.3 min
7. Bulk Specific Gravity (@ Ndes (Gmb) T 166 2.296 142.9 pof
8. Theoratical Maximum Specific Gravity (Gmm) T 208 2.3M 148.8 pof
9. Relalive Density %Gmm @ Nini (7 Gyrations) R 35 BT .4 s B89.0
10. Relative Dansity %Gmm @ Nmax (115 Gyralions) R 35 87.2 = 98.0
11. Vioids Filled wi Asphail (VFA), % R 35 73.3% 65-75
12. Film thickness, microns 1
13. Absorbed Asphalt (Pba) by Weight of Aggregate, % R 35 0.90%
14. Effactive Asphall Content (Pbe) by Total Wt of Mixture, % R 35 4.9%
15. Spacific Gravity of Asphalt 1.026
16. Laboralory Mixing Temp, "C/°F 318-333
17. Laboratory Compaclion Temp, °C°F 288-304
18. Recommended Plant Mixing Temp, °F 325
19. Compaction Temp Range, °F 296
20. NCAT Ignition Oven Correlation Factor @ 538° C T 308 0.17
21. Dust to Asphall Ralio R35 1.2 0.6-1.2
22. Immersion Compression Retained Strength, % T 165 85% 85% min
23. Gyratory Gmb specimen weight, grams 4500
24. Combined Bulk Dry Specific Gravily of Aggregate (Gsb) TBS5/IT 144 2.545
AGGREGATE STOCKPILE GRADATION
A-Pile | B-Plle | C-Pile RAP 0 Blended Mix Design
15% 18% 50% 17% 0% Gradation Tolerances
25.0 mm (1™) 100% 100% 100% 100% 0% 100% 100
19.0 mm {3/4") 99% 100% 100% 100% 0% 100% 100
12.5 mm {1/2™} 12% 95% 100% 96% 0% B5% 78-81
9.5 mm (3/8") 2% 61% 100% 88% 0% T6% 70-62
4.75 mm (No.4) 1% 2% B7% 6% 0% 55% 49-61
2.36 mm (No.8) 1% 1% 55% 46% 0% 36% 31-41
1.18 mm (No.16) 1% 1% 36% 34% 0% 24% 19-29
600 um (Mo.30) 1% 1% 26% 25% 0% 18% 13-23
300 um (Mo.50) 1% 1% 18% 19% 0% 13% 9-17
150 um (No.100) 1% 1% 13% 14% 0% 2% 5-13
75 um (No.200) 0.2% 0.1% 8.3% 9.5% 0.0% 5.8% 3.8-7.8

Figure D.4: Job Mix Formula for Project No. 4
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Ul

Froject:

12.5mm SP-1 PG 5H-28

SH-I7. Poleline INT Improvement

Proposed Job Mix Formula

Laboratory Values Target Spec.
Total Asphalt by Weight of Mix % (Fh) 5.7
Total Aspalt by Weight of Aggregate 601
Air Voids % (Va) 4.0 J.o-50
Voids in Mineral Aggregate (VMA) 14.9 14.3
Voids Filled with Asphalt (VFA) 73 65-T8
Bulk Specific Gravity (Gzmb) 1.304
Unit Weight Ib./eufi. 143.4
Theo Max Spec Gravity (Gmm) 1401
Then Max Spec Gravity lh./caft. 149.5
Effective Specific Gravity of Blend ((:se) Lold
IDEAL-C T 23 = &0
Rut Depih @ 15,000 Passes 1L.3mm < 10.0 mm
Stripping Passes NA 15,000
Minitial { 6 Gyrations ) Ho.3 = (.S
Mdesign SP-5 { 50 Gyrations ) D0 =060
Mmax | 75 Gyrations ) 97.6 = D80
NOCAT Asphalt Correction Factor 0.05
Dust to Asphalt 1.2 De-14
Laboratory Mixing Temperature{ deg in F) o
Laboratory Compaction Temperature(deg in F) 180
Plant Mixing Temperature{deg in F)** 36 - 303
Field Compaction Temperature(deg in F)** 175 - 283
Superpave Design Sample Wi. in grams 4580
*Field mixing and compaction may be adiwied 4/ 25 degrees per Viscosity Graphk
Apgregate Gradation Data
Sieve Size Ln-§ie ('s—Z.ﬂI l.n—Ef.I:' Md-lle | pon Break MF
B C W Satnel down Eleiiled
34.0% [ 13.0% [ 12.0% | 5.0% | 35.0% 1.0% Girailation
1%/ 25mm 1M} 100 100 100 100 100 100
347 19mm 1} L] 101y 104 101} 100 10H)
172% 712 St HE 100 1000 1000 s 100 b
LR" /9. 5mm 4 100 100 100 i 100 77
Mo. 4/ 4.75mm ¥ 8 73 100 bl 100 48
Mo, &/ 2 Mimm F. 32 43 K5 45 100 34
Mo L 7 11 Bmm 1 ki) 26 by 4 100 24
Moo 30/ Gl0um 1 8 16 | 16 100 1%
Mo, 30/ M0um 1 22 9 20 20 100 13
Po. 100 150am 1 15 4 4 14 100 9
Mo. 200 [ 75am 0.7 10.2 1.4 1.4 9.5 0.0 6.l

* Aggregme breckdowm will be confrotied by the Hor Plams dust control system

Figure D.5: Job Mix Formula for Project No. 5
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ASPHALT CONCRETE JOB MIX FORMULA Paga 5
Projact: Big Wood River Bridge Replacement Data: TMEZ016
Paving Conftractor: . . Class of Mixture; SP-3
Asphalt Supplier: ldaho Asphall Spacified Grada of Asphall: PG 64-34
Anti-Strip Agent: 0.5% Morelifa 5000 Praparad by: LLC
Aggregale Sources: BE 108c Gyratory Compactor: Pine AFGC125%
Design Spacification: ITD
AASHTO JMF Requiremants
1. Asphalt by Waeight of Total Mix, % R 35 5.8%
2. Asphalt by Waight of Aggragalas, % 6.1%
3. Asphalt by Waight of Total Mix (Added), % 5.0%
4. Asphailt by Weigh! of Aggregates (Added), % 5.2%
5. Air Voids [Va), % T 268 4,0% 3.0-5.0
6. Voids in Mineral Aggregate (VIMA], % R 35 15.0% 13.3 min
7. Bulk Specific Gravity @@ Ndes (Gmb) T 166 2.286 142.9 pef
8. Theovetical Maximum Specific Gravity (Gmm) T 209 2391 148.8 pcf
8. Relative Dansity %Gmm @ Ninl {7 Gyrations) R 35 87.4 = 85.0
10. Ralative Density %Gmm @ Nmax (115 Gyralions) R 35 ar.2 = 98.0
11. Voids Filled wi Asphail (WVFA), % R 35 73.3% 65-75
12. Film thickness, microns 1
13. Abscrbed Asphalt (Pba) by Waeight of Aggregate. % R 35 0.90%
14. Effectiva Asphalt Content (Pba) by Total Wi of Mixturs, % R 35 4.9%
15, Specific Gravity of Asphali 1.026
16. Laboratory Mixing Temp, “C=F 318-333
17. Laboratory Compaction Temp, “CPF 288-304
18. Recommended Plant Mixing Temp, *F 325
18. Compaction Temp Range, “F 296
20. NCAT Ignition Oven Comelation Factor @ 538° C T 308 0.17
| 21, Dust to Asphall Ratio R 35 1.2 0.6-1.2
22, Immersion Compression Retained Sirenglh, % T 165 B5% B5%% mir
23. Gyratory Gmb specimen weight, grams 4500
24. Combined Bulk Dry Specific Gravity of Aggregate (Gsb) Ta5/IT 144 2,545
AGGREGATE STOCKPILE GRADATION
A-Pile B-Pila C-Pile RAP '] Blanded Mix Dasign
15% 18% 50% 17% 0% Gradation Tolerances
25.0 mm {17) 100% 100% 100% 100% 0% 100% 100
18.0 mm (34" §9% 100% 100% 100% 0% 100% 100
12.5 mim {1/2%) 12% 95% 100% 6% [V} 85% -8
8.9 mm {367) Py} 61% 100% BB% 0% T 70-82
4.75 mm (Mo.4) 1% 2% ark G66% 0% 55% 49-61
2.36 mm {MNo.8) 1% 1% 55% 46% 0% 6% 31-41
1.18 mm (No.18) 1% 1% 36% 3% 0% 24% 19-29
600 umn (No.30) 1% 1% 26% 25% 0% 18% 13-23
300 wrn (Mo.50) 1% 1% 18% 19% 0% 13% 9-17
150 um (No. 100} 1% 1% 13% 14% 0% #46 5-13
75 um (No.200) 0.2% 0.1% B.3% 9.5% 0.0% 5.8% 3.8-78

Figure D.6: Job Mix Formula for Project No. 6
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Class:
Frogect:

Proposed Job Mix Formula

12.5mm 5P-3 PG T-18

US-03, 200 South

I .ahoratory Valnes Target Sper.
Total Asphalt by Weight of Mix % (Fh) 5.6
Total Aspalt by Weight of Aggregate 5.98
Air Viids %% (Va) 4.0 J.0-5.0
Voids in Mineral Aggregate (VMA) 14.7 14.3
Voids Filled with Asphali (VFA) 73 65-T8
Bulk Specific Gravity (Gzmb) 1.304
Umit Weight I euft. 143.4
Theo Max Spec Gravity (Gmm) 1401
Theo Max Spec Gravity IbJeufi. 149.5
Effective Specific Gravity of Blend ((:se) 108
Effect of Water on Compressive Strength (40 West) 95 K% min
Minitial { 7 Gyrations ) B4 = §9.0
Mdesign SP-5 { 75 Gyrations ) o0 =60
MNmax { 115 CGGyrations ) 7.6 = R0
NOAT Asphalt Correction Factor 0.23
Dust to Asphalt 1.1
Laboratory Mixing Temperature]{ deg in F) Eril]
Laboratory Compaction Temperature(deg in F) Jog
Plant Mixing Temperature(deg in F)** 316 - 324
Field Compaction Temperature{deg in F)** 195 - 33
Superpave Design Sample Wi. in grams 4580
*Field miving and compaction may be adiused +/- 25 degrees per Viscosity Graph
Agoregate Gradation Data
Sieve Size Ln-8ie ('»—Z.“l l.n—El.h' \1-_J-ll]h- RAP Break IMF
B C Wi Samal down Elended
23.0% | 16.0% | 25.5% 5.0% 30.0% 0.5% Corailstion
1%/ 25mmy 1} 10 100 1My 100 100 104
3470 19mm 1} 10 100 100 100 100 1040
2% 7 12 Smm LE 100 100 100 95 100 6
3R" 9. 5mm 46 100 100 100 i) 100 H3
Mo 4 /4. TSmm 2 B3 13 1042 2 100 37
Mo &/ 2 Thonm . 55 43 ] 45 1o0 34
Mol 1.1 Emm 1 4l 26 (i) 4 100 27
M. 30§ 0um 1 30 16 M 26 100 20
Mo 50 300mm 1 22 9 2 20 100 14
Mo, 100/ 150um 1 1% i 4 14 100 ]
Mo 200 75 um o7 44 14 1.4 9.5 S0.0 s

* Aggregase breakdoam will be Lr.l'l.'.':h'l'l.".l'."_l. the Mlar Plams dust conrrod Eyatem

Figure D.7: Job Mix Formula for Project No. 7
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Design Specifications: Blend 1/ 75 Gyrations @ N Design PG 64-34

Model # AFG2AS

Gyratory Compactor: Serial # 8436 Job Mix Formula Spec

1 Percent Asphalt by Weight of Total Mix 5.4 -

2 Percent Asphalt by Weight of Aggregate 5.71 -

3 Percent Air Voids (Pa) 4.0 4.0

4 Voids in Mineral Aggregate (VMA) 14.7 14 min
5 Compacted Unit Weight Gmb, pef | 2.313 144.0 —

6 Theoratical Maximum Density Gmm, pcf 2.410 150.0 -

7 Percent Effective Asphalt Content {Pbe) 4,74 -

8 Percent Absorbed Asphalt (Pba) 0.70 —

9 Specific Gravity of Binder (Gb) 1.026 -

10 Percent Gmm @ N Initial (7 Gyrations) 87.2 < 89.0
11 Percent Gmm @ N Design (75 Gyrations) 96.0 96.0
12 Percent Gmm @ N Max (115 Gyrations) 97.6 < 98.0
13 Dust to Asphalt Ratio (DP) 1.3 0.6-1.4
14 Percent Passing #200 Sieve 6.0 2.0-10.0
15 Voids Filled w/ Asphalt (VFA) 73 65-75
16 Laboratory Mixing Temperature for Design (°F) 311 307-315
17 Laboratory Compaction Temperature for Design (“F) 290 286-294
18 Laboratory Sample Welght for Volumetric Testing (g) 4590 -

19 Ignition Oven (NCAT) Correction Factor @ 538 °F 0.37 -
20 Sand Equivalent 64 40 min
21 Fracture Face Count (%) 99/97 75/60
22 Fine Aggregate Angularity (%) 46.3 40 min
23 Flat and Elongated Particles in Coarse Aggregates (%) 0.0 10 max

Figure D.8: Job Mix Formula for Project No. 8
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Design Specifications: Blend 1 /75 Gyrations @ N Design PG 64-34 (58-34 Adjusted Binder)

Gyratory Model # AFG2AS

Compactor: Serial # 8436 Job Mix Formula Spec
1 Percent Asphalt by Weight of Total Mix 5.5 -
2 Percent Asphalt by Weight of Aggregate 5.79 =
3 Virgin Asphalt by Weight of Mix 4.36 o
4 Virgin Asphalt by Weight of Aggregate 4.61 -
5 Percent Air Voids (Pa) 4.0 4.0
6 Voids in Mineral Aggregate (VMA) 15.1 14 min
7 Compacted Unit Weight Gmb, pcf 2.397 149.2 -
8 Theoretical Maximum Density Gmm, pcf | 2497 1554 -
9 Percent Effective Asphalt Content (Pbe) 4.75 -
10 Percent Absorbed Asphalt (Pba) 0.76 -
11 Specific Gravity of Binder (Gb) 1.027 -
12 Percent Gmm @ N Initial (7 Gyrations) 86.3 <89.0
13 Percent Gmm @ N Design (76 Gyrations) 96.0 6.0
14 Percent Gmm @ N Max (115 Gyrations) 97.2 < 98.0
15 Dust to Asphalt Ratio (DP) 1.3 0.6-1.5
16 Percent Passing #200 Sieve 6.3 2.0-10.0
17 Voids Filled w/ Asphalt (VFA) 74 65-75
18 Laboratory Mixing Temperature for Design (°F) 312 308-316
19 Laboratory Compaction Temperature for Design (°F) 290 286-294
20 Laboratory Sample Weight for Volumetric Testing (g) 4775 -
2 Ignition Oven (NCAT) Correction Factor @ 538 °F 0.77 -
22 Sand Equivalent 69 40 min
23 Fracture Face Count (%) 100/100 75/60
24 Fine Aggregate Angularity (%) 48.4 40 min
25 Flat and Elongated Particles in Coarse Aggregates (%) 0.9 10 Max

Recycled Asphalt Pavement (RAP) Properties

26 Percentage of Asphalt in RAP (Wt. of Mix) 5.57 =
27 Percentage of RAP by Total Weight of Aggregate 20 -
28 Percent of RAP Binder by Weight of Total Binder 20 30 max
29 RAP Contribution by Mix 1.11 =
30 RAP Contribution by Aggregate 1.18 -
31 RAP NCAT Correction Factor 1.09 -

Figure D.9: Job Mix Formula for Project No. 9
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Design Specifications: Blend 3 / 75 Gyrations @ N Design PG 64-28 (58-34 Adjusted Binder)

Gyratory Model # AFG2AS

Compactor: Serial ®# 8732 Job Mix Formula Spec
1 Perceni Asphalt by Weight of Total Mix 5.7 -
2 Parcant Asphalt by Weight of Aggregate 6.1 -
3 Virgin Asphalt by Weight of Mix 4.30 -
4 Wirgin Asphalt by Weight of Aggregate 4,58 =
S Percent Air Voids (Pa) 4.0 4.0
6 Voids in Minaral Aggregate (VIMA) 15.0 14 min
7 Compacted Unit Weight Gmb, pcf 2.391 148.8 -
8 Thearetical Maximum Density Gmm, pof 2.491 155.1 --
9 Percent Effective Asphalt Content (Pbe) 4.73 -
10 Percent Absorbed Asphalt (Pba) 1.06 -
11 Specific Gravity of Binder (Gb) 1.030 -
12 Percent Gmm @ N Initial (7 Gyrations) 86.6 5 89.0
13 Parcant Gmm @@ N Design (75 Gyrations) 86.0 96.0
14 Percent Gmm @ N Max (115 Gyrations) ar.4 5 98.0
15 Dust to Asphalt Ratio (DP) 1.4 0.6-1.5
16 Percent Passing #200 Sieve 6.4 2.0-10.0
17 Voids Filled wf Asphalt (VFA) 73 B5-75
18 Laboratory Mixing Temperature for Design (°F) 324 316-324
19 Laboratory Compaction Temperature for Design {°F) 302 204-303
20 Laboratory Sample Weight for Violumetric Testing (g) 4750 -
7 Ignition Oven (NCAT) Correction Factor @ 482 °F 1.51 -
22 *Los Angeles Abrasion (LAR) (%) 20 30 max
23 *Idaho Degredation A % -200 4.3 5.0 max
24 Sand Equivalent 61 40 min
25 *Fracture Face Count (%) 99/98 75/60
26 Fine Aggregate Angularity (%) 47.4 40 min
27 *Flat and Elongated Parficles in Coarse Aggregates (%) 4.8 10 Max

Recycled Asphalt Pavemnent (RAP) Properties

28 **Percentage of Asphalt in RAP (Wt. of Mix) 475 -
29 Percentage of RAP by Total Weight of Aggregate 30 -
30 Percent of RAP Binder by Weight of Total Binder 25 17 Max
Exl RAP Contribution by Mix 143 -
32 RAP Contribution by Aggregate 1.50 -
33 RAP NCAT Comrection Factar 1.82 -

*Composite blend including RAP

Figure D.10: Job Mix Formula for Project No. 10
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Class: 12.5mm SP-3 I'G T0-28

Pruject: 51155 Snake River Bridge Marning, 511-55
Proposed Job Mix Formula

Laboratory Values Target Spec.
Total Asphalt by Weight of Mix % (Pb) 53
Total Aspalt by Weight of Appregate 5.63
Air Yoids % (Va) 4.0 3.0-5.0
Woids in Mineral Aggregate (VMA) 144 14.0
Voids Filled with Asphalt (VFA) 72 65-75
Bulk Specific Gravity (Gmb) 2320
Unit Weight IbJcuft. 144.4
Theo Max Spec Gravity (Gmm) 2418
Theo Max Spec Gravity IbJcuft. 150.5
EfMective Specific Gravity of Blend {Gse) 2616
Effect of Water on Compressive Strength (A0 IFesi) 89 85 min
Ninitial { 7 Gyrations ) 83.9 < §%.0
Ndesign SP-3{ 75 Gyrations ) 96.0 =06.0
Nmax { 115 Gyrations ) 97.8 <98.0
MNCAT Asphalt Correction Factor 0.23
Dust to Asphalt 1.2 0.6-1.2
Laboratery Mixing Tem perature{ deg in F) 20
Laboratery Compaction Temperature{deg in F) 300
Plant Mixing Temperature{deg in Fj** 36 - 324
Field Compaction Temperature{deg in F)** 295 - o3
Superpave D:sign Sample Wt. in grams 4615

*Field mixing ond compaction may be adinsted + /- 23 degrees per Viscosity Graph

Aggregate Gradation Data

L1}
Sieve Size C';;zim #4 Chips| C Pile ""é“;';[‘;d caisami| RAP BD::: o
15.0% | 12.0% | 27.0% | 4.0% | 10.0% | 31.0% | 1.0% |  Gratasion
1/ 25mm 100 100 100 100 100 100 100 100
34" 7 19mm 100 (] 100 100 100 100 100 100
172"/ 12 Smm 74 [£5H] 100 100 100 o4 100 94
3819 Smm 16 79 100 100 100 86 100 )
No 4 /4 75mm 2 <4 Bl 75 98 65 100 57
Mo. B /2 36mm 2 2 58 46 a7 50 100 43
Mo.16/ | 18mm I 2 42 28 78 40 100 34
No. 30/ &00um | 2 29 16 56 0 100 23
Mo 50/ Mdum | 1 20 7 15 13 130 14
No L0371 50um 1 I 12 3 2 12 100 9
Mo 200/ 75um 0B 09 T8 1.7 0.7 7.5 o0.0 57

* Aggregate breakdown will be comrolied by the Hot Plant dist comtrol 5ysiem

Figure D.11: Job Mix Formula for Project No. 11
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Class: 12.5mm 5F-3 PG -3

Project: SH-55, MP91 to Smith's Ferry
Proposed Job Mix Formula
Ihhnr-tou Values Target Spec.
Total Asphalt by Weight of Mix % (Pb) 53
Tatal Aspalt by Weight of Aggregate 5.64
Alr Voids % (Va) 4.0 3.0-5.0
Vaids in Mineral Aggregate (VMA) 143 14.0
Voids Filled with Asphalt (VFA) 72 65-75
Bulk Specific Gravity (Gmb) 1310
Usit Weight IbJcuft. 1444
Theo Max Spec Gravity (Gmm) 2417
Theo Max Spec Gravity IbJfeult. 150.5
Elffective Speeific Gravity of Blend (Gse) 1616
Effect of Watér on Compressive Strengih (AlWex) a1 B5 min
Ninitial { 7 Gyrations ) 888 < /9.0
Ndesign 5P-3 { 75 Gyrations ) 6.0 = 96.0
Nmax (115 Gyrations ) 9.7 < 98.0
NCAT Asphalt Correction Factor 015
[ Dust to Asphalt 12 0.6 =12
Laboratory Mizing Temperature| deg in F) 30
|Labaratery Compaction Temperature{deg in F) 185
[Ptant Mixing Temperature(deg in F)** 302 5 310
Ficld Compaction Temperature(deg in F)** 281 . 289
SIm:l'l Design Sample WL in grams 4615
* Field mixing and compaction may be adjusied +/~ 25 degrees per Viscosity Graph
jﬁﬂltﬂ Gradation Data
Sleve Size {:::ps lua Chips| C Pile “é';:‘lf ca3swi| RAP z:: ey’
14.0% | 15.0% | 22.0% !.I]%J% 31.0% | 1.0% Cradutlon |
1™/ Hmm 100 100 100 104 104 1041 100 100
34" 19mm L1 100 10a 100 100 100 100 100
1727/ 12 Smam 74 100 100 100 104 M 100 95
W& 19 Smm 16 ) 100 100 100 86 100 81
No. 4/ 4 75mm 2 4 Kl 75 8 63 100 55
Mo, 812 mm 2 2 £ ] 4 &7 50 100 41
Ko 16/ 1 IBmm I 1 42 -] 78 40 100 1
Ko, 30/ &biam | 2 9 L] 56 0 1040 23
Ne. 40/ 300um | 1 0 7 15 18 110e} 13
Ma. 100/ 150uin I I 12 3 2 12 100 8
Mo, 200 / Tam 0.8 09 7.8 1.7 0.7 7.5 90.0 54
* Aggregaie breatdmen will be controfied by the Hot Plant desi control systes:

Figure D.12: Job Mix Formula for Project No. 12
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Project Name: FY 20 D6 Balfast Stabilization

Project Number: A019(812)
Project Key Number: 18812

Asphalt Mix Type: 12.5mm SPS (Design ESALs, 2 10) Mix Producer: Knife River
JMF identification: 200304TD-12.SmmSPS-R2Y Specified O PG 64-34
_______Binder Supplier: daho Asphalt Supply , Adusted Of: PG 58-34
- Anti-Strip: Morfife 5000 Agg. Source Number: CI-568
Job Mix Formula Targets and Volumetric Data
Target O Confont: 4.9 _ RAPCastagory: Cat1 JMF G, Specimen Weight: 47255
_ Virgin Of Added: 3.5 RAP ORf Contribuion: 14 JMF Ncat Correction Factor:  0.07
Percent Anti-Strio: 0,78 Compaction Temp. Range: 281-308 __Lab Compection Temp (F*): 300
RAP Percent By Binder: 29 _Mixing Temp. Range: 320-333 __RAP Correction Factor: _ 0.07 _
wmwmmmwu ¥ =
Combined G,,: 2.619 Effectve Speciic Gravity (G,,): 2.647 RAP Bulk Specific Gravity: 2617

Fine Aggregete G ,,:  2.616 Fine SSD Specific Gravity:  2.638  Fine Apparent Specific Gravky (G ,): 2.670
Joarse Agg. Coarse G,: 2628  Coerse SSD Specific Gravity : m Coarse Apparent Specific Gravity (G ,,): 2665

Fine Agg.% Absorbtion: 0.8 Coarse Aggregate % Absorblion: 0.6 Binder Specific Gravity (G,): 1.0287
= ¥ M&W@MM - o
Design Spec. = ,Jﬂ Spec.
Maximum Theoretical Specific Gravity (G o, ): 2488 | ~ Bulk Specific Gravily (G »): 2.380 | -
Percent Air Voids (P,): 4.0 |3.0-50 Voids in Mineral Aggregate (VMA): 143 :u.omh
Voids Filled with Asphatt (VFA): T2 6575 Dust Proportion (DP): 0.9 _ 0.8-1.6
Absorbed Apshatt (P, ): 042 - Effective Asphalt Content (P,,): 450 | -
- Density Percent G o, @ Nini: 878 <89.0 Density Percont G p, @ Ndes: 96  96.0
Density Percent G oy @ Nmax: 97.3 s98.0 Immersion Comp. Retained Strength: 90 85 min
Uncompacted Void Content of Fine Agorecats: 52 am Sand Equivelent: 74 45min
Fracture Face Coarse Agcrepate (1 Fece/2 Fece): 10088 9896  Fist and Elongated Particles:  0__ |10 max
EAAC .&Tm‘mmm
Blend Percentages: CLo8s "2 a0 00 _Cists 440 RAP: 280 e

ummwmcwam L
1" 4 w2 e L2 #8 #16 #30 #50 #1100 #200
JMF Srecifications: 100 90100 S0mex _ 28-58 2.0-100

JMF Target Gradation: 100 100 92 80 54 36 25 19 13 B8 40
Neat C.F, Gradation: 100.0 1000 909 802 555 368 2671 188 132 76 41
_Agg ComectionFacto: 00 00 11 02 A5 <98 -11 02 02 04 .01
BFieAversge: 100 100 84 53 4 T i 1 1 03
CPiloAvg.: 100 100 100100 8 S 40 28 19 11 65

_ Category IRAPAvG.: 100 100 88 77 s1 38 21 2 17 11 88

Figure D.13: Job Mix Formula for Project No. 13
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Design Specifications: Blend 1 / 76 Gyrations @ N Design PG 84-28 (68-34 Adjustad Binder)

Gymalony Model# AFGZAS

Compactor.  Seral#  BAJE Job Mix Formula Spec
1 Parcent Asphall bry Weight of Total Mix 53 -

2 Percent Asphalt by Weight of Aggregale 56 -

3 Virgin Asphalt by Weight of Mix a2 -

4 Virgin Asphalt by Weight of Aggregata 396 -

5 Percent Alr Violds (Pa) 4.0 4.0

5 Vaids in Mineral Aggregale (VMA) 448 14,9 14 min
7 Compacied Unit Welght Gmb, pel | 2331 1454 -

8 Theorelical Maximum Density Gmm, pof | 2428 15611 -

9 Percent Effiective Asphall Conlent (Pbe) 8% I -

10 Percent Absorbed Asphall (Pba) il =
11 Specific Gravily of Binder {Gh) 1.029 =

12 Percenl Gmm @ N Initial (7 Gyralions) B6.8 < 89.0
13 Percent Gmm @@ N Design (75 Gyralions) 950 6.0
14 Percent Gmm @@ N Max (115 Gyrations) 97.2 =98.0
15 Dust to Asphall Ralio (DF) 12 0.8-1.6
16 Percent Passing #200 Sieve 56 2.0-100
17 Voids Filed wi Asphalt (VFA) =72 F3 B5-75
18 Laboratory Mixing Temperature for Design (°F) 322 317.328
18 Laboralory Compaction Temperatura for Design (*F) 299 295-303
20 Laboratory Sample Weight for Volumelric Testing {g) 4,680 =
1 {L5-134) Ignition Oven {NGAT) Comection Factor @ 538 °F 033 =
2 *Los Angeles Abrasion (LAR) (%) 27 30 max
PE] *ldaho Degradation A % -200 4.3 5,0 max
24 Sand Equivalent 66 40 min
5 *Fraciure Face Counl (%) o097 7560
26 Fine Aggregate Angularity (%) ABT 40 min
27 *Flat and Elongaled Particles in Coarse Aggregates (%) 0.0 10 max

Recycled Asphait Pavement {RAF) Properties

28 Percentage of Asphalt in Yard RAP (Wi of Mix) 3.78 -
29 Percenlage of Asphall in Coarse RAP (Wi. of Mix) 267 -
30 Percentage of RAP by Tolal Wi of Aggregste (Yand RAP) a2 =

3 Percentaga of RAP by Total Wt of Aggregate (Coarse RAP) 14 -
32 Percent of RAP Binder oy Weight of Tolal Binder 30 30 max
E¥] RAP Contritsution by Mix 1,58 =
34 RAP Coniribution by Aggregate 1.64 -
EC) RAP NCAT Carrection Factor {Combined) 0.40 -

*Composite blend including RAP

Figure D.14: Job Mix Formula for Project No. 14
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Design Specifications: Blend 3/ 75 Gyrations @ N Design ( PG 64-28) Binder Bump PG 58-34

Gyratory Model# AFGZAS

Compactor: Sorial # 8732 Job Mix Formula Spec

1 Percent Asphalt by Weight of Total Mix 5.2 -

2 Percent Asphalt by Weight of Aggregate 55 -

3 Virgin Asphalt by Weight of Mix 3.88 -

4 Virgin Asphalt by Weight of Aggregate 411 -

5 Percent Air Voids (Pa) 4.0 4.0

6 Voids in Mineral Aggregate (VIMA) 14.3 14 Min
7 Compacted Unit Weight Gmb, pef | 2.497 155.4 -

8 Theoretical Maximum Density Gmm, pef | 2602  162.0 -

) Percent Effective Asphalt Content (Pbe) 4.2 -
10 Percent Absorbed Asphalt (Pba) 1.03 -

11 Specific Gravity of Binder (Gb) 1.031 -

12 Pearcent Gmm @& N Initial (7 Gyrations) 87.3 = 88.0
13 Percent Gmm @ M Design (75 Gyrations) 96.0 96.0
14 Percent Gmm @ N Max (115 Gyrations) a7.3 £93.0
15 Dust! to Asphail Ratio (DP) 14 0.8-1.6
16 Percent Passing #200 Sieve 6.0 2.0-10.0
17 Voids Filled w/ Asphalt {VFA) 72 65-75
18 Laboratory Mixing Temperature for Design (°F) 324 316-324
19 Labgoratory Compaction Temperature for Design (*F) 298 2095-303
20 Laboratory Sample Weight for Volumetric Testing (g) 4950 -
1 Ignition Oven (NCAT) Correction Factor @ 482 °F 1.36 -
22 Sand Equivalent 74 40 min
23 Fracture Face Count (%) 100/99 TS/60
24 Fine Aggregate Angularity (%) 48.5 40 min
25 Flat and Elongated Particles in Coarse Aggregates (%) 5.5 10 Max

Recycled Asphalt Pavement (RAP) Properties

2% Percentage of Asphait in RAP (Wt. of Mix) 4.4 -

27 Percentage of RAP by Total Weight of Aggregate 30 -

28 Percent of RAP Binder by Weight of Total Binder 25.4 30 Max
29 RAP Contribution by Mix 1.32 -
30 RAP Confribution by Aggregate 1.38 ==
31 RAP NCAT Correction Faclor 1.33 =

Figure D.15: Job Mix Formula for Project No. 15
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Design Specifications: Blend 3 / 75 Gyrations @ N Design PG 64-28
Gyratory Model # AFGZAS

Compactor: Serial # 8732 Job Mix Formula Spac
1 Percent Asphalt by Weight of Total Mix 5.6 -
2 Percent Asphalt by Weight of Aggregate 5.9 -
3 Virgin Asphalt by Weight of Mix 5.10 -
4 Wirgin Asphalt by Weight of Aggregate 5.40 ==
5 Parcent Air Vioids (Pa) 4.0 4.0
6 Voids in Mineral Aggregate (VMA) 15.0 14 min
7 Compacted Unit Weight Gmb, pcf 2.453 152.7 ==
8 Theoretical Maximum Density Gmm, pcf 2.555 159.0 ~
9 Percent Effective Asphalt Content (Pbe) 4.66 -
10 Percent Absorbed Asphall (Pba) 0.95 =
11 Specific Gravity of Binder (Gb) 1.034 --
1z Percent Gmm @ N Initial (7 Gyrations) 86.3 < 89.0
13 Percent Gmm @ N Design (75 Gyrations) 96.0 96.0
14 Parcent Gmm @ N Max (115 Gyrations) 87.4 5 98.0
15 Dust to Asphalt Ratio (DP) 1.4 0.6-1.5
16 Percent Passing #200 Sieve 6.5 2.0-10.0
17 oids Fillad w/ Asphalt (VFA) 73 65-75
18 Laboratory Mixing Temperature for Design (°F) 325 317-327
19 Laboratory Compaction Temperatura for Design (*F) 304 295-306
20 Laboratory Sample Weight for Volumetric Testing (g} 4825 -
21 lgnition Oven (NCAT) Correction Factor @ 538 °F 0.59 -
22 “Los Angeles Abrasion (LAR) (%) 17 30 max
3 *Idaho Degradation 4 % -200 4.1 5.0 max
24 Sand Equivalent G5 40 min
25 “Fracture Face Count (%) 1004100 75/60
26 Fine Aggregate Angularity (%) 46.3 40 min
27 *Flat and Elongated Particles in Coarse Aggregates (%) 1.6 10 Max

Recycled Asphalt Pavement (RAP) Properties
28 *Parcentage of Asphaltin RAP {Wt. of Mix) 4.64 -
29 Percentage of RAP by Total Weight of Aggregate 10 =
30 Percent of RAP Binder by Weight of Total Binder 8 17 Max
31 RAP Contribution by Mix 0.46 --
32 RAP Contribution by Aggregate 0.48 -
33 RAP MCAT Correction Factor 1.67 —
*Composite blend including RAP
= ITD determined RAP AC used for design as requested by ITD

Figure D.16: Job Mix Formula for Project No. 16
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Mr.

Gmm: 2.442
Gse: 2.632

Gradation Targets:

September 29, 2020

RE: 4™ SP-5§ HMA C-JMF

Project: 1-84 Jerome IC to Twin IC
Key: 20559 & 20596

is planning to provide %2 SP-5 hot mix per JMF A520-0304 from our hot plant

located south of the Con Paulos Dealer off 1-84 exit 168. The JMF will be altered to target the following
C-JMF during production. We anticipate a potential need to adjust the Gmm and Gse again after we get
results for our first day’s production.

Asphalt Content target: 5.2% by weight of mix (before AAO adjustment).

v/ 100%
1" 93%
/8" 80%
) 52%
#8 34%
#16 23%
#30 17%
#0  12%
#100 9%
#200 5.3%
Please call or email me with any questions .or cell phone
Thank you,

Figure D.17: Job Mix Formula for Project No. 17
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Design Specifications: Blend 1/ 100 Gyrations @ N Design PG 70-28

Gyratory Model# AFG2AS
Compactor: Serial # 8438 Job Mix Formula Spec

1 Percent Asphalt by Weight of Total Mix 57 -

2 Percent Asphalt by Welght of Aggregate 6.08 -

3 irgin Asphalt by Weight of Mix 478 -

4 Virgin Asphalt by Weight of Aggregate 5.08 —

5 Percent Air Voids (Pa) 4.0 4.0

3 Voids in Mineral Aggregate (WVMA) 13.5 13 min
7 Compacted Unit Weight Gmb, pcf 2,206 137.3 -

8 Theoretical Maximum Density Gmm, pcf 2298 143.0 -

9 Percent Effective Asphalt Content (Pbe) 4 44 -

10 Percent Absorbed Asphalt (Pba) 1.38 -

11 Specific Gravity of Binder (Gb) 1.031 =

12 Percent Gmm @ N Initial (8 Gyrations) 86.6 = Bo.0
13 Percent Gmm @ N Design (100 Gyrations} 96.0 96.0
14 Percent Gmm @ MN Max (160 Gyrations) a7.2 < 88,0
15 Dust to Asphalt Ratio (DF) 1.3 0.8-1.6
16 Percent Passing #200 Sieve 5.6 2.0-8.0
17 Voids Filled wi Asphalt (VFA) 70 65-75
18 Laboratory Mixing Temperature for Design (°F) 330 324-338
13 Laboratory Compaction Temperature for Design {*F) 304 297-311
20 Laboratory Sample Weight for Volumetric Testing (g) 4340 -

21 Ignition Oven (NCAT) Correction Factor @ 538 °F 0.27 -
22 Sand Equivalent 47 45 min
23 Fracture Face Count (%) 100100 98/96
24 Fine Aggregate Angularity (%) 45.6 45 min
25 Flat and Elongated Particles in Coarse Aggregates (%) 0.0 10 Max

Recycled Asphalt Pavement (RAP) Properties

26 Percentage of Asphalt in RAP (W1. of Mix) 5.07 -

27 Percentage of RAP by Total Weight of Aggregate 19 -

28 Percent of RAP Binder by Weight of Total Binder 17 17 max
29 RAP Contribution by Mix 0.96 -

a0 RAP Contribution by Aggregate 1.04 -

31 RAP MCAT Comrection Factor 0.51 -

Figure D.18: Job Mix Formula for Project No. 18
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Class: SP3 19mm (3/4™)

Project: AD20(051)

Key: 20051

PROPOSED JOB MIX FORMULA
Latory Min [ Tarcet | Max | Spec. |

‘Total Asphalt by Weight of Mix % (Pb) 5.00
Virgin Asphalt by Weight of Mix Hot Plant 3.64
Rap Binder Replacement 27.2% 1.36
Air Voids % (Va) 4.0 4.0
Voids in Mineral Ageregate (VMA) 133 13.0 Min
Voids Filled with Asphalt (VFA) 73.0% 65-75
Dust Ratio(PCS 35% passing #8 / 0.8%-1.6%,MS2) 1.18 0.6-1.4
|Bulk Specific Gravity (Gmb) 2.368
Unit Weight Ib./cuft. 1474
(Theo Max Spec Gravity (Gmm) 2.466
Theo Max Spec Gravity Ib./cuft. 153.5
% Gmm @ Nini(7 gyrations) 85.6% 89% Max
% Gmm (@ Ndes(75 gyrations) 95.9% 96% Max
% Gmm (@ Nmax(115 gyrations) 97.0% 98% Max
Effective Specific Gravity of Blend (Gse) 2.661
Specific Gravity of Aggregate (Gsb provided by 1'TD) 2.595
Ideal CT, Cracking Test 93.1 80 index value
Hamburg Wheel Track T324 20816 15000
Fine Aggregate Angularity 46% 40% Min
NCAT Asphalt Correction Factor(538 deg C) -0.44
Sand Equivalency (SE) 67% 40% Min
Flat and Elongation 1% 10% Max
Percent Fracture 1 Face 97% 75% Min
Percent Fracture 2 Face 96% 60% Min
Laboratory Mixing Temperature( deg in F) 320 deg
Laboratory Compaction Temperature(deg in F) 295 deg
Plant Mixing Temperature(deg in F) 315deg 3329 deg
Field Compaction Temperature(deg in F) 288 deg 302 deg
Super pave Design Sample Wt. in grams 4650

Figure D.19: Job Mix Formula for Project No. 19
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By Number TOYEC! mbes [l me
19373 AD18{373) US-95, Whitebird GradeRehab 2
Bnifica o[ askiFra pien) Conbract iem Fumber | Tesiry Laboratory Mame & Locaton Mix Deslgn Mo,
E163590 405-4354 ITD Central Laborato 18020
eporis To[Residenl Enginaers Mame] [Sampied By ALTC Mumber [Dale Samp E G [Oate Lab Testied |
Curtis Arnzen Greg Mitchell 49376 €17/2019 | 617/2019 6/18/2019
[, Gr. of Bindar X Design i T, %] |Source NUmber |
1.032 5.9 1D-256¢
b 5 . plant, 1ab, elc.] Mix Design Lab & Location T E.in Responsitla Charge of Design
Lab Produced Boise Id Grag Mitchell Gary thompson
SALE Tom. Wax. Size Agoregals  [Prmary Cantiol Save Percent Passing Pimary Lonlol Sieve 355 ol Wix
1 <10 (75 Gyrafions) i Mo. 8 39 % SP3
Combined Aggregale Bulk SPG G, from ITD D802 2,703
Test Results
Gradation Anayisis Asphalt Binder Content (By Weight of Mix)
FOP for AASHTO T 30 FOP for AASHTO T 308
Lab Ma. Lalb M. Lab Na Lab Ma. Lab Mo, Lak Ma.
190Mx 190X
Sieve Size Do&1 ooa1 Average
[mimj {in.} Avg. | JMF |Tolal Asphall Binder Content 6,25
(50} 2 100 100 WCAT Correction Facior 0.55
(375 _nz| 100 100 | Moisture % (-) -0.02
125) 1 100 100 |Act. Asph. Binder Content % 5.72
i18) 34 100 100
12.5) 12 a8z 92 ) compaction Temperature, °F
{9.5) 38 BO 81 #VALUE! FOP for AASHTO T 312/ AASHTO M 323 Average
475 Ho.4 57 58 |Lab ArVoids %ol Mpegign 4.4
{2.38) Mo. & 37 Gy [compacted mixture) 2.422
{118}  No. 16 24 25 |G (max spec gravily) 2.532
{0.600) No. 30 15 17 Jvma, % 15.5
(0.300) No.50 1 12 Jwra, o 72
(0.150) Mo. 100 [:] 8  |Dust Proporiion (DP} 1.4
(0.075) MNo.200 6.6 6.7 |
|G- Effectve Sp. Gravity _ 2.777
Avg. Sample Pyg - E. Binder Content, % 4,76
|Height. mm [ 1144 ] | | Py - Binder Absorbed, % 1.02

FOP for AASHTO T 200 resull within 0.020 of JMF?  Gmm from JMF= 2518 Gmm from Sample Tesled= 2.532 Pass
FOP for AASHTO T 166 resull within 0.020 of JMF? Gmb from JMF= 2417 Gmb from Sample Tested= 2,422 Pass

ASTM D1075 & AASHTO T 167 AASHTO T 340
Sample # 61 Sampla # 61
100 %@ 0.05 % MORLIFE 5000 |Rutting Dapth, mm [ 22 I aximum Allpwable
~ PASS Leh Sampla 2274 Rut Depth
Cenler Sampla 1.998 0.2in. { 5 mm)
Right Sample 2.278 PASS

Figure D.20: Job Mix Formula for Project No. 20
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ASPHALT CONCRETE JOB MIX FORMULA Page §

Froject: . . Dale: _7/18/2016
Paving Contractor: ¥ = ~ Class of Mixture:  SP-3
Asphalt Supplier: 1+ =~ Specified Grade of Asphall: PG 64-34
Anti-Strip Agent: 0.5% Morelife 5000 Prepared by: LLC
Aggregale Sources: BE 106c Gyratory Compactor: Pine AFGC125X
Design Specification: ITD
AASHTO JMF Requirements
1. Asphalt by Weight of Total Mix, % R 35 5.8%
2. Asphall by Weight of Aggregales. % 6.1%
3. Asphalt by Welght of Tolal Mix (Added), % 5.0%
4. Asphalt by Waighl of ﬁggt_agnln (Added), % 5.2%
5. Air Voids (Va), % T 260 4.0% 3.0-5.0
6. Voids in Mineral Aggragate (VMA). % R 35 15.0% 13.3 min
7. Bulk Specific Gravity @ Ndes (Gmb) T 166 2.296 142.9 pef
8. Theoretical Maximum Specific Gravity {Gmm) T 208 230 148.8 pof
9. Relalive Density %Gmm @ Nini (7 Gyrations) R 35 B7.4 = 89.0
10. Relative Density %Gmm @ Mmax (115 Gyrations) R 35 87.2 = 58.0
11. Voids Filled w/ Asphali (VFA). % R 35 73.3% 65-75
12. Film thickness, microns 1
13. Absorbad Asphall (Pba) by Weight of Aggregale, % R 35 0.90%
14. Effective Asphalt Content (Pba) by Tolal Wt of Mixture, % R 35 4.9%
15. Specific Gravity of Asphalt 1.026
16. Laboratory Mixing Temp, “CIFF 318-333
17. Laboratory Compaction Temp, °GI°F 288-304
18. Recommended Plant Mixing Temp, °F 325
19. Compaction Temp Range, °F 296
20. NCAT Ignition Oven Correlation Factor @ 538° C T 308 0.17
21. Dust to Asphall Ratio R 35 1.2 0.6-1.2
| 22. Immersion Compressicn Retained Strangth, % T 165 B5% 85% min
23. Gyratory Gmb spaciman weighl, grams 4500
24. Combined Bulk Dry Specific Gravity of Aggregale (Gsb) T 85/ IT 144 2.545

Figure D.21: Job Mix Formula for Project No. 21
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ey MUrGer Project Mumber Project Manme District
20051 (AD20{051) U5-30, Caribou Co. o Georgetoan Bear Lake Co, ID 5
Send Reparts To (Resident Engreer's Mame| Contract lem Number Class of Mix  [ESALs Nominal Max Agg Size PCS Passing PCS
Eric Staats 4054354 SP3 1< 10 (75 Gyrations) A" No. 4 47
C-JMF Nurmber C-JMF Targel Py |AgQregate Source Mumber | Contracton Producing Mix Dessgned by
231043 4.8 BLTO Idaho Materials and Consfrucion HK Contractors
Wirgin Bindar Grade Ant-sirip Additive Listed on OFL |Asphal Binder Supplier M Anti-Strip Additive %% Binder Replacement
PG 58-34 Moorelife 5000 Yes Idaho Asphalt Supply 0.5 220
FOP for AASHTO T168 Sampling Bituminous Paving Mixtures Sample ID Number  SB/P175550-A-CE/ASESD
Test Numbes Date Samgled Time Sampled Sample Temperature] Sampling Method Sample Location (Stasofset, truck, plant, lab, stc.)
ARGED 1002172020 2:30 PM 203 *F | Other (Must Specify in Remarks) MP 4133, 6.5' LT of CL
Sampled By WAQTC Mumber | Samplers Employer Cuantity Represented Lift Thickness
5. Borchert 23511 MTI 1408 Tons (i I
FOP for AASHTO R4T Reducing Samples of Hot Mix Asphalt (HMA) to Testing Size (Initial Reduction of Sample)
Qualified Lab Mo. | Testng Laboratory Location Initial Reducton Method Spiit Retained for Dispute |Spet 1D MUmMbes
LG 5014 Pocatello, ID Quartering Mathod (Full Quartering ) Yes AHESD
Inital Reduchon Perommed By WAQTC Mumbar | Technieian s Employer Date Reduced  |Time Reduced  |Sample 1emparatire
B. French 23554 MTI 1012242020 2:00 AM 285 *F
FOP for AASHTO T 208 Theoretical Max Specific Gravity (Bow! Method) Summary of Mix Properties
T209 Sample Reduction Mathod Date Reducad | Time Reduced  |Samphs Temperature [ . i
Quartering Methad (By Apex) ‘1[).!'22.‘2&20 F Property { Sample 14! Sample 1E| Combined | LSL ! usL
Final Reduction for T209 Peronmed By WAQTC Nurnber G
B. Franch 23554 5a
Increment 1 Ingrement 2
26479 26495
Mass of Bowl (Required) 2705.8 2707 4 6 = A G 2.649
Mass of Bowl and Sample 52288 52301 mm = 4 G
2589 2508
Mass of Dry Sample in Alr (A) 2523.0 2522.7 =0 2.599
Agitation Method Mechanical G
24668 | 24582 2467
Waler Bath Temperature 775 'F | 716 'F mm
Submerged Weight of Bowl and Sample 32071 3208.2 G
23385 | 23374 2.338
Submerged Weight of Bowl 1706.9 1707.6 it
Submerged Weight of Sample (C) 1500.2 1500.6
— ~ — 1.4210 12345
G (MAXIMILM Specilic Gravity) 2467 2,468 Absies 1.328
Average G, 2467
Range 0.001 (Within d2s precision?) YES Gb e Wiz 1.0283
FOP for AASHTO T 312 SuperPave Gyratory Compactor P 4669 4.660 487 450 i 510
Ta12 Sample Reduclion Method Dale Reduced  |Time Reduced  |Sample Temperalure ° i ) i
Quartering Method (By Apex) 12272020 °F
Final Reduction Tor T312 Peronmed By WAQTC Murnber P 0.7 LT 0.74
B. French 23554 Ppe 1072 3.940 396
Gyratory Compactor Brand el Number Sarial Number
PINE AFG1A 2243 P, 53 953 953
Specimen 1 Specimen 2 Design Mass
Mass of Sample 46523 46525 46500 |
Temp. of Sample When Placed in Mold 205 *F 295 *F SA a8 198 19.8
Time Compaction Begins 3:10 AM 3:28 AM Spec Limits
Sample Haight (mm} 116.0 115.7 11545 AFT 1037 1251 10.34
FOP for AASHTO T 166 Bulk Specific Gravily of Compacted Mix (Method A) Py 5.201 5.208 5.25 30 | 50
Specimen 1 Specimen 2
Surface Temperature F F . 4 VMA | 14225 | 14364 14.24 | 130 100
Water Bath Temperature 7 F | 779 *F mh =
Mass of Puck Dry (A} 46407 | 4638.8 VFA | 63s0 . e2e60 | 631 | 650 750
Submerged Weight of Puck in Water (C) 2684 .4 2BTR.7
3B19 3818
WL of Puck 550 (B] 46680 | 46633 P200 38 we ff Ol
G (Bulk Specific Gravity) 2338 2337
Average Gy, 7338 DP 0.852 0.967 0.96 06 ¢ 14
Range 0.001 (Within d2s precision?) YES

Figure D.22: Job Mix Formula for Project No. 22
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Appendix E. Additional Figures of Chapter 4
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Figure E.1: Effect of RAP Content of RAP No. 1 on IDTstength
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Figure E.2: Effect of RAP Content of RAP No. 1 on WeibulICRI
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Figure E.4: Effect of Rejuvenator Type at 25% RAP No. 1 on WeibullCRI
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Figure E.6: Effect of Rejuvenator Type at 50% RAP No. 1 on WeibullCRI
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Figure E.7: Effect of Rejuvenator Type at 75% RAP No. 1 on IDTstength
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Figure E.8: Effect of Rejuvenator Type at 75% RAP No. 1 on WeibullCRI

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance

147



1200

400

200

0
0% 75% R2 R2+ R3

75% RAP MNo. 1

g 3

10T strengh
g

B

R3+ R4 R+

Figure E.9: Effect of Rejuvenator dose at 75% RAP No. 1 on IDTsength
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Figure E.12: Effect of RAP Content of RAP No. 2 on WeibullCRI
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Figure E.14: Effect of Rejuvenator Type at 25% RAP No. 2 on WeibulICRI
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Figure E.18: Effect of Rejuvenator Type at 70% RAP No. 2 on WeibulICRI

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance

152



1600
1400
1200
1000 B %
5 S B
4 00 o I
@ &
5 e R
8 &
600 X o
400 S I
200 s b
. o B
2 & 2 & = i 2 3
= -4 = [- 4
25% RAP No. 2
A »
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Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance 153



1800
1600
1400
1200 8
o
o
£ 1000 5 %
£ ] R
g 8o q b
200 g s %
200 =5 A
o 5 ] ] = + p \; - o w
g E & % b= - = r~ = & = & = &
= o
- =]
§ =]
50% RAP No. 2
o »
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Figure E.22: Effect of Rejuvenator Dose at 50% RAP No. 2 on WeibullCRI

Implementation of Balanced Asphalt Mix Design of Asphalt Mixtures Prepared with Reclaimed Asphalt
Pavements and Rejuvenators for Enhanced Performance 154



2000
1800
1600
1400
e
1200 o
£ R Ex
£ o] oo
& 1000 & o
g ) o
= 800 ol ol
+ o A
600 b & &
- o ]
400 b R =
. ] ]
200 be A A
.. ] ]
- ] ]
0 - =
3 [ F - - ~ + ” = al
£ & g & = & @ 3z 2 3 ¥ 3 2 3
b} K
=3 o
- [-=]
§ =]
70% RAP No. 2
S vy
Figure E.23: Effect of Rejuvenator Dose at 70% RAP No. 2 on IDTstrength
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Figure E.24: Effect of Rejuvenator Dose at 70% RAP No. 2 on WeibullCRI
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Figure E.25: Effect of Rejuvenators on Different Binder Grade at 70% RAP No. 2 on IDTstrength
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Figure E.26: Effect of Rejuvenators on Different Binder Grade at 70% RAP No. 2 on WeibulICRI
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Figure E.28: Effect of RAP Content of RAP No. 3 on WeibullCRI
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Figure E.30: Effect of Rejuvenator Type at 70% RAP No. 3 on WeibullCRI
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Appendix F. Cost Analysis Detail

N IDEAL- IDEAL- IDEAL- IDEAL- IDEAL- IDEAL-
Mix type Control 0% e Control 0% +0.58C e 25% RAP e 25% RAP + 0.5 BC = 25% RAP + R1 — 25% RAP + RS T
Materlal U;:ri?‘ q’“':“ut' cost§ q";:.:;t" cost§ q"’::t' cost$ q"::t’ cost$ cron) | <°%t$ q"'::t" cost$
Virgin Aggregate | § 135 | 084 | $12.72 0.84 $11.92 0.71 $ 6.54 0.70 $ 9.49 071 | $ 9.54 0.71 $ 054
RAP regate $ 6.5 = = = = 0.25 $ 1.62 0.25 $ 161 0.25 |5 162 0.25 $ 162
RAP Binder - - - - - - - - - - - -
Binder Content 0.06 - 0.06 - 0.04 - .05 - 0.04 - 0.04 -
PG 58-28 s 750 $43.50 $47.25 $33.06 536.86 $33.06 533.06
PG 58-34 s 875 | os |S$5075 63K $55.13 =D $38.57 g |[23300 sa0 |-$2857 sso  |-S40.00 |
PG 64-28 $ 800 $46.40 $50.40 $35.26 $39.31 $35.26 $35.26
PG 70-28 [ 825 $47.85 $51.98 $36.37 5$40.54 $36.37 $36.37
Tall 0il 5 4450 - - - - - - 0.004 | $18.07 - -
Waste Vegetable Oil| § 3,800 - - - - - - 0002 | $ 846
PG 58-28 - - = - - - -
Total Cost$ PG 5834 $63| 39 $67 | 102 $ so| 20 E $54 | 46 $68| s2 = $60 | 26
PG 64-28 - - - - - - - = -
PG 70-28 - - - - - - - - -
Mix type Control 0% l:::: Control 0% +0.58C I:::_ 50% RAP :)f: S0% RAP + 0.5 BC I::: 50% RAP + R1 :T:" 50% RAP + RS :::::
Unit Cost | Quantity Quantity Quantity Quantity ¥ Quantity
Material &/Ton (Ton) Cost§ (Ton) Cost$ (Ton) Cost$ on! Cost$ (Ton) Cost$ Cost$
Virgin Aggregate: % 13.5 0.94 512,72 0.94 $11.92 0.47 5 6.36 0.47 5 6.32 0.47 $ 6.36 0.47 5 6.36
RAP Aggregate $ 6.5 - - 0.50 $ 3.2a 050 |$ 3.22 0.50 | % 3.24 050 | $ 3.2
RAP Binder = = = = = = = = = = = =
Binder Content 0.06 - 0.06 - 0.03 - 0.0 - 0.03 - 0.03 -
PG 58-28 750 543,50 $47.25 $23.06 $26.93 $23.06 $23.06
PG 58-34 ars 50,75 §55.13 526.90 31.42 526.90 $26.90
PG 64-28 so0 | % 4640 CESP 55040 =80 $24.50 CERP 28.73 =80 $24.59 S5 $24.59
PG 70-28 825 547.85 $51.98 525.36 529.63 $25.36 $25.36
Tall oil 4 aaso - - - - - - - 0.004 | $18.07 - -
Waste Vegetable Oil| § 3,800 - - - - - - - - = 0.004 | 516,57
PG 58-28 - - - - - - - - -
Totalcastd PGss34 | - | 563 | 39 - $67 | 102 $36| 14 - $41| 18 - |s55] 33 - $53| 25
PG 64-28 - - - - - - - - - - - - - -
PG 70-28 - - - B - - -
Mix type Control 0% IDEAL- | Control 0% +0.58c | DAL 70% RAP DEAL s rapsosee | DY | oxmarsma | P | sommapsrs | DEA
CTindex. CTinsex Clindex CT* CTinden cr*
Material i cost [ WAt conts “"["::‘"" Costs q“:::“"l Costs q"’::t"l Costs “"[ 20| Cost s :"&:‘" costs
Virgin Aggregate | $ 135 | 084 | $12.72 0.94 $11.92 0.28 $ 382 028 |% 379 028 |§ 382 028 |% 382
RAP egate $ 6.5 - - - = o.70 5 4.53 0.69 5 a.51 .70 5 453 o.70 5 453
RAP Binder - - - - - - - - - -
Binder Content 0.06 - 0.06 - 0.02 - 0.0 = 0.0z 0.02 =
PG 58.28 E] 750 $43.50 $a7.25 $15.23 $28.35 $15.23 $15.73
PG 58-34 $ 875 $50.75 $55.13 517.76 533.08 $17.76 $17.76
PG 64-28 $ soo0| "% [sa60 3%t $50.40 =0 $16.24 = $30.24 580 1620 S50 i62a
PG 70-28 % 825 $47.85 $51.98 $16.75 $31.19 $16.75 $16.75
Tall 0il $ 4450 - - - - - - - 0.004 | $18.07 - -
‘Waste Vegetable Oil[ § 3,800 - - - - - - - 0.004 | $16.57
PG 58-28 - - - - - - - - - - =
Total cost$ PG 58 34 = 63| 39 - $67 | 102 2 26 | 14 - $41| 30 - 44 | 40 - 43 | 39
PG 64-268 = 59 46 = = = 25 10 = = = 43 | 31 = 41 | 41
PG 70-28 - 61 40 - - - 25 14 - - - 43 | 21 = 42 | 40

Figure F1. Detailed Cost Estimate of Mixtures with RAP No. 2 and Rejuvenators
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. IDEAL- IDEAL- IDEAL- IDEAL- IDEAL- IDEAL-
Mix type Control 0% Control 0% +0.5BC 70% RAP 70% RAP +0.5 BC 70% RAP + R1 70% RAP + RS
CTingex Clingex Clingex CTingex CTingex Clingex
Material UnitCost |Quantity| Cost$ Quantity Cost$ Quantity Cost$ Quantity | Cost$ Quantity e Quantity | Cost$
ateria $/Ton (Ten) | /fton (Ton) Jton (Ton) Jton (Ten) Jton (Ten) o (Ten) Jton
virgin Aggregate | §  13.5| 094 | 51272 0.94 $ 12.65 0.28 $ 3.82 028 |$ 379 028 |$ 3.8 028 |$ 3.82
RAP Aggregate | § 6.5 - - - - 0.69 $ 448 0.69 |$ 446 0.69 |$ 448 069 |$ 448
RAP Binder - = - B B B - - B _ _ _
Binder Content 0.06 - 0.06 - 0.03 - 0.03 - 0.03 - 0.03 -
PG 58-28 5 750 $43.50 $ 47.25 $ 20.88 $ 2457 $ 20.88 $ 2088
PG58-34 ! g k ¥ .
$ 815 8% $50.75 s $ 55.13 <50 $ 2436 a0 $ 2867 <50 $ 2436 o 50 $ 2436
PG 64-28 $ 800 $46.40 $ 50.40 $ 22.27 $ 2621 $ 22.27 $ 2227
PG 70-28 s 85 $47.85 $ 5198 $ 2297 $ 27.03 $ 22.97 $ 2297
Tall 0il $ 4450 - - - - - - - - 0004 |§ 18.07 B B
Waste Vegetable 0il| § 3,800 - - - - - - - - 0.005 | % 18.34
PG 58-28 = $56 | 49 = $ 60| 102 = $ 29 23 = S 33 72 - $ 47| 118 - S 48| 92
PG 58-34 - - - - - - - - - - - - - - - - - -
Total Cost $
PG 64-28 - - = - - - - - - - - = - - - - - -
PG 70-28 - - = - - - - - - - - = - - - B B B
Figure F2. Detailed Cost Estimate of Mixtures with RAP No. 3 and Rejuvenators
IDEAL- IDEAL- IDEAL- IDEAL- IDEAL- | 5% RAPe Softer | IDEAL-
i RAP (R
Mix type Control 0% il 25% RAP o 25% [RE] &.8% e 25% RAP4 [RE) 8.3% i 25% RAPS [RT) s | Binder (PG 60-34) | CTyer
Uit Cost ¥ Cusantity Cuantity Cuantity Cuantity ¥
Material $fton (ran ‘Cost % o Cost§ on Cost§ o Cost § o8l Cost § an Cost§
Virgin Aggregate | § 135 085 |5 1278 072 |8 a7z 072 |§ 87 012 | § 9 072 |§ amn 071 |5 958
RAP Apgregate | § 6.5 - - 02 |5 15 024 |5 156 024 | §5 156 02 |5 1% 0.237 |5 154
RAP Binder - - - - - - - - -
Binder Content - - - - - - - - - -
PG 70-28 $ 85| 005 | § 4372 004 | % 3300 004 | § 3250 0.04 | § 3234 004 | § 320 - -
PG 64-34 $ 025 - - - - - - - - - - 0.053 | § a9.02
Bio-Based Oil $ 2,00 - - - - 00008 | 5 176 0.001 | § 242 - - .
Petroluem-Based Oil | § 1,900 - - - - - - - - 0004 |5 266
Total Cost PG 7028 - s si] so - 1¢ wm| s - |Sasma] @ - |8 as] <6 ~ |5 as| ca
PG 64-34 - - - - - - - = $ 0| 60
IDEAL- IDEAL- IDEAL- IDEAL- IDEAL-
Mix type Control 0% 50% RAP 5% RAP+ (RE) 6.6% 50% RAP+ (RE) B.3% 50% RAP+ (RT)
LA Tt oy CTotss oy
. Unit Cost | Guantity Cuantity Cuantity Quantity Cuantity
[ I
ateria $/ton {Ton) Cost$ (Ton) Cost§ {fon) Cost$ (Ton) Cost$ (Ton) Cost$
Virgin Aggregate | § 135 | 085 |6 1278 0.49 | § 6.56 0.4 | % 656 0.49 | § 6.56 0.89 | % 6.56
RAP Aggregate | § 6.5 - - 049 | § 316 049 | § 336 049 | § 316 049 | § 316
RAP Binder . - - - - . - - - >
Binder Content - = = = - - = = = - -
PG 70-28 3 225 | oos | § 4372 003 | $ 2244 0.03 | § 2145 003 | § 2071 0.02 | § 2008
PG 6434 5 925 - - - - - - - - - -
Big-Rased Oil § 2200 - - - - 00017 | § 374 00021 | § 462 - -
Petrolusm-Based Ol | § 1,900 - - - - - - - - 0.0029 | & 5.51
Total Cost$ PG 70-28 - $ ST = - $ m| W - $ 5| W - $ 35| m - $ 15| M
PG 64-34 - - - - - - - - - -
Mix type Cantrol 0% 70% RAP L2 70% RAP+ (RE) 6.6% LB 70% RAP+ (RE) 8.3% " | 70%Raps (R7)
T s T g My Clinge
Unit Cost | Cuantity Quantity ‘Quantity Cuantity Cuantity
Material $fton {Ton) Cost (Ton) Cost & {Ton) Cost s {Ton) Cost s {Ton) Cost s
virgin Aggregate | § 135 | 085 |5 1278 0.9 | % 3a8 0.5 | 398 095 |§ 3.88 0795 (5 388
RAP Aggregate | § 6.5 - - 063 | % aa7 0688 | § 447 0.688 | § 447 0688 | § 447
RAP Binder - - - - - - =
Binder Content - - - - - - - - - - -
PG 70-28 s 835 | 005 |§ 4372 0.02 | % 1361 oM | § 1183 001 | % 866 oM |5 685
PG 64-34 $ 925 - - - - - - - - - -
Bio-Based Oil 5 200 - - 0.0024 |5 528 0006 | § 13.42 E -
Petroluem-Based Ol | § 1,900 = = - - - 0008 | § 1558
Total Cost § PG 70-28 - 5 s1| - 5 2| = - 5 331| 38 - 5 m| 33 - 5 @ pi]
PG 64-34 - - - = .

Figure F3. Detailed Cost Estimate of Mixtures with RAP No. 4 and Rejuvenators
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