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Abstract

The asphalt industry continues to be the country’s most consistent recycler of highway
pavement materials with more than 99% being used as Reclaimed Asphalt Pavement (RAP) in
the construction and rehabilitation of pavements. The average RAP percentage utilized in
asphalt mixes has increased from 15.6% in 2009, to 21.1% in 2018. The increase of RAP
content in asphalt mixtures may result in stiffer mixtures, which are more prone to cracking.
The use of softer asphalt binder or increased binder content can improve the cracking
performance but may compromise the rutting resistance of the asphalt mixtures. This study
examined the sensitivity of rutting performance and compactability to mix composition
including RAP content and source, binder content and grade, mix design, and aggregate type.
In addition, this study evaluated the moisture susceptibility of asphalt mixtures prepared with
different percentages of RAP and the use of anti-stripping agents to improve the resistance of

these mixtures to moisture damage.

The results of this study demonstrated that mixtures with RAP within a range of = 0.75% of
optimum binder content had good resistance to cracking. Increasing the binder content and
using softer binders at various RAP contents resulted in higher rutting, but this increase was
less than the maximum threshold for various rut tests. This means using softer binders or
increasing binder content to improve the cracking resistance should not significantly affect the
rutting performance for the mixtures evaluated in this study. The results also showed that the
rutting was less sensitive to RAP content and binder grade. The stiffening effect of RAP

materials in asphalt mixtures was not significant on rutting performance.

Furthermore, the results showed that the inclusion of RAP had a negative effect on moisture
susceptibility and resulted in a lower tensile strength ratio (TSR). In addition, the use anti-

stripping agents was found to improve resistance to moisture damage.

This study developed a correlation between rutting and compactability of asphalt mixtures.

Mixtures with less resistance to densification during laboratory compaction were found to



experience higher rutting than those with higher resistance to densification. Such correlation
may be used to evaluate the rutting resistance from the compaction data during the mix design
or mix production. It can also be used during project construction to assess significant

variations in mix composition.

Key Words: Hamburg, APA, Rutting, Laboratory Compaction Index, RAP, Binder Grade,
Binder Content, Aggregate Type, Moisture Susceptibility
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CHAPTER 1 INTRODUCTION

1.1 Background and Problem Statement

The Federal Highway Administration (FHWA) and National Asphalt Pavement Association
(NAPA) have been collecting data over the years to track the current practice of RAP usage
by each state (NAPA 2018). In the United States, the asphalt industry continues to be the
country’s most consistent recycler of highway pavement materials with more than 99% being
used as Reclaimed Asphalt Pavement (RAP) in the construction and rehabilitation of
pavements. The average RAP percentage utilized in asphalt mixes has increased from 15.6%
in 2009 to 21.1% in 2018. The estimated RAP used in asphalt mixtures was 82.2 million tons
in 2018. The RAP materials are often stiffer due to aging and thus may result in stiffer
mixtures when blended with virgin materials (e.g., asphalt binders and aggregates). In
designing asphalt mixtures with RAP, the stiffness may be reduced by using softer binders or
increasing binder content to improve the cracking performance; however, this could

compromise the resistance to rutting.

The use of RAP in asphalt mixtures may also affect the moisture susceptibility and
compactability of the mixtures. This study investigated the effect of mix composition
including RAP content and source, binder content and grade, mix design, and aggregate type

on mix performance including rutting, compactability, and moisture damage.

Rutting is a common pavement distress found in asphalt pavements caused by repeated and
heavy traffic loading. The permanent deformation, or rutting, is a further densification of the
asphalt mixtures. Moisture damage can also accelerate pavement distresses, which refers to
the stripping of asphalt from the aggregates leading to raveling. This occur if aggregates have
a greater affinity to water than the asphalt binders. Water gets in between the asphalt binders

and aggregates, reducing the adhesion between the particles. Anti-stripping additives are often



added to the mix to improve the adhesion between the asphalt binder and aggregates which

improve the resistance to moisture damage.

Standard tests are used to evaluate the resistance of asphalt mixtures to rutting and moisture
damage. The Asphalt Pavement Analyzer Jr. device is used to conduct two standard rutting
tests: APA rut depth test in accordance with AASHTO T340 and the Hamburg Wheel
Tracking Test (HWTT) in accordance with AASHTO T324. The APA rut depth is performed
in dry conditions at a temperature equivalent to the higher Performance Grade (PG)
temperature of the asphalt binder used in the test mix. While the HWTT is performed in wet
conditions where the test samples are submerged in a water bath at a constant temperature of
50°C. Therefore, the HWTT is used to evaluate the moisture susceptibility in addition to
rutting resistance. Also, the resistance of asphalt mixtures can be evaluated using the Lottman
protocol in accordance with AASHTO T283 (AASHTO, 2014).

1.2 Research Objectives

This study had the following five main objectives:

e Evaluate the effect of mix composition on the rutting performance of asphalt mixtures.
The examined variables included RAP content and source, binder content and grade,
mix design, and aggregate type.

e Examine the effect of mix composition with above-mentioned variables on the
compactability of asphalt mixtures in the laboratory.

e Evaluate the correlation between rutting performance and compactability of asphalt
mixtures.

e Study the rutting performance of field projects and the variability in mix performance
during production.

e Evaluate the resistance of asphalt mixtures with RAP to moisture damage and the use
of anti-stripping agents to improve the adhesion between asphalt binders and

aggregates.



1.3 Research Tasks

Several tasks were performed to achieve the listed research objectives. These are described

below:

1.3.1 Task 1: Literature Review

The objective of this task was to conduct a comprehensive literature review on the effects of
RAP content, binder content, aggregate type, and anti-strip agents on rutting characteristics.
The literature review also covers various testing procedures used to evaluate the rutting

performance and moisture susceptibility of test mixtures. The main subjects of the literature

review include the following:

e Standard test methods used to measure the rut depth. These methods include the APA
rut depth test and HWTT. Also, the review covered the test methods used to examine
the moisture damage using the Lottman protocol.

e Characterization of reclaimed asphalt pavement (RAP) in the laboratory and its use in
asphalt pavements.

e Assessment of the compactability of asphalt mixtures in the laboratory.

e Effect of different test parameters and mix variables on rutting performance of asphalt

mixtures both in the laboratory and field.

1.3.2 Task 2: Obtain Virgin Materials and loose Mixtures and Prepare Test Specimens

The purpose of this task was to obtain virgin materials including aggregates, asphalt binders,
anti-stripping agents. The aggregates were procured from asphalt plants in Pullman, WA and
Lewiston, ID. The asphalt binders were acquired from asphalt producers in Spokane, WA. In
addition, RAP materials were sampled from two sources. Two aggregate types, three different
binder contents, three binder types, and two RAP sources were considered in preparing
laboratory-mixed laboratory-compacted (LMLC) test specimens. In addition, this study also
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included Plant-Mixed Laboratory-Compacted (PMLC). The PMLC mixes were samples from
new field paving projects. The PMLC had different mix designs and mix composition. Three

batches were obtained from each project.

1.3.3 Task 3: Rutting Analysis using APA and Hamburg

The Pine Superpave gyratory compactor was used to compact cylindrical samples for testing
which included both APA and HWTT for rutting. Each rut depth using APA or HWTT
requires four samples. The test samples were compacted to have 7 £ 0.5% air voids. The APA
rut depth and HWTT are conducted in accordance with AASHTO T340 and AASHTO T324,
respectively. The HWTT was also used to evaluate the moisture susceptibility in addition to
rutting resistance as the test is conducted in wet conditions. The APA rut test was used to
evaluate the rutting resistance of LMLC samples, while HWTT was used to evaluate both
LMLC and PMLC samples. The HWTT was selected to study the rutting performance of
PMLC as the Idaho Transportation Department (ITD) is implementing HWTT for measuring
rutting resistance in the state.

1.3.4 Task 4: Moisture Susceptibility using Lottman Procedure

Under this task, the moisture susceptibility of selected test mixtures prepared at different
binder and RAP contents was evaluated. The test is performed in accordance with AASHTO
T283 where the test samples are tested in both dry and wet conditions. Three replicates are
conditioned where they are subjected a freeze and thaw cycle and then submerged in a water
bath at 135 + 1°F (57 + 0.5°C). After conditioning, the specimens are placed in another water
bath at 77 + 1°F (25 = 0.5°C) for two hours before testing. Another group of samples from the
same test mixture is tested at 77 + 1°F (25 + 0.5°C) in dry conditions. The Tensile Strength
Ratio (TSR) (wet to dry) is calculated to evaluate the loss of strength due to conditioning. In

this study, the TSR results were also compared to those of HWTT.



1.3.5 Task 5: Laboratory Compaction Index Calculations

Under this task the author used the compaction curves of APA and HWTT to determine the
change in percent air voids versus the number of gyrations. The slope and intercept of the
compaction curves were used to calculate the Laboratory Compaction Index (LCI). The LCI
will be used to evaluate the compactability of asphalt mixtures. Higher LCI values indicate
that less compaction effort is needed as the resistance to densification is lower. This study
examined the correlation between the rut depth measured using both APA and HWTT and the
LCI. The assumption is that if mixtures are easy to compact, they may experience higher
rutting due to densification under loading.

1.3.6 Task 6: Performing Statistical Analyses

Under this task the author performed statistical analyses to study the results of various
laboratory tests to evaluate whether there is a statistically, significant difference in the results
among various testing groups. The Minitab 19 software (Arend, 1993) was used to conduct all
statistical analyses for this study. ANOVA and Tukey’s Honestly Significant Difference
(Tukey HSD) were performed at 95 percent confidence interval (i.e., a = 0.05). The results of
the statistical analyses are presented in form of statistical groups or Tukey HSD groups in the
form of letters. The statistical groups that do not share the same letters are significantly
different in terms of comparison parameters (e.g., rut depth).

1.4 Thesis Organization

This thesis consists of five chapters and three appendices. Chapter 1 includes introduction,

background, problem statement, research objectives, research tasks, and thesis organization.

Chapter 2 provides the main findings of the literature review on factors that affect rutting
resistance and moisture susceptibility. The literature review also explains the testing

procedures and guidelines used in this study.



Chapter 3 provides information about the materials and equipment used in testing asphalt
specimens. This involves the gradations and properties of aggregates and RAP materials. The

testing program is also discussed alongside the field projects.

Chapter 4 presents the results and discussion of all performed tests. It covers the analysis of
rutting performance and moisture susceptibility of the laboratory-mixed laboratory-compacted
samples. In addition, field projects were tested using HWTT to assess the change in rut depth
at during the project construction as well as the change among different projects. Chapter 4
also includes the results of Tukey statistical analysis. The correlation between LCI and rutting

data as well as the results of the moisture damage were also presented and discussed.

Chapter 5 discusses the conclusions and outcomes based on the analysis of Chapter 4. Further

research and recommendations are also provided in Chapter 5.

The appendices provide additional information and figures that were cited and discussed in
the thesis. These provide a summary of the data measured using APA and HWTT tests, as

well as examples of compaction data. Different job mix formulas used in this study are also
included in the appendices. The last appendix supplies the permission approvals for figures

found in the literature review.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

The literature review presents the key findings of previous research on various topics
including characterization of Reclaimed Asphalt Pavement (RAP), test methods used to
measure rutting and moisture susceptibility, APA and HWTT thresholds used by various
transportation agencies, effect of mix composition RAP content and aggregate type on the
rutting performance, the use of anti-stripping agents to improve the resistance to moisture
damage, and evaluation of compactability of asphalt mixtures.

2.2 Reclaimed Asphalt Pavement (RAP)

When asphalt pavement roadways approach the end of their service life, a new pavement is
constructed, or asphalt overlays are often added to extend the service life of pavements.
Reclaimed Asphalt Pavement (RAP) materials can be used in the construction of new
pavement or overlays. RAP materials include aggregates and asphalt binder that can be
incorporated in new mixtures. The cost of the asphalt mixtures that include RAP materials is
often cost less since they require a less amount of virgin binder. Meanwhile, RAP materials
are often aged, and stiffer and RAP characterization is needed before it can be incorporated in
new mixtures. The bulk specific gravity (Gs,) of RAP aggregate, percentage of RAP binder
and its grade, RAP aggregate gradation should be measured. To determine these parameters,
different AASHTO procedures are conducted (Kassem et al., 2019).

The bulk specific gravity of RAP aggregates is an important parameter since it affects the
percent air voids of the mix and air voids have significant effect on pavement performance.
RAP aggregates can be extracted using the ignition oven (AASHTO T308) or using solvents
(AASHTO T164) (AASHTO, 2015) and RAP coarse aggregates are then separated from the
RAP fine aggregates. The specific gravity or coarse aggregates and fine aggregates can be
measured using AASHTO T85 and AASHTO T84, respectively. The solvent extraction
method was found to have less effect on the specific gravities compared to the ignition oven
(Hajj et al., 2012; Prowell and Carter, 2000). The other method is an indirect approach that

uses the effective specific gravity (Gse) instead of the Gs, to calculate the voids in the mineral



aggregates (VMA). This method was found to be less accurate, and not recommended for
VMA calculation (Hajj et al., 2012; Prowell and Carter, 2000).

The binder content can also be determined using the ignition oven (AASHTO T308) by
acquiring the weight of the RAP materials before and after the ignition oven test in
accordance with AASHTO T308. In addition, the sieve analysis is conducted on the
aggregates after the ignition oven to determine the RAP aggregate gradation. The RAP PG
binder can be determined by testing the extracted RAP binder in accordance with AASHTO
M323. The RAP PG binder is only needed if RAP materials exceed 25% according AASHTO
M323. Detailed procedures for determining the performance grade of recovered RAP binder
were proposed in NCHRP 9-12 project. The recommended procedure was rolling thin-film
oven (RTFO) aging (McDaniel and Anderson, 2001).

After calculating RAP materials characterization, the new mix is designed in accordance with
Superpave mix design system (SHRP-A-407) (Cominsky et al., 1994). There are no
limitations on the amount of RAP materials that can be included in the mix as long as the
Superpave criteria are met. When adding RAP to asphalt mixtures, there are two methods to
meet the specifications of Superpave. The first is to determine the RAP content to meet the
specified weight. The other method is to determine the contribution of RAP binder toward the

total amount of binder needed in the mixture (Cominsky et al., 1994).

2.3 Test Methods

This section reviews the test methods used to evaluate the resistance of asphalt mixtures to
rutting and moisture damage. The test methods include Asphalt Pavement Analyzer (APA),
Hamburg Wheel Tracking Device HWTD, dynamic modulus and Lottman moisture
sensitivity protocol. In addition, this section reviews the laboratory compaction index that was
found to correlate well with the densification of asphalt mixtures in the field.

2.3.1 Asphalt Pavement Analyzer (APA)
The APA device is used to evaluate the rutting resistance of asphalt mixtures by measuring

the permanent deformation or rut depth of cylindrical test samples subjected to accelerated



loading. The samples can be hot mix or cold mix asphalt, and the test can be conducted in a
dry or wet state, to analyze the moisture susceptibility of the mix composition. Using concave
wheels, a pressured hose, and a conditioning cabin, the APA test can be conducted different
climates, and applied loads (Figure 2.1). Testing asphalt mixtures with different
characteristics (e.g., different aggregates gradations, different materials, RAP content, and
binder grade and content), gives more insight to transportation agencies to select the

appropriate mix design for different sites (Skok et al., 2002).

Figure 2.1: APA setup for Rutting Analysis (Asphalt Testing Solutions, 2021)

The APA test samples are 150 mm (5.91 in) in diameter and 75 £ 2 mm (3.0 £ 0.1 in) in
height. A total number of four or six cylindrical samples are tested in the APA depending on
the size and model of the APA device. Some devices can only accommodate four samples,
while others can test six replicates at a time. A Superpave gyratory compactor (SGC) is used

to prepare a test sample with 7.0 = 0.5% air voids.

Before running the test, the APA machine must be calibrated to ensure proper loading and
positioning. The APA software automatically calibrates the vertical distance of each wheel.
Next, the software adjusts the load cylinder pressure for each wheel to achieve a load of 100

5 Ibf. The test temperature during the test depends on the higher Performance Grade (PG) of
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the binder used in the mix. The test samples are placed in the test molds and tightened in place
using spacers. The test specimens are conditioned at the test temperature for a minimum of 6
hours, but no more than 24 hours, before testing. A standard test runs for 8,000 cycles, and
automatically starts taking rut depth measurements at different points after 25 cycles. When
the test is complete, the wheels automatically retract, and the data can be extracted for
analysis. The APA rut depth is conducted in accordance with AASHTO T340. Table 2.1
summarizes the rutting test parameters for APA testing (Kassem et al. 2019). The APA test
pass or fail criteria depend on several factors including rut depth, mix design, binder grade,
etc. Table 2.2 illustrates the pass or fail criteria for some transportation agencies (Kassem et.
al., 2019).

Table 2.1 APA and HWTT Rutting Testing Parameters (Kassem et al., 2019)

Test HWTT HWTT APA rut test
. AASHTO T AASHTO T
Testing Standards 324 374 AASHTO T 340
Specimen shape Cylindrical or slabs Cylindrical
Specimen replicates 4or6 2 4or6
Specimen diameter (mm) 150 150 150
Speci thick fi 75
pecimen thickness (mm) for 60 38-100
lab prepared
Specimen thl.ckness (.mm)for 38 - 60 NA 38 .75
field Projects
Specified b Specified b
Test temperature (°C) P y P y High binder PG
the agency the agency
Specimen conditioning Water bhath Water bath Air bath
Conditioning time (hour) 1 1 6—-24
Testing time (hour) =10 =10 =2
Wheel type Solid steel Solid steel Concave wheel
Wheel speed (Pass/minute) 52 52 50%5
Load (N) 705+45 705+4.5 578
Number of data collection locations | 11 locations | 11 locations 5 locations
passes- passes- i
Test output deformation | deformation Cycle-deformation
curve
curve curve
Rutting and Rutting and
Distress assessed moisture moisture Rutting
susceptibility | susceptibility
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Table 2.2. APA Rutting Criteria (Kassem et al., 2019)

DOT | Test procedure Performance threshold (maximum rut depth @ 8,000 loading cycles)
ITD AASHTO T340 5.0 mm
GDOT GDT 115 7.0 mm for mix design level A
GDOT GDT 115 6.0 mm for mix design level B
GDOT GDT 115 5.0 mm for mix design level C and D
ALDOT ALDOT -401 4.5 mm For ESAL range “E” mixes ((1E107 < ESALs < 3E107)
NJDOT | AASHTO T340 7.0 mm for high RAP, PG 64-22, surface and intermediate course,
NJDOT | AASHTO T340 6.0 mm for binder-rich intermediate course
NJDOT | AASHTO T340 5.0 mm for bottom-rich base course
NJDOT | AASHTO T340 4.0 mm for high RAP, PG 76-22, surface and intermediate course,
NJDOT AASHTO T340 3.0 mm for bridge deck waterproofing surface course
VDOT VTM-110 7.0 mm for mix designation A
VDOT VTM-110 5.5 mm for mix designation D
VDOT VTM-110 3.5 mm for mix designation E

2.3.2 Hamburg Wheel Tracking Device (HWTD)

The Hamburg Wheel Tracking Device also known as HWTD evaluates the rutting resistance
and moisture susceptibility of asphalt mixtures. The Hamburg test can be performed in the
APA Jr. device by replacing the wheels and removing the pressurized hoses as shown in
Figure 2.2. The HWTD test evaluates different mix compositions of asphalt mixtures that are
susceptible to premature failure due to weak aggregate structure, moisture damage, incorrect
binder, and adhesion between the binder and aggregates. The rutting results using the HWTD
test are controlled by the aggregate quality, binder choice, aging of material, binder source
and anti-stripping treatments (Rahman and Hossain, 2014). Similar to the APA test, the test
specimens are subjected to accelerated reciprocating wheel loading. The test specimens, either
cylindrical samples or slabs, are submerged in water to evaluate the moisture susceptibility in

addition to rutting resistance.
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Figure 2.2: Hamburg setup inside the Asphalt Pavement Analyzer Jr.

Preparation of the asphalt specimens follow the SuperPave guidelines. The APA Jr. allows a
maximum of four cylindrical samples to be tested at a time. The dimensions of the cylindrical
samples are 150 mm in diameter and the thickness must be twice the value of the nominal
aggregate size, ranging from 38 to 100 mm. If using slab specimens, the dimensions must be
320 mm long by 260 mm wide with the thickness twice the nominal aggregate size. If using
field cores, and not enough material is available to meet the thickness requirement to fit the
mold, plaster may be used to fill the gap for appropriate testing. A target air void value of 7.0
+ 0.5% is required for cylindrical samples and 7.0 £ 1.0% for slab specimens for testing. With
specimens at the correct air void, they must be cut to the correct size for testing. Slab
specimens must be cut to 320 mm long by 260 mm wide with the thickness of 60 + 1.0 mm
thick. Cylindrical specimens are cut to fit the molds described by Figure 2.3 below where the
gap between the two specimens must not exceed 7.5 mm. The dimensions of where to cut the
specimens can be used by putting the specimens in the mold and drawing line for it to fit. The
Hamburg rutting test is conducted in accordance with AASHTO T324.
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Thickness = 60 * 1 mMWumﬂm(ﬂT:umn}i
T
q \;

)
2
E
8
Gap Width with HDPE Molds, No
7.5 mm (0.30 In.) mecdmiam Plaster of Paris

"Varlea
150 mm (81n.)

* Dimension may vary depending on manufacturer.

Figure 2.3: Dimensions of Hamburg Samples (AASHTO T324-16, 2016)

After the specimens are fully prepared and ready for testing, the APA software is calibrated
for the Hamburg test. The concave wheels are replaced with flat steel wheels for Hamburg
testing. The system must be calibrated for vertical distancing and each wheel load must be
calibrated to 158 Ibf for wheel. Next the specimens are put into the machine and locked into
place using spacers. Before testing, the samples must be conditioned in the water bath for a
minimum time of 30 min. at a temperature of 50 degrees Celsius, but no longer than 60 £ 5
minutes including the conditioning time. After sample conditioning, the test runs for 20,000
passes or until the maximum rutting depth is achieved. Once the test is completed, the wheels
will retract, and the data can be downloaded for analysis (AASHTO, 2016). The HWTT test
pass or fail criteria depend on several factors including rut depth, mix design, binder grade,
etc. Table 2.3 illustrates the pass or fail criteria of HWTT for some transportation agencies

(Kassem et. al., 2019).



Table 2.3. HWTT Rultting Criteria (Kassem et al., 2019)

Test
pot Procedure Rutting limits for various PG grading or mixture type
TXDOT | Tex-242-F <=PG 64; 10,000 passes @12.5mm rut depth tested at 50 °C
TXDOT | Tex-242-F PG 70; 15,000 passes @12.5mm rut depth tested at 50 °C
TXDOT | Tex-242-F =>PG 76; 20,000 passes @12.5mm rut depth tested at 50 °C
AASHTO T i
WSDOT 14 15,000 passes @10 mm rut depth tested at 50 °C
CODOT | CP-L5112 10,000 passes @ 4 mm rut depth tested at 50 °C
Minimum of 10,000 passes @13 mm rut depth for mix design (for PG 58-
MTDOT | MT 334-14 )
28,64-22,64-28 and 70-28)
) Minimum of 10,000 passes @13 mm rut depth for mix design (for PG 58-
MTDOT | MT 334-14 )
28,64-22,64-28 and 70-28)
LADOT AASHTO T Incidental Paving and ATB; Design Level 1; Max rut depth at 50 °C: 10 mm @
324 10,000 passes
LADOT AASHTO T Wearing and Binder Course; Design Level 1; Max rut depth at 50 °C: 10 mm
324 @ 20,000 passes
LADOT AASHTO T Wearing and Binder Course; Design Level 2; Max rut depth at 50 °C: 6 mm
324 @ 20,000 passes

2.3.3 Lottman Moisture Susceptibility Testing Protocol

14

Asphalt mixtures are susceptible to water, as water strips the binder away from the aggregates

further weakening pavements. This is referred to as stripping and can be prevented by using

better aggregate-binder combinations, or additives such as hydrated lime and liquid anti-

stripping chemicals. The Lottman test procedure, conducted in accordance with AASHTO T

283, is used to determine the susceptibility of asphalt mixtures to moisture damage and

evaluate the use of additives (e.g., anti-stripping chemicals) to improve the resistance to

stripping. The test is performed on three samples in dry conditions with no moisture

conditioning and three samples tested after moisture conditioning. The indirect tensile

strength test is conducted on the specimens to determine the indirect tensile strength. The
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indirect tensile strength ratio is calculated using the division between the wet and dry samples.
The closer the ratio is to 1, the better the samples are to resist stripping, and/or the additives

are effective.

The preparation of the specimens follows the same guidelines as Superpave with dimensions
of 150 mm in diameter and 63.5 mm in height. After compaction, samples are kept at room
temperature for 24 £ 3 hrs. before measuring percent air voids. The test samples should have a
target air voids of 7.0 + 0.5% in accordance with AASHTO T269. The test specimens are split
into two different groups, three samples each. One group is tested in dry conditions and the

other group is tested after moisture conditioning where it is subjected to a freeze-thaw cycle.

The group of specimens that are undergoing the freeze-thaw cycle are placed in a water
container and subjected to a vacuum of 13 to 67 kPa absolute pressure (10 to 26 in Hg) for 5
to 10 min until a saturation level between 70 and 80 percent is achieved. The degree of
saturation is calculated following Method A of AASHTO T 166. The volume of absorbed

water is calculated using Equation 2.1

J'=B'-4A Eqn. 2.1

where:

Jt = volume of absorbed water (cm?)

B! = weight of the saturated, surface-dry specimen after partial vacuum saturation (g)
A = weight of the dry specimen in air (g)

The degree of saturation (S?) is found next using the volume of absorbed water using
Equation 2.2.

_ 100/
=

Sl

Eqn. 2.2
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where:
S* = degree of saturation (%)
Va = Volume of air voids (cm?®)

If the degree of saturation is less than 70%, the partial vacuum procedure must be repeated. If
the values are between 70% to 80%, the conditioning of the freeze-thaw cycle may continue.
Specimen saturation values greater than 80% saturation are considered damaged and
discarded. Extra specimens are made in precaution if specimens do not meet the correct

degree of saturation.

For the specimens, that met the required degree of saturation, are wrapped wet in plastic wrap,
placed in a plastic bag with 10 £ 0.5 mL of water, and sealed. These samples are placed in a
freezer to a temperature of 0 + 5°F (-18 + 3°C) for 24 £ 1 hr. Then, the test specimen is
moved to a water bath set to 135 + 1°F (57 £ 0.5°C) with at least an inch of water above the
samples for another 24 + 1 hr. When the specimens are placed in the water bath, the plastic
film and wrap are removed. When conditioning is complete, the specimens are placed in a
water bath set to 77 + 1°F (25 £ 0.5°C) for two hours before testing. The dry samples are also

placed in an environmental chamber at 77 + 1°F (25 £ 0.5°C) before testing.

Before testing is performed, the thickness and diameter of the test specimens are measured
and recorded. The test specimen is then placed on its side between the two bearing plates for
the IDT test using the Material Testing System (MTS) as shown in Figures 2.4 and 2.5. Steel
loading strips are placed between the bearing plates and the sample for good contact. The load
is applied at a constant rate of 2 in (50 mm) per minute until failure. Figure 2.6 shows the
samples after testing while the specimen is split along the direction of the applied load. The
maximum applied load is recorded. The moisture susceptibility is quantified by measuring the
tensile strength ratio (TSR) (Equation 2.3) in accordance with AASHTO T 283.

TSR = — Eqgn. 2.3
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where:
S1 = average tensile strength of the dry subset, psi (kPa)
S> = average tensile strength of the conditioned subset, psi (kPa)

The closer the TSR is to 1, the less susceptible of asphalt mixtures to moisture damage. An
asphalt mixture with a minimum value of 0.80 for TSR is expected to have good resistance to
moisture damage (AASHTO 2014).

Figure 2.4: The Material Testing System



Figure 2.6: IDT Test Sample after Testing

18
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2.3.4 Dynamic Modulus

The dynamic modulus test is conducted in accordance with AASHTO T 342. The test is
conducted at various temperatures (—10, 4.4, 21.1, 37.8, and 54.4°C) and frequencies (0.1,

0.5, 1.0, 5, 10, and 25 Hz). It applies sinusoidal loading and measures the axial strain. The
load is adjusted to maintain the axial strain between 50 and 150 microstrain. Three axial linear
variable differential transformers (LVVDTSs) are used to measure the axial deformation during
the test. Figure 2.7 shows an example of the dynamic modulus setup.

The Mechanistic-Empirical Pavement Design Guide (MEPDG) is used to find the physical
causes of stresses in pavement structure and correlate them with observed pavement
performance. The pavement design industry has recently been moving towards more of
mechanistic-based methodologies to improve pavement design in a more cost-effective
manner. The Dynamic modulus is an important material characterization property that is used
to correlate material properties to field fatigue cracking and rutting performance. In the
MEPDG, for asphalt pavements, the dynamic modulus |E*| is the most important property and
IS an input to the pavement response model to determine the stress/strain responses. The
responses from this test are used to further determine the pavement performance through its
pavement’s life. The dynamic modulus test is primarily used to predict the top-down and

bottom-up fatigue cracking and rutting (Dougan et al., 2003).

Figure 2.7: Dynamic Modulus Test Setup (Masad et al., 2011)
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2.3.5 Laboratory Compaction Index (LCI)

Compaction of asphalt mixtures is the process of decreasing the volume and increasing the
unit weight by the interlocking of aggregates and binder. The level of compaction is affected
by many factors including binder content, angularity of aggregates, method of compaction,
etc.. The binder grade can take effect as different binder grades have different viscosities and
affect the interlocking process of aggregates and binder. The compaction process is important
to the performance of laboratory and field asphalt mixtures, as bad compaction can lead to
premature distresses on the pavement. With the importance of asphalt compaction to the
overall performance of asphalt specimens, research studies were conducted to investigate the
correlation between laboratory compaction methods and mechanical properties (Kassem et al.,
2012). The researchers evaluated the compactability of 20 different asphalt mixtures. Table
2.4 shows the compiled projects and mixture type for all mixes used in the study. Several
compaction indices including Laboratory Compaction Index (LCI), Workability Energy Index
(WEI), and Porosity Index (PI), were calculated to evaluate the compactability of the asphalt
mixtures and correlate the laboratory compaction to the field compaction.



Table 2.4: Summary of the Asphalt Mixtures (Kassem et al., 2012)

Mixture Project Mixture Compaction .

# 1D Tvpe Index LCT | WEL| I

l Riverside | HMA Type C 5.45 2421 | 493|534
2 Riverside 2 HMA Type D 7.4 2385| 3.19| 4.69
3 Riverside 3 WMA Type D 4 2598 | 687|539
4 SL 111 HMA Type C A 27.14 | 540|532
3 SH 31 HMA Type B 5.5 2475 390|454
3] Loop 340 HMA Type C 4.8 2203 | 428|454
7 FM 2854 HMA Type D 1 2969 | 753|622
8 1S 87 HMA CMHB-F * 1890 | 11836l
9 S 290 WMA Type C 3.6 2190 | 2.57| 468
10 US 159 HMA Type D 1 2821 | 7.01 | 6.87
11 LAREDO HMA Type C 5 20,13 | 336 4.6l
12 LA-modified | HMA Type C 2.5 2409 | 7.29 | 6.14
13 LA-control HMA Type C 3.5 2312 6.14 | 5.53
14 IH 35 HMA SMA 1.4 2792 | 532|416
15 HW 6 HMA SMA 2 2624 | 444 | 4.12
16 SH 44 HMA Type B 3 2519 | 513|589
17 SH 36 HMA Type D 2.1 2483 | 421|505
18 s 259 HMA Type C 38 2713 579|546
19 SH 21 HMA Type C 4.4 2159 272|489
20 1S &7 HMA Type C 6.1 2274 | 365|544

* Could not achieve 8 percent air voids in the field

The researchers prepared two samples from each mixture to approximately 2.5-in in height
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and 6-in diameter and compacted at a 1.25° gyration angle. The compaction data/curves were

recorded which show the number of gyrations and %Gmm. Converting the %Gmm to percent air

void, Figure 2.8 can be developed, which shows the number of gyrations (in logarithmic

scale) on the x-axis versus the percent air void on the y-axis. Then, the slope (b) and intercept

(a), of the laboratory compaction curve were determined (Figure 2.8) and used in Equation

2.4. The researchers developed the Laboratory Compaction Index (LCI) as a function of the

intercept (a) and slope (b) of the compaction data. The LCI quantifies the laboratory

compaction effort needed to achieve the target air void and was correlated to the field

compaction index. The LCI was calculated using Equation 2.4.

1.2

LCI =100 x —
a

Eqgn. 2.4
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where:
b = the absolute value of the slope
a= the intercept

The steeper the slope, the larger reduction in percent air void for each gyration which results
in a larger LCI value. The opposite shows with a steadier slope have low percent air voids
after the first gyration (Kassem et al., 2012).

25 |

y=-3.759In(x) + 19.731
R*=0.999

10

(a)

Percent Air Voids

M

=

1 10 100

Number of Gyrations

Figure 2.8: Example of SGC Compaction Curves (Kassem et al., 2012)

The LCI index was found to have a fair correlation with field compaction (number of passes
to achieve a certain density) as presented in Figure 2.9. The correlation coefficient (R?) of this
relationship is considered acceptable since field compaction is affected by several factors
including mix temperature, air temperature, wind speed, and roller speed and weight. The LCI
can be used to assess the compactability level (easy, moderate, or difficult) of asphalt
mixtures during the mix design stage. Asphalt mixtures with high LCI values are easier to

compact compared to those with low LCI values.
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Figure 2.9. Relationship between laboratory and field HMA compaction as proposed by
Kassem et al. (2012)

2.4 Performance Graded (PG) Asphalt Binder Modification — Lessons Learned with the
Hamburg and MSCR

The Washington State Department of Transportation (WSDOT) manages 18,500 lane miles of
roadways. This includes construction, maintenance, and repairs to ensure smooth, safe, and
economic pavements. In 2016, WSDOT forecasted 1,043,000 tons of unmodified HMA, and
586,555 tons of modified asphalt would be used. To extend the service life of pavements,
WSDOT conducted a study to investigate the use of anti-strip agents in asphalt mixtures and
its effect on Hamburg test results. WSDOT discovered the compatibility between asphalt and
anti-strip agents, as well as the products and procedures of asphalt modification (DeVol,
2016).

WSDOT compared the HWTT rutting results of the test samples prepared with 0.50% anti-
strip agent to the HWTT rutting results of mixtures without anti-strip agents. PG 64-28
asphalt binders was used in the study. Figures 2.10 and 2.11 show the test samples after

testing and the change in rut depth with number of passes, respectively. The resulted
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demonstrated that test samples with no anti-strip had significantly less rutting compared to the

ones with anti-strip agent.

(%] e

Hamburg Mix Design Verification Test Data

g
%
E
=
. =
k-]

8
a
&

1000 3500 ] B500 11000 13500 16000 18500

Mumber of Wheel Fasses

Figure 2.11: Graph of Rutting Depth for PG 64-28 Hamburg Samples (DeVol, 2016)
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Then, the researchers evaluated the use of PG 64-28 polymer-modified binder, and the results
demonstrated significant improvement in the rutting resistance as shown in Figures 2.12 and
2.13. In addition, the results show an improved tensile strength ratio when anti-strip agents
was used (DeVol, 2016).

Figure 2.12: Hamburg Samples with PG 64-28 “Polymer Modified” (DeVol, 2016)
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Figure 2.13: Hamburg Rutting Depth using Polymer Modified Binder (DeVol, 2016)
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2.5 Effect of RAP Content on Rutting Performance of Asphalt Mixtures

Rahman and Hossain (2014) evaluated the effect of RAP content (up to 50%) on the HWTT
rutting results. Historically the Kansas Department of Transportation (KDOT) has used up to
15% RAP content, but since 2008, Superpave mixtures have increased the percentage to
around 25%. Figure 2.14 shows the number of HWTT passes before reaching a rut depth of
20 mm. The results demonstrated a significant increase in number of passes for mixtures
containing higher percentages of RAP (>35%) compared to the moderate and low RAP
contents. This was true for the creep slope, stripping slope and stripping inflection points for
higher percentages of RAP. All evaluated mixtures used the same soft binder grade of PG 58-
28 due to the aged RAP binder.

SNWP I ®NWP R ®mAVG_NWP

14-15 24-25 30 35-37
% RAP

EER

Average No. of Wheel Pass
Ak

Figure 2.14: Hamburg Results for Different Percentages of RAP (Rahman and Hossain,
2014)

Re-using existing asphalt pavements to produce new asphalt pavements saves money on
energy, materials, and money. Though these pavements have reached the end of their service
life, the aggregates and binder are still useful in new designs. New pavements incorporating
recycled asphalt pavements have proven to be both economically feasible and effective in
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protecting the environment. RAP mixed with virgin aggregates for the most part has

performed well in respect to rutting performance (Xiao et al., 2009).

Alireza et al. (2016) evaluated the effect of RAP content on the rutting performance of asphalt
mixtures. In this study, three different percentages of crumb rubber (0%, 10%, and 20% by
weight of bitumen) were added to the binder. It was mixed (wet process) and reacted for 30
minutes at a temperature of 350°F (177°C). In addition, four different percentages of RAP
(0%, 20%, 40%, and 60% by weight of mixture) were used in the mixtures. Figure 2.15 shows

the gradations used for each percentage of RAP.
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Figure 2.15: Gradations of Designated Aggregate and RAP sources (Alireza et al., 2016)

Three different test methods were used to analyze the effects of crumb rubber and RAP:
Marshall Stability and Flow Tests, Dynamic Creep Test, and Wheel Tracking Test. Table 2.5
shows the results of the wheel-tacking test and flow number, the table is split into the
percentage of rubber and RAP. The results show a decrease in rut depth as the percentage of

crumb rubber and RAP content increase. Thus, the rutting resistance increased as the



percentage of rubber and RAP increased in the mixture. The addition of high percentage of

RAP, greater than 40%, increased rutting resistance as well (Alireza et al., 2016).

Table 2.5: Rutting Test Results (Alireza et al., 2016)

Flow Number CR Rut Depth CR
RAP 0 10 20 0 10 20
0 2100 4.61
20 3500 3980 4500 3.05 2.80 2.40
40 4900 5040 5500 2.15 2.10 2.00
60 5950 6100 6580 1.75 1.40 1.10
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Hajj et al. (2007) evaluated the rutting resistance of asphalt mixtures prepared with RAP using
the APA following AASHTO TP63-03. Table 2.6 provides different mixtures evaluated in
their study. The factors included two different binder grades, three sources of RAP and three
percentages of RAP. The APA was conducted at 140°F for 8,000 cycles or until the maximum
criterion of 8-mm rut depth is achieved and used by Nevada DOT. Table 2.7 shows the results
for different mixture types, where all samples met the maximum rut depth of 8 mm. The PG
64-28 samples had a rut depth close to the failure criterion (Hajj et al., 2007). Comparing the
percentages of RAP from each source for PG 64-22, the rut depth increased with the increase
in RAP percentage. The PG 64-28 samples showed the same effect, but at less increments at
each stage. The outcome of adding RAP to asphalt mixtures resulted in reduced rutting

resistance.
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Table 2.6: Type of Mixtures and Nomenclatures (Hajj et al., 2007)
Target Binder Grade Source RAP Percentage Sample 1D
PG64-22 Virgin Agprepgates 0% C-23*
RAP Source 15% SI-22-15
30% S1-22-30
RAP Source [1 15% SI1-22-15
30% SI1-22-30
RAP Source I11 15% SII-22-15
0% SII-22-30
PGH4-2ENY Virgin Agprepates 0% C-28*
RAP Source 15% SI-28-15
0% SI1-28-30
RAP Source 1 15% SII-28-15
30% SI1-28-30
RAP Source 111 15% SIII-28-15
30% SIII-28-30

Table 2.7: Rutting Resistance of the Various Mixtures (Hajj et al., 2007)

Target M APA Rut Depth under 8,000
Binder Mix N Cycles @ 140°F
Grade Proportions mm inch
PG64-22 C-22 % RAP 4.6 0.18
S51-22-15 15% RAP 5.9 0.23
S5I1-22-30 30% RAP 6.0 0.24
SI-22-15 15% RAP 2.2 0.09
SII-22-30 30% RAP 7.3* 0.29
SII-22-15 15% RAP 1.4 0.06
SII-22-30 30% RAP 2.1 0.08
PG64-2BNV C-2% % RAP 2.1 0.08
SI-28-15 5% RAP 2.1 0.08
SI1-28-30 30% RAP 3.1 0.12
SII-28-15 15% RAP 2.1 0.08
SII-28-30 30% RAP 2.4 0.09
SII-28-15 15% RAP 2.1 0.08
SIN-28-30 30% RAP 2.2 0.08
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2.6 Effect of Aggregate Type in the Blend on Rutting Performance

Rahman and Hossain (2014) evaluated the effect of aggregate type on the HWTT rutting test
results. Different combinations of aggregate sources were evaluated. The aggregate types
include crushed gravel (CG), crushed limestone (CS), natural sand (RS), and manufactured
sand (MS) sand. Some mixtures contained a combination of different aggregate types of
crushed gravel with sand or crushed limestone with sand. Figures 2.16 and 2.17 show the
effect of aggregate type on Hamburg wheel passes, and Hamburg rutting depth, respectively.
None of the mixtures exceeded 20,000 passes. Figure 2.16 shows the rutting depth after
10,000- and 15,000-wheel passes. The results demonstrated that mixtures containing crushed
gravel showed increased rutting resistance with lower rutting depth compared to the other
mixtures. The rut depth at 15,000 passes was about 73% higher resistance when the mix
contained crushed stone in the aggregate blend. The same trend was observed for the stripping
point. Asphalt mixtures containing crushed gravel (CG) had lower rutting than crushed

limestone mixtures (Rahman and Hossain, 2014).
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Figure 2.16: Effect of Aggregate Type on Hamburg wheel passes (Rahman and Hossain,
2014)
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Figure 2.17: Effect of Aggregate Type on Hamburg Rutting Depth (Rahman and Hossain,
2014)

Sabahat et al. (2019) evaluated the rutting performance of two different aggregate types (i.e.,
dolomite and limestone). The dolomite rock was obtained from Ubhan Shah quarry, while the
limestone was acquired from two different sources: Margallah and Sargodha quarries. Three
different tests were performed to examine the rutting resistance of different asphalt mixtures
that included the Cooper Wheel Tracking Test (CWTT), Asphalt Pavement Analyzer (APA)
and Repeated Load Axial Test (RLAT). Table 2.8 shows the results for the tested aggregates.
The average rut depths were 2.663-mm, 1.818-mm, and 2.094-mm for Ubhan Shah,
Margallah, and Sargodha aggregates, respectively. The dolomite rock from Ubhan had the
worst rutting resistance compared to limestone. The difference in rut depth between
Margallah and Sargodha was small.
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Table 2.8: Test Results for CWTT, APA and RLAT for Selected Mixtures at Temperature

Condition of 50°C (Sabahat et al., 2019)

APA Rut depth RLAT

Sr Mo, Aggregate Bitumen Gradation CWTT Rut depth (mm) {mm) Strain (%) Terminal Cycles
1 Ubhan Shah NRL 60¢F0 NHA-A 4.BBO 1.824 3.003 457
2 Ubhan Shah MNRL 60¢70 NHA-B 11374 4.085 3.004 151
3 Ubhan Shah NRL 60¢70 SP-A 11891 4452 30M 140
4 Ubhan Shah MNAL 60¢70 5P-8 8310 2.345 3.005 203
5 Ubhan Shah MRL 60¢70 NAS-1I 5.979 2.685 30m 417
[ Ubhan Shah NRL 4050 NHA-& 3533 1.757 3002 970
7 Ubhan Shah MNAL 43¢50 NHA-B GUG6TT 2237 3.000 164
8 Ubhan Shah MAL 40¢50 5P-A 7637 2433 3.000 152
g Ubhan Shah NRL 4050 5P-8 5.841 2.039 3.005 548
] Ubhan Shah MNAL 40¢50 NS 3.866 1.923 3.000 453
11 Margallah ARL 60/70 MHA-A EREN 1.837 3.0M 1320
12 Margallah ARL &0/70 NHA-B 4.472 1.889 3.000 938
13 Margallah ARL &0/70 S5P-A 4953 2374 3.001 526
14 Margallah ARL &0/70 5P-8 3.902 1.743 3.003 B56
15 Margallah ARL &0/70 MNS-1I 3.161 2121 3.000 1340
16 Margallah NAL 40450 NHA-A 1.540 1.356 3001 1435
17 Margallah NRL 40¢50 NHA-B 237 1.740 3.003 1464
13 Margallah NRL 40¢50 S5P-A 1678 2109 3.0m 642
19 Margallah NAL 40¢50 5P-8 1.820 1.583 3.005 930
20 Margallah NAL 40¢50 NAS-I 1.694 1.523 3.006 1920
21 Sargodha ARL &0/70 NHA-A 3664 2.092 3.001 1195
22 Sargodha ARL &0/70 NHA-B 4.839 2169 jmaz B49
23 Sargodha ARL &0/70 S5P-A 5.158 2640 3.000 476
24 Sargodha ARL &0/70 5P-8 4.572 1.991 3.001 7S
25 Sargadha ARL &0/70 NAS-I 4.525 2.446 3.003 1213
26 Sargodha MNRL 40¢50 NHA-A 3335 1.562 .00 1299
a7 Sargodha MNAL 40¢50 NHA-B 3.880 2.020 3.00z 923
23 Sargadha MNAL 40¢50 5P-A 4.236 2442 3.004 517
29 Sargodha MNAL 43¢50 5P-8 3.566 1.832 3.000 842
30 Sargodha MNAL 40¢50 NAS-I 3513 1.750 3.003 1318
3 Ubhan Shah MRL 60¢70 MHA-A (BC) 4.853 1.478 3.005 1198
32 Ubhan Shah NAL 60¢70 NHA-B (BC) 5453 1.917 2806 470
33 Ubhan Shah NRL §0¢70 5P-B(BC) 6245 2576 3.0m 427
34 Ubhan Shah MRL 60¢70 DEM (BC) 4041 233 3.000 616
35 Margallah ARL 50/70 NHA-A (BC) 3299 1.578 3.000 3204
36 Margallah ARL &0/70 NHA-B (BC) 3253 1.550 3.002 N
37 Margallah ARL &0/70 5P-B(BC) 4335 1.604 3.0 611

38 Margallah ARL 50/70 DEM (BC) 2403 1.210 1477 3600

Ahmed and Attia (2013) evaluated the effect of aggregate gradation and type, on rutting

resistance of asphalt samples. Crushed basalt, crushed dolomite and crushed limestone were

included in the testing matrix for rutting resistance evaluation using the wheel tracking test.

The wheel tracking machine consists of a rubber-tired wheel with a diameter of 20-cm and 5-

cm height. A load of 53.5-kg was applied to the specimens for a total of 60 minutes which

presented 2520 passes. Figure 2.18 represents the rutting deformation for each aggregate type

and gradation. For 2C open gradation, the final rut depth was over 6-mm for basalt, just over

5-mm for dolomite, and under 6-mm for limestone. The 3A coarse gradation had 4.5-mm for

basalt, 2.1-mm for dolomite, and 4-mm for limestone. The difference in rut depth was larger

for this gradation (i.e., 3A Coarse) compared to 2C open gradation. The dolomite had the best

rutting resistance followed by limestone and basalt.
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Figure 2.18: Effect of Aggregate Gradation on Rutting Resistance (Ahmed and Attia, 2013)



2.7 Effect of Binder Grade on Rutting Performance of Asphalt Mixtures

Rahman and Hossain (2014) evaluated the effect of binder grade on rutting performance of

asphalt mixtures. KDOT primarily uses two binder grades for recycled Superpave mixtures:

PG 64-22 and PG 58-28. An additional binder PG 70-28 was evaluated in the study for

comparison between different binder grades. Over 90% of crushed gravel mixtures prepared
with PG 64-22 and PG 70-28 binder completed 20,000-wheel passes, and 56% of mixtures
prepared with PG 58-28 completed 20,000 passes (Rahman and Hossain, 2014). Mixtures

prepared with stiffer binders had higher resistance to rutting compared those with softer

binders.
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Figure 2.19: Effect of Binder Grade on HWTT Results (Rahman and Hossain, 2014)
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Kassem et al. (2019) investigated the sensitivity of mix properties to binder grades. Two
different rutting analysis tests were conducted, to analyze the rutting between different binder
grades: APA (dry) and HWTT (wet) test. Two binders: PG 70-28 and PG 58-34 at three
binder contents of 4.25%, 5.0% and 5.75% were evaluated. Figures 2.20 and 2.21 present the
results of HWTT and APA rut depths for the test mixtures. For HWTT results, PG 70-28
resulted in less rutting compared to PG 58-34 at the corresponding binder content. The
difference in rut depth between the binder grades was statistically significant (p<0.05). The
APA results (Figure 2.21) showed different results due to the varying testing temperature. The
test was conducted at 70°C for PG 70-28 and 58°C for PG 58-38 according to AASHTO
T340. APA results showed an increase in rut depth for PG 70-28 than PG 58-34 and was
statistically significant. Mixtures with stiffer binder grades are expected to have more

resistance to rutting than softer binders if the test is conducted at the same temperature.

Sensitivity to binder grade
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Figure 2.20: Sensitivity of HWTT Rut Depth after 20,000 Passes to PG Grade (Kassem et al.,
2019)
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Figure 2.21: Sensitivity of APA Rut Depth at 8,000 Cycles to PG Grade (Kassem et al.,
2019)

Baoshan et al. (2009) used the APA rut test to examine the rutting resistance of dense-graded
surface HMA mixtures. Coarse aggregate with different angularities (100, 85, 70, 50, and
35% of aggregate with two or more fractured surfaces) were used to produce mixes in their
study. In addition, three different binder grades (PG 64-22, PG 76-22, PG 82-22) were also
included. They conducted the APA test in accordance with AASHTO TP63-03 but at a set
testing temperature of 64°C. Figure 2.22 represents the APA rut depths in millimeters for each
gradation and binder grade. In this study, the softer binders produced higher rut depth
compared to the stiffer binders. Since the testing temperature was fixed in this study, the
stiffer binders (PG 76-22 and PG 82-22) were more resistant to rutting.
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Figure 2.22: APA Rut Depths of HMA Mixtures (Baoshan et al., 2009)

2.8 Effect of Binder Source and Content on Rutting Performance of Asphalt Mixtures

Rahman and Hossain (2014) evaluated the effect of binder source on HWTT rutting
performance of asphalt mixtures. They used the same binder grade (i.e., PG 58-28) from
different sources or refineries. They also used 25% RAP content in the evaluated mixtures.
Figure 2.23 shows the percentage of mixtures passing 20,000 passes. The results
demonstrated that binders from different sources had different rutting performance. The

asphalt binder from at Sinclair, Phillipsburg outperformed the other sources with 75% passing

20,000 passes (Figure 2.23).
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Figure 2.23: Effect of Binder Source on HWTT Test Results (Rahman and Hossain, 2014)

Kassem et al. (2019) analyzed the rutting characteristics of asphalt specimens at different
binder contents. The analysis includes two different binder grades for further comparison of
the effect of binder content on asphalt specimens. The two binder grades used were PG 70-28
and PG 58-34 with three binder contents: 4.25%, 5.0%, 5.75%. Two rutting tests were
performed: the APA rut test in dry conditions and HWTT test in wet conditions. Figures 2.24
and 2.25 show the results of HWTT testing after 20,000 passes and APA test after 8,000
cycles, respectively. The results exhibited an increase in rut depth with the increase in binder
content. For PG 70-28, the rut depth decreased from 4.25% to 5.0% binder content. For PG
58-34, the rut depth slightly increased between 4.25% B.C. and 5.0% B.C. The statistical
analysis showed significance difference between 5.75% binder content and both 4.25% and
5.0% binder content; however, there was no significance between 4.25% and 5.0% binder
content. The APA results showed higher rutting for PG 70-28 compared to PG 58-34. The
difference in rut depth for PG 70-28 was statistically significant between 5.75% to both
4.25% and 5.0% binder content. For PG 58-34, the difference in rut depth was significant

between each binder content.
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2019)
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Zhao et al. (2012) examined the rutting characteristics of asphalt mixtures prepared using

different binder grades and sources. Three different binder grades were used as presented in
Table 2.9. They conducted the APA test in accordance with AASHTO TP63-03. The test was

run for 8,000 cycles at the testing temperature specific to the binder grade. Figure 2.26

represents the average rut depth for each binder after 8,000 cycles. The binder source played a

big role in rutting performance, binder (C) PG 64-22 and binder () PG 64-22 were the same

binder grade but there was a 0.7-mm difference in overall rutting depth. Binder (1) PG 64-22

and binder (N) PG 58-28 come from the same source and show the same trend as APA testing

with less rut depth coming from softer binders.

Table 2.9: Superpave Binder Properties for the Virgin Binders (Zhao et al., 2012)

Paramseters

Binder source

C [PGB4-22) I [(PLE4-22] N [PGSE-28)
Origingl
Visoosity, Ps-5 (135 =C} 0.626 0.405 031
G Jsind, (Pa) [ 6d{58 =C) 1801 1207 1378
KTFO residue
Mass chamge, (E) [ 165 =C} 024 iz -
G Jsand, (Pa) [ Bd{58 L) 4603 2815 3875
PAV residire
Gosing, (kPa) (25{19°C) 2420 2970 AGd
Stiffness (60 5], (MPa) (—12)-18=C) 129 183 249
m-value [G05) [=12{-18"C) 0.354 0311 0281
fh
PG 64-22
Tested at 64°C
fd PG 58-28
Tested at 58°C
g 6.2
&8 &0
g PG 64-22
E 551 Tested at 64°C
T 56 //
. /
524 /
5.0 ¢ /1 ¥ T
C 1 M
Binder Source

Figure 2.26: Binder Source Effects on Rutting Performance (Zhao et al., 2012)
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2.9 The Use of Anti-Strip Additives on the Moisture Susceptibility of Asphalt Mixtures

Gu et al. (2020) examined the influence of anti-strip additives on the moisture susceptibility

and durability on granite-based asphalt mixtures. The mixtures were comprised of granite

from two different sources and were open-graded friction course, referred to as FC-5 asphalt

mixtures. Four groups were tested using the modified Lottman procedure and HWTT. The

four groups were comprised of 1% of hydrated lime by aggregate weight, 1% hydrated lime
with 0.5% anti-strip (LAS) additive by binder weight, 1.5% hydrated lime, and 1.5% hydrated
lime with 0.5% LAS. Table 2.10 presents to testing matrix of all the different samples.

Table 2.10: Summary of FC-5 Specimen Replicates for Performance Tests (Gu et al., 2020)

- _ Number of Specimens
Ag’%‘:;gem Aﬁ-l,::e Method | Unconditionea | 1F-T | 1000-hr [2000-he
! ’ ) ) Cyele” APWS APWS
Cantabro 3 MNA 3 3
1% HL*" IDT™" 3 3 3 3
HWTT 4 NA 4 4
19% HL + Cantabro 3 NA 3 3
Junction LAS) [E:T 3 3 3 3
City HWTT 4 NA 4 4
Granite . Cantabro 3 MNA 3 3
1.5% HL IDT 3 3 3 3
HWTT 4 NA 4 4
1.5% HL Cantabro 3 NA 3 3
+ LAS; IDT 3 3 3 3
HWTT 4 NA 4 4
Cantabro 3 NA 3 3
1% HL IDT 3 3 3 3
HWTT 4 NA 4 4
1% HL + Cantabro 3 MNA 3 3
Nova LAS: [E:T 3 3 3 3
Scotia HWTT 4 NA 4 4
Granite Cantabro 3 NA 3 3
1.5% HL IDT 3 3 3 3
HWTT 4 NA 4 4
1.59% HL Cantabro 3 NA 3 3
4 LAS, IDT 3 3 3 3
] HWTT 4 NA 4 4

Note: * F-T = Freeze-Thaw:

“ HL = Hydrated Lime; ***IDT = Indirect Tension.
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IDT tests were conducted for both Junction City granite and Nova Scotia granite for each set
of samples. Figure 2.27 shows the results of the tensile strength ratio (TSR) for each mixture
for the Junction city granite. The TSR is defined as a ratio of the tensile strength of the
conditioned samples by the tensile strength of the dry samples. In this figure, the blue column
represents the dry tensile strength in psi, and the orange dots show the TSR for each set of
samples. All values were above 80% TSR which means good resistance to moisture damage.
The results of this group of asphalt mixtures showed that mixtures with 1% hydrated lime to
have the highest TSR value. This means that adding LAS or the additional 0.5% hydrated
lime did not improve the moisture resistance of these samples. An explanation could be the
control mix of 1% hydrated lime already had excellence resistance to moisture damage, so
additional additives diminished such effect (Gu et al., 2020).
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Figure 2.27: TSR Test Results for Junction City FC-5 Asphalt Mixtures (Gu et al., 2020)
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Figure 2.28 shows the same results as Figure 2.27 but for granite from Nova Scotia. The
results from the Nova Scotia aggregate showed similar findings of the Junction City where the
additional hydrated lime and LAS had little effect on moisture resistance. Meanwhile, there
was slight improvement to the control mixture from that of Junction City but not significant.
This could be due to the fact that the control mixture had good resistance to the moisture
damage. Comparing the mixtures with hydrated lime and liquid anti-strip, they do not
improve the TSR compared to the controlled mixture. Comparing the mixtures from the two
sources, the Nova Scotia TSR values are overall larger, which is better compared to Junction

City Granite.
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Figure 2.28: TSR Test Results for Nova Scotia FC-5 Asphalt Mixtures (Gu et al., 2020)

Figures 2.29 and 2.30 show the HWTT rut depth of the Junction City and Nova Scotia asphalt
samples, respectively. Each bar represents an asphalt mixture prepared with different
percentages of hydrated lime and LAS additives at different conditioning times. The rut depth
for all test mixtures was below 12-mm, which is the failure rut criterion, after 20,000 passes.

After 20,000 passes, the Junction City mixtures showed no signs of stripping and provided
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satisfactory durability and resistance to moisture damage. In addition, the values of TSR from

Junction City aggregate are above 0.80, therefore not susceptible to moisture damage.

The results of the Nova Scotia samples demonstrated similar findings from the Junction City
materials. the rut depths were well below the 12-mm max which indicates good resistance to
moisture damage. The addition of LAS to the samples showed little favorable effects on the
moisture resistance, and sometimes had adverse effects, especially after 2,000-hr conditioning

time.
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Figure 2.29: Rut Depth of Junction City FC-5 Asphalt Mixtures after 20,000 Passes (Gu et
al., 2020)
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Figure 2.30: Rut Depth of Nova Scotia FC-5 Asphalt Mixtures after 20,000 Passes (Gu et al.,
2020)

Shidhore (2005) used a modified AASHTO T283 (TSR) test to assess the moisture
susceptibility of asphalt mixtures. The modified procedure does not require a freeze-thaw
cycle, but only conditioned (saturated) and dry samples. Each TSR test was performed using
two dry and two conditioned specimens that are 150 mm in diameter and 95 mm in height at
7.0 = 1% air voids. Six sets of specimens, prepared with different percentages of fines and
anti-strip additives, were tested (Table 2.11). Tables 2.12 to 2.14 show the wet and dry tensile
strength values for all test samples containing Boone fines. The results demonstrated that
better strength was achieved at 1.5% over 6.5% of fines. Comparing Boone fines of 0% Lime
to 1%, the addition of lime to the mix improved the TSR value from 74.8% to 85.7%. The
results from Enka fines showed an improvement from 70.1% to 93.8%. The overall results
demonstrated significant improvement to moisture damage when adding 1% lime to asphalt

mixtures.



Table 2.11: Rice Specific Gravity (Gmm) (Shidhore, 2005)

Description Nomenclature Gom

1.5% Boone BHF, (% Lime BF1.5L0 2.517
1.5% Enka BHF, ("% Lime EF1.5L0 2514

6.5% Boone BHF, (% Lime BF6.5L0 2.516
6.5% Enka BHF, ("% Lime EF6.5L0 2.517

5.5% Boone BHF, 1% Lime BF5.5L11 2510
5.5% Enka BHF, 1% Lime EF5.50L1 2.511

Table 2.12: TSR Results: 1.5% Boone Fines with 0% Lime (Shidhore, 2005)

Unconditioned Specimens Conditioned Specimens
Specimen Air Dry TS Specimen | Saturation Air Wet TS
nao. Voids (psi) ni. (%) Voids (psi)
(%) (“a)
BF1.5L0-1 6.6 1157 BF1.5L0-5 75.3 6.6 859
BF1.5L0-2 6.7 1127 | BF1.5L0-6 74.9 6.9 840
BF1.5L0-3 6.6 1139 BF1.5L0-7 74.2 6.6 839
BF1.5L0-4 6.7 1209 BF1.5L0-8% 72.1 6.7 921
Average = 6.7 115% 6.7 870
TSR=| T4.8

Table 2.13: TSR Results: 6.5% Boone Fines with 0% Lime (Shidhore, 2005)

Unconditioned Specimens Conditioned Specimens

Specimen Air Dry TS Specimen | Saturation Air Wet TS

no. Vouds (psi) no. (%a) Vouds (psi)

(%) (Vo)
BF6.5L0-1 6.7 992 BF6.5L0-5 70.5 6.6 676
BF6.5L0-2 6.4 1081 BF6.5L0-6 68.9 6.6 712
BF6.5L0-3 6.7 1068 BF6.5L0O-7 723 6.6 677
BF6.5L0-4 6.4 1069 BF6.5L0-8 76.1 6.5 676
Average = 6.6 1052 0.6 i
TSR =| 63.3
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Table 2.14: TSR Results: 5.5% Boone Fines with 1% Lime (Shidhore, 2005)

Unconditioned Specimens Conditioned Specimens
Specimen Air Dry TS Specimen | Saturation Air Wet TS
nia. Voids (psi) ni. (%) Voids (psi)
(%a) (%a)
BF5.50L1-1 6.4 1153 BF5.501-5 6.3 6.5 1040
BF5.50L1-2 6.6 1210 BF5.5L1-6 63.4 6.3 997
BF5.5L1-3 6.3 1201 BF5.5L1-7 6.5 6.6 1032
BF5.5L1-4 6.4 1228 BF5.5L1-8 SH.0 6.3 1033
Average = 6.4 1193 6.4 1025
TSR = | §5.7

Watson et al. (2012) evaluated the use of three different anti-stripping agents on the moisture
susceptibility of asphalt mixtures. They used the modified Lottman procedure where the
samples went through a freeze-thaw cycle before testing. The three different anti-stripping
agents used in this study included 1) hydrated lime at 1% of dry weight; 2) one liquid anti-
stripping agent, and 3) warm mix asphalt additive (WMX). The results of the TSR are shown
in Figure 2.31. The results demonstrated that the hydrated lime provided higher TSR values
which indicates better resistance to moisture damage compared to the other additives. The
average TSR values for limestone mixtures containing hydrated lime ranged from 93.1 to
104.3%. Mixtures with the WMX additive resulted in 79.5 to 83.4% TSR and the liquid anti-
stripping agent (LAS) ranged from 77.7 to 77.8%. The ranking of worst to best anti-stripping
agents starts with LAS, WMX to Hydrated lime. The results also showed that the number of

conditioning cycles was not significant in TSR values.
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Figure 2.31: TSR Results by Aggregate Source, Mix Type, and Additive Type (Watson et al.,

2012)
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CHAPTER 3 Materials Description and Experimental Design

3.1 Introduction

Chapter 3 discusses different asphalt mixtures and field projects used in this study. In addition
to information about testing matrices and protocols used to test the laboratory and field
projects.. The laboratory experiments included rutting resistance tests using the APA and

HWTT testing protocols, moisture susceptibility, and compactability of asphalt mixtures.
3.2 Materials Description

3.2.1 RAP and Aggregates Characterization

Two different sources of RAP materials were used in this study. The first source (i.e., RAP
No. 1) was obtained from an asphalt plant in Pullman, WA, while the second source of RAP
(RAP No. 2) was acquired from an asphalt plant in Lewiston, ID. To control the variability of
the RAP materials, the RAP materials were fractionated into coarse (retained on Sieve No. 4)
and fine (passing Sieve No. 4) sizes. Both coarse and fine materials were incorporated in the
mix in accordance with the job mix formula. Figure 3.1 shows the RAP binder content for the
two sources of RAP. RAP No. 2 had higher binder content (i.e., 5.7%) compared to RAP No.
1, which had 4.3% binder content. Figure 3.2 shows the gradation of RAP materials from the
two sources. More information about the RAP materials is provided in Appendix A. In
addition to the RAP materials, two types of virgin aggregates (i.e., basalt and river gravel)
were obtained and used in this study. The basalt rock was acquired from an asphalt plant in

Pullman, WA, while the river gravel was obtained from asphalt plant in Lewiston, ID.
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RAP Binder Content
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Figure 3.1: Binder Content of RAP #1 & #2
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Figure 3.2: Aggregate Gradation of RAP #1 and RAP #2

3.2.2 Laboratory Mixed-Laboratory Compacted (LMLC) Mixes

Laboratory Mixed-Laboratory Compacted (LMLC) asphalt mixes were prepared. The LMLC

included several variables including aggregate type, binder grade and content, RAP content,

percent air voids and mix design. All the LMLC were tested to evaluate the mix performance

in terms of mix compactability, rutting resistance, and moisture damage. In addition, the
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author assessed the applicability and sensitivity of Laboratory Compaction Index (LCI) to
capture the change in mix compositions (e.g., RAP content, percent binder, aggregate
structure) during the laboratory compaction of the LMLC. The LMLC mixes included
different variable such as aggregate source, RAP source, RAP content, binder content and
binder grade. All mixes meeting the acceptable air void (7.0 £ 0.5%) were tested to evaluate
the rutting resistance, moisture damage, and mix compactability. Table 3.1 summarizes
different factors and their levels included in the LMLC. The LMLC included SP5 mix design
(Figure 3.3), two different RAP sources (RAP no. 1 and RAP No. 2), two rock types (basalt
and river gravel); RAP contents (0%, 25%, 50%), three binder grades (PG 58-34, PG 64-28,
PG 76-22), and three binder contents (4.25%, 5.0%, 5.75%). In addition, test mixtures
prepared with and without antistrip agents (0% and 1.5%) to evaluate the effect of the anti-

stripping agent on moisture damage.

Table 3.1: Testing Matrix of LMLC Asphalt Mixtures

Mix Type SP5
RAP 0% 25% 50%
RAP Source 1 2

Air Void 7%

Aggregate Type Basalt River Gravel
Binder Grade PG 58-34 PG 64-28 PG 76-22
Binder Content 5.00% 4.25% 5.75%
Anti-Stripping Agent 0% 1.50%
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Figure 3.3: LMLC Aggregate Gradation (SP3 & SP5)

3.2.3 Plant Mixed-Laboratory Compacted (PMLC) Mixes

In addition to the LMLC mixes, the author evaluated Plant Mixed-Laboratory Compacted
(PMLC) mixes that were obtained from new ITD paving projects. The main objective of
testing PMLC was to evaluate mix compactability as well as resistance to rutting, and
moisture damage of asphalt mixtures currently produced in the state, and to assess the change
in mix characteristics throughout the course of project construction. Loose mixtures were
collected from six paving projects distributed across the state of Idaho. Table 3.2 provides
information about the PMLC mixes. Three batches were sampled from each project. Each
batch represented a different time in the paving process, the first batch represents the
beginning period of paving, second batch for the middle and third batch for the end. Each
batch was received in a 50-Ib box from the field labeled with the mixture type, key number,
mileposts, binder content, and other information found in the job mix formula (JMF). The
JMF for the field projects are provided in Appendix A. Each project came with the JMF that
has all information pertaining to the asphalt mixture volumetrics. Table 3.3 summarizes
different mixture parameters for the PMLC mixes. The PMLC included two mix designs (SP3
and SP5), two nominal maximum aggregate size (NMAS) of 12.5 mm and 19.5 mm; three
different binder grades (PG 64-28, PG 70-28, PG 64-34), six binder contents ranging from
5.1% to 6.2%, and three RAP contents (0%, 17%, and 30%).
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Table 3.2: PMLC Project Information

District . Construction Project Key .
# Number Project ID Year Number Location
: D1-P1-b1 US-95, JCT SH-53 OIC, UPRP
2 1 D1-P1-b2 2020 20794 o R
BR Kootenai Co.
3 D1-P1-b3
1 D3-P5-b1 US 20/26, SH-16 to Lind
, SH-16 to Linder
5 3 D3-P5-b2 2020 21858 Rd, SH-55 Marsing to SR
6 D3-P5-b3
7 D6-P1-bl US-Ash Brid b
8 6 D6-P1-b2 2019 19711 -Ashton Bridge to Dump
ground Rd

9 D6-P1-b3
10 D1-P2-b1 _

50795 & US-95, Garwood Rd GS 4
11 1 D1-P2-b2 2020 Frontage Rds. & SH-57,

19794 . .
12 D1-P2-b3 Priest River Boat Access
13 D4-P1-bl 1-84/1-86 | h
14 4 D4-P1-b2 2020 18881 -84/1-86 Interchange
System

15 D4-P1-b3
16 D4-P2-b1
17 4 D4-P2-b2 2020 20170 SH-81, Decio to Burley
18 D4-P2-b3

Table 3.3: PMLC Mix Properties

Theoretica Bulk
Distric | Projec Mix SP?CIfle V!rgln Binder | RA NMA ! M?’f Specific
t tID Typ | dBinder | Binde | Conten P S Specific Gravit
e PG r PG t (%) Gravity, v
Gsb
Gmm
PG 58- "
D1 D1-P1 | SP3 | PG 64-28 34 5.20% 30 1/2 2.473 2.646
D3 D3-P5 | SP3 | PG 64-34 NA 5.40% 0 1/2" 2.43 2.571
D6 D6-P1 | SP5 | PG 64-34 PG324- 5.90% 16 3/4" 2.382 2.481
PG 58- "
D1 D1-P2 | SP3 | PG 64-28 34 5.30% 30 1/2 2.476 2.654
D4 D4-P1 | SP5 | PG 70-28 NA 5.10% 17 3/4" 2.414 2.559
D4 D4-P2 | SP3 | PG 64-28 NA 6.20% 17 1/2" 2.293 2.417
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3.3 Testing Protocols

3.3.1 Rutting Resistance

Evaluation of rutting resistance of test mixtures was performed using two different testing
procedures: Asphalt Pavement Analyzer (APA) rut test and Hamburg Wheel Tracking Test
(HWTT). The APA dry rut test was conducted in accordance with the American Association
of State Highways and Traffic Officials (AASHTO T340), and Hamburg was conducted
following AASHTO T 324. Both tests required four asphalt samples or replicates subjected to
reciprocating wheel loading to simulate traffic in the field. Table 3.4 summarizes the testing
parameters for each test. Both tests utilized cylindrical test specimens, though the Hamburg
test can test both cylindrical samples and slabs. Cylindrical samples were used due to quicker
preparation and able to compare to field cores. Both specimens are 150-mm in diameter, the
height is 75-mm for APA and 60-mm for Hamburg. All samples were compacted to 7.0 £
0.5% air voids. The test specimens were conditioned at a given temperature before testing.
The conditioning temperature for APA was set at the higher binder performance grade. For
example, the testing temperature for mixes prepared with PG 64-28 asphalt binder would be
64°C and the test samples were conditioned dry at this temperature for 7 hours to achieve a
minimum of 6 hours at conditioned temperature. Hamburg samples were conditioned in a
water bath at a temperature of 50°C and the test samples were conditioned for one hour. Since
the HWTT tests are conducted in wet conditions, the HWTT is used to evaluate the rutting
resistance as well as moisture damage of asphalt mixtures. The APA test applies a load of 578
N on rubber hoses that are pressurized to 690 kPa. This pressure is loaded on the samples at
constant rate of 60 cycles per minute. Hamburg applies a load of 705 N directly to the

samples at a rate of 52 passes per minute.

In this study, the Asphalt Pavement Analyzer Jr. (APA) was used to conduct both the dry
APA and wet HWTT tests. This machine is an accelerated laboratory loading equipment that
can simulate years of traffic loading on asphalt samples using steel wheels as shown in Figure
3.4. The rut depth is measured at five different points on the left side and another five points
on the right for APA. The same applies to the HWTT but the rut depth is measured at 11
points on each side. The average rut depth is taken from both sides, then averaged for a total
rut depth which is recommended in accordance with AASHTO T340 & T324 for APA and



Hamburg, respectively. The APA test is terminated after 8,000 cycles, while the HWTT is

terminated after 20,000 passes or after a rut depth of 20-mm is achieved.

Table 3.4: Selected Testing Protocols for Rutting Assessments (Kassem et al., 2019)

Test APA, Dry Rut HWTT
Test
Testing Standards AASHTO T340 AASHTO T324
Specimen Shape Cylindrical Cylindrical or Beam
Specimen Replicates 40r6 4or6
Specimen Diameter (mm) 150 150
Specimen Thickness for LMLC (mm) 75 60
Specimen Thickness for FMLC (mm) 38-75 38-60
Test Temperature (°C) High Binder PG Specified by the
Agency
Specimen Conditioning Air Bath Water Bath
Conditioning Time (hours) 6-24 1
Testing Time (hours) =2 =10
Wheel Type Concave Wheel Solid Steel
Wheel Speed (Pass/Minute) 50+5 52
Load (N) 578 705 +4.5
Number of Data Collection
. 5 11
Locations
CycIe—. Passes-Deformation
Test Output Deformation
Curve
Curve
Distress Assessed Rutting Rutting & M?I.Sture
Susceptibility
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A. Asphalt Pavement Analyzer (APA) C. APA rut testing set up

Figure 3.4: APA and HWTT Rutting Test in the Asphalt Pavement Analyzer (APA)

The data output from both tests produce different curves and phases as the test starts and
finishes. The APA test has only two phases shown by Figure 3.5 of a primary (pre-
consolidation) phase and a secondary phase. The primary phase is the initial compaction and
deformation at the very beginning of testing, usually within the first 1,000 cycles. The
secondary phase is a more gradual slope of consistent deformation over time, also known as
the creep slope. The deformation in the secondary phase comes from the plastic flow. The
Hamburg test has three main phases since this test is conducted in wet conditions producing
an S-curve shape shown in Figure 3.6. The phases are primary, secondary, and tertiary where

the deformation accelerates due to stripping of the binder also called the stripping slope. This
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phase can be the result of water stripping the binder away from the aggregates and/or rutting

from plastic flow.
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Figure 3.5: APA Rut Test, Left & Right (L1-L5, R1-R5) Wheel Deformation Measurement
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3.3.2 Evaluation of Moisture Damage using Lottman Protocol

In this study, a modified Lottman test according to AASHTO T283, “Resistance of
Compacted bituminous Mixture to Moisture-Induced Damage”, and ASTM D6931, “Standard
Test Method for Indirect Tensile (IDT) Strength of Asphalt Mixtures” were used to evaluate
the moisture damage susceptibility of asphalt samples. Table 3.5 summarizes the key
elements of the test protocols. In this test, six samples were prepared to the dimensions of
150-mm diameter and 63.5-mm in height at 7.0 + 0.5% air voids. The test samples were split
into two groups, three samples each. One group was tested in a dry state “unconditioned” and
the other in a wet state “conditioned.” The conditioned samples were first saturated with water
to a degree of saturation between 70% to 80% percent. To achieve this, the test sample was
placed in a partial vacuum with water covering at least an inch over the sample and pressured
at 10 to 26 in. Hg (13 to 67 kPa) for 5 to 10 minutes. If the test sample had a saturation level
less than 70%, a partial vacuum was applied again until the target degree of saturation is
achieved (i.e., 70 to 80%). If the test sample had a saturation over 80%, the sample was
discarded. After achieving the target saturation level, the samples are then wrapped in plastic
wrap and placed in a heavy-duty plastic bag with 10 + 0.5 milliliters (mL) of water. The
conditioned samples were subjected to a freeze-thaw cycle by placing them in a freezer at 0 £
5°F (-18°C) for 24 + 2 hours. Then the plastic bag and wrap were removed, and the samples
were placed in a water bath of at least of inch of water covering above the samples at 140 +
5°F for 24 + 2 hours. During this time, the unconditioned samples were placed at room
temperature until the conditioned samples were prepared for testing. After 24 hours in the
water bath, the conditioned samples were moved to another water bath at 77°F (25°C) for 2
hours and the dry samples were placed in dry conditions at the same temperature (77°F). All
six samples are tested were the indirect tensile test at a constant rate of 2 in/min (55-mm/min)
as shown in Figure 3.6 until failure. The tensile strength values were obtained from the results
and average for the dry and wet samples were calculated. The tensile strength ratio (TSR)
from the conditioned and unconditioned samples was calculated by dividing the conditioned
tensile strength by the unconditioned tensile strength. Typical TSR values range from 0.70 to
0.90 where greater than 0.80 is known to have good water-resistant characteristics. Values
below the 0.80 mark are indicate poor resistance to moisture damage and the addition of anti-

stripping agents help improve the performance of these samples. In this study, untreated
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aggregates were tested to find the moisture damage and benefit of not adding and adding anti-

strip agents to mixtures.

Table 3.5: Testing Protocols for Lottman Moisture Damage Testing

Moisture Damage
Test (Lottman)
. AASHTO T283 & ASTM
Testing Standards D6931
Diameter (mm) 150
Specimen Thickness (mm) for LMLC
63.5
Samples
Test Temperature (°C) 25
Loading Rate (mm/min) 50 +5
Air Void 7 £0.5%
Test Output Peak Load

a. MTS 810 Frame with the
Environmental Chamber

Load

C.

b. IDT testing Set up

| — Peak Stress

b

‘ertical Failure Deformation
Fracture
Work

I Verticsl Displacement

Load-Displacement Curve

Figure 3.7: Indirect Tensile Test Set-up and Load-Displacement Curve
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3.3.3 Evaluation of Asphalt Mix Compactability

The authors evaluated the test mixture compactability and related the results to the rutting
performance. Rutting is a further densification of the mix under traffic. In this study, the
Laboratory Compaction Index (LCI) was calculated from the compaction data. The
compaction machine used was the PINE Superpave AFG2 gyratory compactor (SGC) as
shown by Figure 3.8. The SGC applies a constant pressure of 600 kPa at a gyration angle of
1.16 degrees and a rate of 30 rpm. Each sample was compacted to a targeted air void of 7.0 =
0.5%. The compaction data were recovered from the PINE compactor and include number of
gyrations, specimen height, gyration angle, and moment (Figure 3.9). The Compaction Index
(LCI) is a function of the intercept (a) and slope (b) of the compaction data. The LCI
quantifies the laboratory compaction effort needed to achieve the target air void and it is
calculated using Equation 2.4. Chapter 2 provides detailed overview of the LCI.

Example: Pine AFG2A Data File Format

a. Pine AFG2 Compactor b. Compaction Data File Formats

Figure 3.8: The Pine Superpave AFG2 Gyratory Compactor (SGC)
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Introduction

Chapter 4 discusses the results and analysis of various laboratory tests conducted in this study.
The tests included rutting assessment using APA and HWTT, which conduct in dry and wet
conditions, respectively, and moisture susceptibility of asphalt mixtures in accordance with
Lottman protocols. In addition, the compaction data were analyzed to calculate the laboratory
compaction index (LCI) for the test samples. Chapter 4 presents comprehensive analysis of
the test results to examine the factors that affect the resistance of asphalt mixtures to rutting
and moisture damage. ANOVA statistical analysis was conducted to study the statistical

significance between different mixes and test variables.

4.2 Effect of Mix Composition on Rutting Characteristics

4.2.1 Effect of Binder Content

Figure 4.1 represents the average APA rut depth at different binder and RAP contents. The
error bars represent + one standard deviation. The sensitivity of APA rut depth to the binder
content was examined using ANOVA and Tukey’s Honestly Significant Difference (Tukey
HSD). Both tests were performed at 95% confidence interval (i.e., a = 0.05). The statistical
analysis results (Tukey HSD groups) are included in the form of letters (a, ab, b, ¢) on each
bar. The mixes that do not share the same letters in each group (e.g., 0% RAP 1, 0% RAP 2,
etc.) are significantly different in terms of their rut depth values. The Minitab 19 software was
used to conduct the statistical analysis of this study. Figure 4.1 shows the statistical analysis
within each group at the same RAP content (i.e., 0% RAP 1, 25% RAP 1, 50% RAP 1, etc.).
Figure 4.1 demonstrated a general trend of increased rut depth as the binder content increases
at different RAP contents. There was a statistically significant difference between mixtures
prepared with 5.75% and 4.25% binder contents. There was no statistically significant

difference between 4.25% and 5% binder content at different RAP contents. Regardless, all
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samples with different RAP and binder contents had a rut depth less than 5-mm (maximum
APA threshold after 8,000 cycles). Results from Kassem et al. (2019), show similar results on
effect of binder content to rutting depth.

4,000 b
3.500 b

3.000

mB.C.4.25
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o
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Rutting Depth (mm)
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0% 25% 25%

RAP RAP1 RAP2

Figure 4.1: APA Rut Depth at Different Binder Contents for PG 58-34 Mixtures

Figure 4.2 shows the HWTT rut depth at different binder and RAP contents. The HWTT is
conducted in wet conditions, where the test samples are submerged in water at 50°C. Here, the
HWTT can be used to assess the rutting as well as the moisture damage, due to stripping of
binders from the aggregates. Comparing the APA and HWTT rut depth presented in Figures
4.1 and 4.2, respectively, HWTT resulted in more rutting than APA. Like APA testing,
HWTT results showed increased rut depth with the increase in binder contents regardless the
RAP content (i.e., 0%, 25%, and 50%); however, unlike the APA results, there was no
statistically significant difference in the HWTT results in many cases (e.g., 0% RAP, 25%
RAP 2,50% RAP 1, 50% RAP 2).
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Figure 4.2: HWTT Rut Depth at Different Binder and RAP Contents

4.2 .2 Effect of RAP Content

Figure 4.3 represents comprehensive analysis of APA rut depth results at different RAP
contents, binder contents, binder grades, and RAP sources (i.e., RAP 1 and RAP 2). As the RAP
content increases in the mix, the mix becomes drier and more brittle, due to less virgin binder
in the mix. The expected results are to have less rut depth or permanent deformation in asphalt
samples when using more percentages of RAP. All mixes using APA, had a rut depth less than
5-mm after 8,000 cycles which is the maximum rut depth per ITD current specifications. Based
on the results, it is expected that all mixes to have good resistance to rutting. For mixes prepared
with RAP 1 at 5.0% binder content, the rutting decreased as we move from 0% RAP to 25%
RAP. When RAP content increased to 50%, the rutting increased slightly instead of following
the trend. This same trend of an increase in rutting at 50% RAP than 25% was found at the
other binder contents; however, the difference is small and not statistically significant in many
cases (e.g., PG 58-34 5% binder content, PG 64-28 5% binder content, etc.).

Comparing RAP 2 to RAP 1 mixes, the rut depth at 25% RAP was slightly lower in RAP 2
compared to RAP 1 at 5% and 5.75% binder content but was slightly higher at 4.25%. At 50%
RAP, the rutting for RAP 2 mixes was slightly lower than for RAP #1 at the corresponding

binder contents. The results demonstrated that RAP 2 could be more aged and stiffer
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compared to RAP 1 materials which resulted in slightly less rutting as RAP content increased.
Overall, the statistical analysis for all APA tests varying the percentage of RAP showed little
significance. The only three sets with a statistically significant difference included: PG 58-34
at 5.0% binder content, where there was a significant change between 0%, 25% and 50%
RAP; PG 76-22 at 5.0% binder content, where there was a significance between 0% and 50%
RAP. RAP 2 mixes had consistent results pertaining to RAP 1 for the 5.0% binder content

significance.

Results from literature reviews (Alireza et al., 2016) and (Hajj et al., 2007) show different
results. The effect of RAP content in asphalt mixtures show a steady decrease in rut depth
while this study shows a slight increase at 50% RAP.
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Figure 4.3: APA Rut Depth of LMLC Mixes

Figure 4.4 shows the HWTT rut depth for the test mixtures. All mixtures are expected to
provide good rutting resistance since the rut depth was less than 12.5 mm after 20,000 cycles
of HWTT. These results are in good agreement with the rutting resistance evaluation using
APA where the mixture showed good rutting resistance too. In addition, the HWTT results
exhibited the same trend as the APA results where the rutting depth decreased from 0% to
25% RAP, then increased at 50% RAP. Meanwhile, mixes with RAP 2 had less rut depth at
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50% RAP compared to 0% RAP. The difference of RAP source on the HWTT rut depth
showed similar to those of APA results, where RAP 2 mixes had slightly less rutting than
RAP 1. The rutting deformation of RAP #2 show less overall rutting depth compared to RAP
#1 especially at 4.25% B.C. The difference in rut depth between binder contents is around 1-

mm, which is minor.

The HWTT results showed little to no significance of the effect of RAP content on rutting.
The only two sets with significant changes to rutting depth results were RAP 1 mix with PG
64-28 at 5.0% binder content where 0% and 25% RAP are significant to 50% RAP. In
addition, RAP 2 mix where 25% RAP and 50% RAP are significantly different than 0% RAP.
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Figure 4.4: HWTT Rut Depth of LMLC Mixes

4.2.3 Effect Different Binder Grades on Rut Depth at Various Binder Grades

The author also evaluated the effect of binder grades at various RAP contents on rutting
resistance using APA and HWTT. Different binders are used country-wide for different
climates for improved performance. Softer binders are often used in hot climates and stiffer
binders in cold climates. In this study, three different binder grades were tested from softest to
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hardest are PG 58-34, PG 64-28, and PG 76-22. Both APA and HWTT are conducted to
compare the different effects of binder grade on the rutting characteristics. Asphalt mixtures
were prepared using basalt aggregates and RAP No. 1 using various binder grades (i.e., PG
58-34, PG 64-28, and PG 76-22) at different binder contents (4.25%, 5.0%, and 5.75%).
Figures 4.5 through 4.8 show the rutting deformation at 4.25%, 5.0%, and 5.75% binder
content, respectively. Figure 4.5 shows that the stiffer binder (i.e., PG 76-22) experienced
higher rutting depth compared to softer binders (i.e., PG 58-34). This can be explained by the
testing procedures of APA, where the test is conducted at the higher performance grade
temperature. For example, PG 76-22 samples were tested at 76°C compared to 64°C, and 58°C
for PG 64-28 and PG 58-34, respectively. Samples get softer at a higher temperature which
could affect the expect trend. Also, the results showed that there was a small increase in
rutting as stiffer binders are used at 0% RAP. Mixes with 25% RAP showed a larger increase
in rutting depth with the use of stiffer binders, and mixes with 50% RAP increased from PG
58-34 to PG 64-28, but slightly decreased from PG 64-28 to PG 76-22. The trend between
different percentages of RAP for PG 58-34 showed a decrease in rutting from 0% to 25%
RAP, then a small increase of rutting from 25% to 50% RAP. Meanwhile, there was a
different trend for PG 64-28 and PG 76-22; PG 64-28 showed an increase in rutting as the
percentage of RAP increased. PG 76-22 showed the opposite of PG 58-34 as the rutting
increases from 0% to 25% RAP and decreased from 25% to 50% RAP. The Tukey analysis
results clearly showed there is a statistically significant difference in rut depth results at

different binder content for different binder grades.
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Figure 4.6 shows the APA rut depth at 5.0% binder content for various binder grades. The

results showed a small increase in overall rutting depth compared to rutting at 4.25% (Figure

4.5). This is expected as the samples get softer as the binder content increases. Mixes with PG
64-28 at 5.0% binder content showed a different trend for the effect of RAP content than that
of PG 64-28 at 4.25% binder content (Figure 4.5) but shows the same trend seen as PG 58-34
of a decrease in rutting at 25% RAP and a small increase at 50% RAP. Mixes with PG 76-22
showed a decrease in rutting at 25% RAP, then a significant drop in rutting at 50% RAP.

There was a statistically significant difference in rut depth for PG 76-22 between 50% RAP
and both 0% RAP and 25% RAP. Also, there was a statistically significant difference in rut
depth for PG 58-34 between 0% RAP and both 25% RAP and 50% RAP.
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Figure 4.7 shows the APA rut depth at 5.75% binder content for various binder grades.
Overall, there was an increase in rut depth compared to 4.25% and 5.0% at the corresponding
binder contents. This is expected since the mix gets softer with binder content. PG 64-28
showed an opposite trend of that of 4.25% binder content where the rutting depth decreased
with the increase in RAP content. PG 76-22 showed the same trend at 5.0% binder content
where the rut depth decreased with RAP content. PG 58-34 showed the same trend between
rut depth and RAP content, at all three different binder contents (4.25%, 5.0% and 5.75%).
PG 64-28 and PG 76-22 showed three different trends at each different binder contents.



70

Overall, there was no statistically significant difference in rut depth at different RAP content

for all binder grades at 5.75% binder content.
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Figure 4.7: Comparison of APA Rutting with Different Binder Grades at 5.75% Binder

Content

Figure 4.8 shows the HWTT rut depth at the optimum binder content of 5.0% for various
binder grades. The HWTT rut depths at different RAP contents, at each binder grades were
withing one half of a millimeter. The results showed that HWTT rut depth at 50% RAP was
lower compared to 0% RAP for all binder grades. Unlike APA, PG 76-22 had lower HWTT
rut depth compared to PG 58-34 at the corresponding binder content. The HWTT is conducted
at a fixed temperature of 50°C in wet conditions where stiffer binder is expected to experience
less rutting compared to sifter binder, since stiffer binders have higher viscosity, and stiffer
compared to softer binders. It is interesting to notice that PG 58-34 showed the same trend
between rut depth and RAP content as found using the APA test where rut depth decreased at
25% RAP compared to 0% RAP and then slightly increased at 50% RAP. The Tukey analysis
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showed that there was no significant difference in the rut depth results at different RAP

content for different binder grades.
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Figure 4.8: Comparison of Hamburg Rutting with Different Binder Grades at 5.0% Binder

Content

4.2.4 Effect of Binder Grades on Rut Depth at Various RAP Contents

Figures 4.9 through 4.11 examine the significance of effect of binder grade on APA rut depth
at various RAP contents at 4.25%, 5.0%, and 5.75% binder contents, respectively. The rut
depth results in Figure 4.9 demonstrated PG 76-22 mixes had higher rut depth than PG 64-28
and PG 58-34 at 0% RAP and 25% RAP, while PG 76-22 mixes had slightly less rut depth
compared to PG 64-28, but still higher than 0% RAP. Again, this could be due to the change
in APA testing temperature as discussed earlier. The results showed that overall, the rutting
depths were exceptionally low, and there was no statistically significant difference in rut

depth results at various RAP contents for various binder grades.

Figure 4.10 shows the same trends as Figure 4.9, but with a small increase in rut depth with
the increase in binder content. Mixes with 0% RAP showed similar results as 25% RAP as

there was an increase in rut depth as the binder grade became stiffer. Mixes with 50% RAP
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showed a significant drop in rut depth from PG 64-28 to PG 76-22 proven to be statistically

significant and a difference of 1.163-mm.

Figure 4.11 produced different trends compared to Figures 4.9 and 4.10, with a larger increase
of rut depth for PG 76-22 at 0% RAP. Mixes with 25% RAP showed very consistent values of
rutting depth, but a different trend than the last two binder contents (e.g., 4.25% and 5.0%).
Looking at PG 64-28 on Figure 4.11, the trend does not continue at PG 64-28 where the rut
depth slightly increases, instead it continues to decrease. This demonstrated that there was no
statistically significant difference in rut depth at various binder grades at the corresponding
RAP content.

Figure 4.12 examines the effect of binder grade on HWTT rut depth at various RAP contents
at optimum binder content of 5.0%. The results show very consistent rutting depth between
the binder grades at each RAP percentage. Also, the results showed there was no statistically
significant difference in HWTT rut depth results for various binder grades at the
corresponding binder content.

These results follow Kassem et al., (2019) as the rutting is larger for Stiffer binders in APA

testing. The result is from the testing temperature changes for each binder grade in APA
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testing and is constant for Hamburg testing. The results show small changes in rut depth using

different binder grades in Hamburg testing because the temperature is set to 50°C.
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4.3 Correlation between HWTT and APA Rut Depth for LMLC Mixes

The author investigated the relationship between APA and HWTT rut depth for the LMLC
mixes. It should be noted that the HWTT was used to assess the PMLC mixes. Figure 4.13
shows the rut depth measured using APA against HWTT. Poor correlation was found between
APA and HWTT rut depth. Such relationship is expected since both APA and HWTT test
asphalt mixtures under different conditions (Table 2.1). The APA is performed at different
temperatures based on the binder grade, while the HWTT is conducted at a constant
temperature of 50°C. The testing temperature has a significant effect on rutting since the
viscosity of asphalt binder decreases with the increase in temperature. Also, the HWTT is
conducted in wet conditions, while the APA is performed in dry conditions. These results are

consistent with the findings by Kassem et al. (2019).
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Figure 4.13. Correlation between APA and HWTT for LMLC Mixes
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4.4 Rutting Characteristics of PMLC Mixes

The rutting performance of Plant-Mixed Laboratory-Compacted (PMLC) mixes collected
from the field, as discussed in Chapter 3, were examined using HWTT. Six projects in
different districts in the state of Idaho were examined, and three batches of loose mixtures
were collected from each project. A total of 18 different mixes (6 projects and 3 batches of
each project) were evaluated. These batches were samples throughout the course of

construction to study the variation in mix performance.

Figure 4.14 shows the HWTT for all PMLC mixes for each project and each batch. The
identification of each project is shown first by the district number, and second by the project
number. The results clearly showed that all mixes and batches are expected to have good
resistance to rutting in the field since the HWTT rut depth measurements were less than 12.5-
mm after 20,000 passes of HWTT.

Th results also demonstrated that there are variations in HWTT rut depth among various
batches of the same project; however, such difference is not statistically significant for the all
the projects. Meanwhile, there was a statistically significant difference in HWTT rut depth
among projects. For example, there is a statistically significant difference between D1-P1 and
D3-P5, D4-P1, D4-P2. Also, there was a statistically significant difference between D4-P1
and D3-P5, D1-P2, and D1-P1.

For project D3-P5, there was a significant drop in rut depth from Batch 1 to Batch 2 and 3
from approximately 3.3-mm to less than 2-mm which may indicate change in mix
characteristics (e.g., segregation or change in mix composition). Project D1-P1 showed a
steady decrease in rut depth, but in small increments as also shown by D1-P2 and D4-P2
which is not significant. D6-P1 and D4-P1 showed the same trend; however, such change is

not statistically significant as discussed earlier.
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4.5 Results of Laboratory Compaction Index

45.1 Laboratory Compaction Index of LMLC

Figures 4.15 through 4.18 represent the LCI values for the test mixtures with different testing
parameters. Similar to the rutting results, these figures demonstrated the effect of various
variables including binder content, binder grade, RAP content, RAP source, etc., on the
compactability of test mixtures. Figure 4.15 illustrates the effect of binder grade on LCI
values. Tukey analysis showed little to no significant change in LCI values from different
binder grades. The only significant change was for 5.0% binder content at 50% RAP, and
5.75% B.C. at 25% RAP. The significance is shown between PG 58-34 and PG 76-22 which
is the softest and stiffest binders used in this study. Overall, there was no consistent and
statistically significant trend for the effect of binder grade on LCI results. The binder grade
generally does not have a significant effect on laboratory compaction data since the
compaction is conducted at different temperatures depending on the PG grading, where
different asphalt binders are expected to achieve the same viscosity (0.28 + 0.30 Pa.s.). At
typical compaction temperatures, different binders have comparable viscosities; therefore, the

binder grade does not affect the resistance of the mix to the applied forces.
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Figure 4.16 represents the change in RAP content and how it effects the compaction data of
asphalt samples. Statistical analysis shows some significance in RAP percentage, but not the
majority. Most significance came from the first change in RAP percentage of 0% RAP to 25%
RAP. One set of asphalt specimens resulted in significance between each RAP percentage but
was only seen for PG 76-22 at 5.75% B.C., where most significant change at this binder grade
was found. Generally, there was no clear trend for the effect of RAP content on LCI values. A
Possible explanation is the LCI is calculated at the compaction temperature, which is
relatively high, the effect of higher binder stiffness due to higher RAP content might be

minor.

Figure 4.17 represents the significance of binder content on LCI. This parameter resulted to
be the most significant factor, as the Tukey analysis shows different letters (i.e., a, b, and ¢)
on each column. If data sets do not share the same letter, then there is a statistically significant
difference. The results clearly demonstrated that the binder content had a significant effect on
the compactability of asphalt mixtures. Drier mixtures with lower binder contents had higher
LCI values which indicate more compaction energy is needed, while softer mixtures with
higher binder contents had lower LCI values which indicates that these mixtures are easier to
compact. Such trend for the effect of binder content on LCI was consistent for different binder

grades and RAP Percentage.

Figure 4.18 shows the effect of RAP source on the LCI. In this case, only PG 58-34 was used
for both sources of RAP. Three out of five different mix groups showed that there was a
significant effect on the LCI. Mixture prepared with RAP 2 had lower LCI compared to RAP
1 which indicates that these mixtures need more energy for compaction. Based on the results
RAP 2 resulted in stiffer mixtures compared to RAP 1 at the corresponding binder content and

grade.
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4.5.2 Laboratory Compaction Index of PMLC

Figure 4.19 represents the LCI values for each batch of PMLC mixes. The LCI results were
similar to the rutting results. There were some variations in the LCI values between batches

or the same PMLC mix; however, there was no significance difference in the results.
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Meanwhile, the results showed that there was a statistically significance difference between
some PMLC mix. For example, there was a significant difference between D3-P5 and both
D1-P2 and D1-P1.
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Figure 4.19: PMLC Batch effect on LCI Values

4.6 Correlation between Laboratory Compaction Index (LCI) and Rutting

Characteristics

4.6.1 Correlation with APA Rut Depth

The researcher examined the correlation between the Laboratory Compaction Index (LCI)
calculated from the compaction data using the PINE compactor as discussed earlier. Higher
LClI values indicate that mixtures need less energy to compact (i.e., easy to compact) and vice
versa. The assumption is, if mixtures are easy to compact, they may experience further
densification or higher rutting under traffic loading. The researcher assessed the correlation
between rut depth and LCI. The LCI is calculated using the slope and intercept of the
compaction curves until 7.0% air voids using Equation 2.4. Figure 4.20 shows the correlation
between LCI and APA rut depth for the LMLC mixes. The results demonstrated that there is a
direct correlation between LCI and APA rut depth. The APA rut depth increased with the
increase in LCI and vice versa. The R? for the correlation of 0.55 is considered particularly
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good given the inherent variability associated with the laboratory compaction and rutting test.
This correlation can be used to predict rutting performance suing the laboratory compaction of
asphalt mixtures during the mix design stage or during mix production. Also, the researcher

examined such correlation for various conditions (e.g., binder grade, binder content, etc.).
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Figure 4.20: Correlation between LCI and APA Rut Depth for LMLC Mixes

Figure 4.21 represents the APA results from both sources of RAP (RAP 1 and RAP 2) at
different binder grades. The blue data line and symbols represent PG 64-28, red for PG 76-22
and orange for PG 58-34. PG 64-28 had the lowest correlation (R? = 0.46) while PG 76-22
had R? of 0.61. PG 58-34 provided R? of 0.66 which was the highest correlation among
different binder grades. Overall, the R? for the correlation was improved from 0.55 (all data
points) to 0.61 for PG 76-22 and 0.66 for PG 58-34 but decreased to 0.46 for PG 64-28. These
results demonstrated that there was no significant improved on R? when different binder

grades were considered separately.
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Figure 4.21: Correlation between LCI and APA Rut Depth at Different Binder Grades

The between the different source of RAP shown by Figure 4.15 did not demonstrate much

change in the overall results. Also, Figure 4.16 shows the comparison between LCI and APA
rut depth for PG 58-34 and RAP sources (RAP 1 and RAP 2). PG 58-34 was the only binder
used with both RAP sources. The results showed that improved correlation for RAP 1 mixes
(R?=0.71) than RAP 2 mixes (R? = 0.53), but this could be due to the number of data points
or mixes prepared and tested using RAP 1 materials.
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4.6.2 Correlation with HWTT Rut Depth

Figure 4.24 shows correlation between LCI1 and HWTT rut depth. This correlation had more
of a cluster of points, with R? of 0.23 which is way less than the correlation of APA rut depth
(R? = 0.55). One explanation is that the LCI is calculated from the compaction data which is
conducted at different temperatures based on the binder grade where the compaction
temperature increases with the stiffness of the binders to achieve optimum viscosity during
compaction. The HWTT is conducted at a constant temperature of 50°C and in wet
conditions, while the APA is performed at different temperatures based on the binder grade.
Since the viscosity of asphalt binders change with temperature, the rutting performance also
changes with temperature. Therefore, the comparison of LCI to APA rut depth is more
appropriate compared to HWTT. Figure 4.24 includes all the LMLC and PMLC mixes, the
author further examined the correlation between LCI and HWTT rut depth at various

conditions as discussed next.

30
25 e
20
y = 1.6833x + 13.782
R?=0.2318
15 s 6}
(6}
S [}
5 )
10
5
()}
0 1 2 3 4 5 6 7 8

Hamburg Rutting (mm)

Figure 4.24: Correlation between LCI and HWTT Rut Depth
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Figure 4.25 examines the correlation between LCI and HWTT rut depth at different binder
grades. Binder PG 58-34 had the best correlation with R? of 0.48. The number of data points
for PG 64-28 and PG 76-22 was low which might result in low R? compared to PG 58-34.

ey PG64-28 el PG76-22 < PG58-34
--------- Linear (PG64-28) Linear (PG76-22) Linear (PG58-34)
35
30
25 = o
20 ©
(@]
|
15
10
y =-0.1895x + 21.373 y =0.7321x + 19.598 y =1.9004x + 15.151
5 2 R%=0.4831
R%=0.0201 R*=0.2397 .
0
0 1 2 4 5 6 7 8

3
Hamburg Rutting (mm)

Figure 4.25: Correlation between LCI and HWTT Rut Depth at Different Binder Grades

Figure 4.26 shows the relationship between HWTT rutting results and LCI for mixes prepared
with various RAP sources (RAP 1 and RAP 2) at 25% and 50% RAP contents. This provides
equal comparison from the LCI values of samples containing virgin aggregates and RAP.
Mixes with RAP 1 showed better correlation (R? = 0.75) that that of RAP 2 (R? = 0.49) and
both are better than the general correlation including all data points (R? = 0.23); however,

limited data points in Figure 4.19 may results in such improved correlation.

Figures 4.27 and 4.28 examine the correlation between LCI and HWTT rut depth for PMLC
and LMLC mixes, separately. The results showed not much variation in LCI values for PMLC
which resulted in poor correlation (R? = 0.22) with HWTT rutting, while the correlation was
slightly improved (R? = 0.36) for LMLC mixes since we have wide range of LCI values. The

LMLC mixes were prepared in the laboratory to have different characteristics (binder content,



binder grade, RAP content, etc.). Overall, the results demonstrated that there was no good
correlation between LCI and HWTT rut depth for all the data.
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Figure 4.26: Correlation between LCI and HWTT Rut Depth at Different RAP Sources
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Figure 4.27: Correlation between LCI and HWTT Rut Depth for PMLC Mixes
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Figure 4.28: Correlation between LCI and HWTT Rut Depth for LMLC Mixes

4.7 Moisture Damage using Lottman Procedure and Anti-Strip Agents

The author evaluated the moisture susceptibility of selected asphalt mixtures using the
Lottman protocol in accordance with AASHTO T 283 “Resistance of Compacted Bituminous
Mixture to Moisture-Induced Damage” and ASTM D6931 “Standard Test Method for Indirect
Tensile (IDT) Strength of Asphalt Mixtures” as discussed in Chapter 3. The test mixtures
were prepared using river gravel rock, PG 58-34 at different binder contents (i.e., 4.25%,
5.0%, and 5.75%), three different RAP contents (0%, 25%, 50%) of RAP No. 2. These
mixtures were prepared with 0% and 1.5% of liquid anti-stripping agent (ASA). Typically, a
TSR value of 0.80 and greater indicates good resistance to water damage. ASA is often used
to improve the resistance to moisture damage when the TSR is less than 0.8. Moisture damage
refers to the stripping of asphalt binder from the aggregates leading to raveling and premature

pavement failure.

Figure 4.29 shows the results of TSR of the test samples. The results demonstrated that the
addition of the anti-strip agent improved the TSR in all samples except 0% RAP at 5.0%
binder content; however, the TSR was still above 0.8. Mixes prepared with 0% RAP at 5.75%
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binder content and 25% RAP at 5.0% binder content exhibited significant improvement in
moisture damage resistance (i.e., higher TSR) with the addition of 1.5% anti-strip. Mixes with
0% RAP at 5.75% binder content and 1.5% anti-strip, had a TSR value of 0.99 which
indicates that conditioned sample had almost the same maximum load compared to the dry

specimens.

The results also demonstrated that the addition of RAP had negative effects on moisture
susceptibility and resulted in lower TSR values. Mixtures with RAP had TSR lower than 0.8
(0.6 at 25% RAP, and 0.68 at 50% RAP) which are more susceptible to the water damage.
The addition of ASA improved the performance at 25% RAP mixture where TSR increased
from 0.6 to 0.82. However, the ASA did not enhance the resistance to moisture damage at
50% RAP (TSR = 0.69).

Statistical analysis shows significance between TSR values at 5.75% B.C. at 0% RAP and 5.0%
B.C. at 25% RAP. This means there was significant effect from the anti-strip agents,
significantly improving the moisture resistance of the aggregates. Comping the difference

between different mixtures shows significant change between the first two sets of mixtures and

the rest.
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Figure 4.29: TSR Values of Test Samples
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The author also evaluated the effect of use anti-strip on HWTT rut depth (Figure 4.30).
Mixtures prepared without RAP at 4.25% and 5.75% binder contents. Also, these mixtures
were prepared without anti-strip agent (0%) and 1.5% anti-strip agent. The results
demonstrated that test samples with 1.5% anti-strip agent at 4.25% and 5.75% binder content
had less rutting than without anti-strip. The addition of anti-strip agent slightly improved the
resistance to rutting; however, there is no statistically significant difference between samples
prepared with and without anti-strip agent. Test samples without ASA had good resistance to
rutting and moisture damage based on the HWTT results, and this could reduce the effect of
anti-strip agent on HWTT results. Overall, the HWTT did not provide comparable evaluation

of the moisture susceptibility to that of TSR.
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Figure 4.30: Effect of Anti-Strip Agent on HWTT Rutting

4.8 Effect of Aggregate Type on Rutting Characteristics

A limited comparison was performed to compare the rutting performance of mixtures
prepared using different aggregate sources. The rutting performance of test mixtures prepared
using basalt and river gravel at lower and higher binder contents (4.25% and 5.75%) was
evaluated. Figure 4.31 shows the HWTT rutting depth of test samples. The results
demonstrated that there was no statistically significant difference in rut depth between basalt

and river gravel mixtures at low binder content of 4.25%; however, there was a statistically
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significant difference in rut depth at higher binder content. The river gravel mixtures
experienced higher rutting compared to basalt mixtures. It should be noted that the basalt rock
has crushed faces and high angularity which provides good aggregate interlock leading to
better resistance to densification and rutting. while the river gravel has more round faces
which makes hard to interlock aggregates in place. In addition, river gravel has less resistance
to moisture damage compared to basalt. The river gravel was selected to study the effect of

use of antistrip agents to improve the resistance of asphalt mixtures to stripping as discussed
earlier in this chapter.
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Figure 4.31: Effect of Aggregate Type on HWTT Results
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

The asphalt industry continues to be the country’s most consistent recycler of highway
pavement materials with more than 99% being used as Reclaimed Asphalt Pavement (RAP) in
the construction and rehabilitation of pavements. The average RAP percentage utilized in
asphalt mixes has increased from 15.6% in 2009 to 21.1% in 2018 (NAPA 2018). The
increase in RAP content in asphalt mixtures may result in stiffer mixtures which are more
prone to cracking. Depending on the RAP content in the asphalt mixtures (e.g., RAP > 30%),
the asphalt mix may require softer binders or an increase in the binder content to offset the

negative impact of high RAP content on mix cracking performance.

This study examined the rutting characteristics of asphalt mixtures prepared at different RAP
and binder contents with different binder grades. In addition, the compactability of the test
mixtures was assessed by calculating the laboratory compaction index (LCI). Mixtures with
higher LCI are found to be easy to compact compared to those with lower LCI. Furthermore,
this study examined the moisture susceptibility of asphalt mixtures prepared with RAP and
the use of anti-stripping agent to improve the resistance of these mixtures to moisture damage.

The author prepared and tested Laboratory-Mixed Laboratory-Compacted (LMLC) mixes.
These mixes had different RAP contents (0%, 25%, and 50%), RAP sources (Source No. 1
and Source No. 2), binder contents (4.25%, 5%, and 5.75%), and binder grades (PG 58-34,
PG 64-28, and PG 76-22). In addition, to the LMLC mixes, Plant Mixed-Laboratory
Compacted (PMLC) mixes were obtained from new ITD paving projects. Similar to the
LMLC, the PMLC had different mix constituents including RAP content, binder content,
binder grade, mix design, Nominal Maximum Aggregate Size (NMAS), etc. Three batches
were sampled from each project throughout the construction.

The rutting performance was evaluated using two rutting tests: APA rut test and HWTT.

These tests are conducted at different conditions in accordance with AASHTO T340 and
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AASHTO T 324, respectively, as discussed in Chapter 3. In addition, the compactability of
asphalt mixtures was examined using the Superpave gyratory compaction curves which show
the reduction in percent air voids versus number of gyrations. Finally, moisture damage was
evaluated for selected asphalt mixtures following the Lottman protocol in accordance with
AASHTO T283.

5.2 Main Findings of The Study

5.2.1 Evaluation of Rutting Performance

e The APA rut depth results showed an increased in rut depth with an increase in binder
content. There was a statistically significant difference between mixtures prepared
with 5.75% and 4.25% binder content. While there was no statistically significant
difference between 4.25% and 5% binder content at different RAP contents. Also, all
the LMLC mixes showed good resistance to rutting. The maximum rut depth was less
than the than 5 mm, which corresponds to the failure threshold for APA rut depth after
8,000 cycles.

e The HWTT showed the same trend indicated by the APA tests with increased rut
depth as the binder content increased. However, unlike the APA, the HWTT results
were not statistically different at different binder contents. This could be due to the
small HWTT rut depths measured for the LMLC mixes. All LMLC mixes had good
resistance to rutting since the HWTT rut depth was less than 12.5 mm after 20,000
passes, which is the failure criteria for the HWTT.

e The results showed that there was no defined trend for the effect of RAP content on
APA rut depth for mixtures prepared with RAP Source No. 1; however, the rut depth
decreased at 25% and 50% RAP compared to 0% for RAP No. 2. Overall, the
difference in the APA rut depth results was not statistically different at different RAP
content. Similar results were also obtained from the HWTT.

e The HWTT results demonstrated that the PMLC mixes have good rutting resistance.
However, there was significant difference in rutting among some projects which was
probably due to differing mix compositions. Also, the results demonstrated that there

was variation in rut depth among different batches for each individual field project.
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5.2.2 Evaluation of Compactability of LMLC Mixtures

e The results clearly showed that the binder content had a significant effect on the
compactability of asphalt mixtures. Mixtures with lower binder contents had lower
LCI values which indicate more compaction energy is needed compared to mixture
with higher binder contents. This trend was also observed for different binder grades
and RAP Percentages.

e Generally, mixtures prepared with RAP 2 had lower LCI compared to RAP 1, which
indicates that RAP 2 resulted in stiffer mixtures compared to RAP 1 at the
corresponding binder content and grade.

e Overall, there was no consistent and statistically significant trend for the effect of
binder grade on LCI results. The binder grade generally does not have a significant
effect on laboratory compaction data since the compaction is conducted at different
temperatures depending on the PG grading, where different asphalt binders are
expected to achieve the same viscosity (0.28 £ 0.30 Pa.s.).

e There was no clear trend for the effect of RAP content on LCI. As the LCI is
calculated at the compaction temperature, which is relatively high, the effect of higher

binder stiffness due to higher RAP content might be minor.
5.2.3 Correlation between Rutting and Compactability

e There was a direct correlation between LCI and APA rut depth. The LCI is calculated
using the slope and intercept of the compaction curves until 7% air voids. Higher LCI
values indicate that mixtures need less energy for compaction (i.e., easy to compact)
and vice versa. The assumption is that if mixtures are easy to compact, they may
experience further densification or higher rutting under loading. The R? for the
correlation of 0.55, which is considered good given the inherent variability associated
with the laboratory compaction and rutting test.

e A poor correlation was found between the LCI and HWTT rut depth. The reason is
that the LCI is calculated from the compaction data which is conducted at different

temperatures based on the binder grade where the compaction temperature increases
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with the stiffness of the binders to achieve optimum viscosity during compaction.

While the HWTT is conducted at a constant temperature of 50°C and wet conditions.

5.2.4 Moisture Damage Assessment

The tensile strength ratio (TSR) results demonstrated that the use of anti-stripping
agents improved the resistance of asphalt mixtures to moisture damage. The anti-
stripping agents enhance the adhesion between the asphalt binder and aggregates
which makes it hard for water to strip the binder off the aggregates. In addition, the
results showed that the addition of RAP had negative effects on moisture resistance
and resulted in lower TSR values. However, the addition of anti-strip agents improved
the performance at 25% RAP but did not enhance the resistance to moisture damage at
50% RAP.

The HWTT results did not show any sign of moisture damage for the mixtures
prepared at different RAP contents which were not consistent of TSR results. This
could be due to the harsh Lottman conditioning protocol compared to HWTT

conditions.

5.3 Recommendations for Future Research

Recommendations for further research are presented below.

Investigate the correlation between the LCI and field rutting performance. Historical
compaction data and field rutting performance observations should be examined and
analyzed to achieve this objective.

Evaluate additional mixtures prepared with different aggregate types used in Idaho
using HWTT and Lottman testing protocols.

Evaluate a balanced mix design approach to adjust the binder content in mixtures with
RAP to provide adequate resistance to cracking and rutting.
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APPENDIX A MIX DESIGN SUMMARY

100

Design Specifications: Blend 3 / 100 Gyrations @ N Design ( PG 70-34) Binder Bump PG 64-34

Gyratory ~ Model §  AFGB1A

Compactor: Serlal# 5443 Job Mix Fermula Spac
1 Percent Asphalt by Weight of Total Mix 5.0 - _
2 Percent Asphalt by Weight of Aggregate 53 -
3 Virgin Asphall by Weight of Mix 372 —
[l wingin Asphall by Waight of Aggragate 3.82 -
5 Parcant Air Voids (Pa) 4.0 4.0
& ‘oids in Mineral Aggregate (VIMA) 14.3 14min
7 Compacied Unit Weight Gmd, pef | 2,457 155.4 -
8 Theoretical Maximum Density Gmm, pof 2,602 162.0 -
9 Perceni Effective Asphall Content (Pbe) 4.2 -
10 Percenl Absorbed Asphalt (Pha) 0.E3 —
11 Specific Gravity of Binder {Gb) 1.028 -
12 Percent Gmm @ M Initial (8 Gyrations) 85.5 88,0
13 Percent Gmm @ N Design (100 Gyralions) 96.0 6.0
14 Percent Gmm i@ N Max {160 Gyrations) a7.4 5 98.0
15 Dust o Asphalt Ratio (DP) 1.4 0.8-1.5
16 Percent Passing #200 Sieve 6.0 2.0-10.0
17 Volds Filled wi Asphalt (VFA} 72 B5-T5
18 Lakoratory Mixing Temperature for Design (*F) 3z 304-312
18 Laboratory Compaction Temparature for Dasign (°F) 280 283-201
20 Laboratory Sarmphs Weight for Violumetric Tasting (g} 4950 -
i) Ignition Owven (NCAT) Correction Factor (@ 538 °F 0.86 -
2 Sand Equivalent ] 45 Min
23 Fracture Face Count (%) 90/08 98/88 Min
24 Fine Aggregate Angularity (%) 42,1 45 Min
25 Flat and Elongated Particles In Coarse Aggregates (%) 4.0 10 Man

Recycled Asphalt Pavement (RAP) Properties

26 Percentage of Asphall in RAP (WL of Mix) 43 -
7 Percentage of RAP by Total Waight of Aggregata a0 -
18 Percent of RAP Binder by Weight of Tolal Binder 257 30 Max
il RAP Contribution by Mix 1.28 -
30 RAP Contribution by Aggregate 1.34 -
3L RAP NCAT Cormection Factor 1.57 -

Figure 1A: SP5 Mix Design for the First Source of RAP
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Stockpile Gradation / Blend Percentages

Source WCW-18
Sieve Sizes 5/8-3/8 1/4-0 RAP Combined) o .
Gradation
Blend Ratio, % 42 28 30 100%
1" {25mm) 100 100 100 100 100
34" (19mm) 100 100 100 100 100
142" (12,5mm} - 100 o8 ol 90-100
38" (9.5mm) 47 100 80 75 S0max
No. 4 (4.75mm) -4 83 66 45
Nao. 8 {2.36mm} 3 53 47 30 28-58
No. 16 (1.18mm) a 36 2
No. 30 (600um) 3 26 25 16
No. 50 {300um) 2 20 18 12
Mo, 100 (150um) 2 16 14 10
Mo, 200 (T5um) 2.0 11.2 9.4 * 6.0 2.0-10.0
* #200 Controlled at plant mitigation process, minus 1.0% -#200
[ M-Cat Aggregate Correction Factors | Specific Gravity & Absorption I
| sieve sizes annget | NCat | R-CatAve. w | RAP | Avg.
« (25mm) 100 100 -- Bulk Dry (Gsb)| 2.782 2,738 2.752 2.767
247 (18mm}) 100 100 - S50 2858 2.805 nia na
1/2% (12.5mm) 81 &1 -- Apparent| 2.989 24932 nfa nfa
3/8" (9.5mm) 75 75 -- % Absorption 2.3 24 nfa n'a
Na. 4 {4.75mm 45 45 - Effective (Gse) 2.830
Mo. 8 (2.36mm 30 a2 -
Mo. 18 (1.18mr] 22 23 -
MNo. 30 {600um 16 17 ==
{Mo. 50 {300um 12 13 ue
[No. 100 (150u] 10 11 -
|Mo. 200 (75um|  * 6.0 5.8 -
Saluration Pressure: 260mm HG
Stripping Evaluation [TSR) Saluration Time: 15-20min
Specimen Welght agg & rap (g): 775
Type of Stripping Agent: AD-here LOF 65-00 Specimen Weight with oil (g): 3020
% Anti-Strip % Voids Dry Strength, psi Wet Strength, psi Retained Strength Spec.
0.50% 6.9 87 78 0% B0rmin

* Check saturation in 5 minute intervals to ensure it is not over saturated,

Figure 1A: SP5 Mix Design for the First Source of RAP (cont.)



Mix Design Summary
Project Top of Bear Ridge Grade to Pine Cr Latah Co zl:eg?::Asphah Grade 12.5mm Spsgsf;g_g:&gn ESALS)
Mix Producer  {Knife River *Adjusted Binder Grade PG 58-34
SPMDT (print) [Justin Drye Project Number A019 (640)
JMF Mix ID NO. |18020-19640-12. 5mmSP3-R27 Key Number 19640
Aggregate & (Gravel) Other Constituents (RAP, Blend Sand, Lime, ETC.)
Stock Pile B C C3 Basalt B RAP
Stock Pile Parcentage (Psp) 22 26 10 15 27
Stock Pile Source Number NP168c | NP168c | NP168c | NP168c | NP168c
[Design developed with “dry back' Gmm Yes No X
Mlxtg;e at Design Asphalt Content Job Mix Formula
aximum Specific Gravity (Gmm 2.921 . Spec.
Gyratory Buﬁ( Specific Gtryafnty (G)mb') 2.420 Aggregate Gradation Sieve Blend Lifmts
Combined Aggregate (Gsb) 2.719 1" (25 mm) 100 100
Effective Specific Gravity (Gse) 2762 3/4" (19 mm) 100 100
Combined Apparent Gravity (Gsa} 2.802 1/2" (12.5 mm) 93 90-100
Absorbtion 1.6 3/8" (9.5 mm) 80 S0max
Bulk Specific Gravity Rap (Gsb) 2799 No. 4 (4.75 mm) 51
Absorbed Asphalt, % (Pba) 0.59 No. 8 (2.36 mm) 34 28-58
Effective Asphalt Content, % (Pbe) 5143 No. 16 (1.18 mm) 24
P200 / Pbe Ratio 1.19 No. 30 (0.60 mm) 17
Air Voids, % (Va) 40 No. 50 (0.30 mm) 12
VMA % 16.1 No. 100 (0.150 mm) 9
VFA % 75 No. 200 (0.075 mm) 6.1 2-10
Rap oil content 584
Percent Rap by Binder 30 Asphalit content, % (Pb) 5.7
Relative Density %gmm @ Nmax 97.1 Rap % AC contributed 1.6
Ncat Correlation Factor @538C 0.51 Asphalt content added 4.1
Laboratory Compaction Temp 290 Asphalt content by weight of agg 6.0
Gmb sample weight @ JMF 4750 Asphalt content by agg added 45
Number of Gyrations 75 Antistrip, % 0.75%
Aggregate Properties Asphalt Brand Idaho Asphalt
Uncompacted Void Content Fines 60 Asphait Grade PG 64-28
Sand Equivalent 63 Mix temp. range 313-327
Fracture Face (1 Face / 2 Face) 100/100 Compaction temp. range 282-298
Flat and Elongated Particies 1 Asphait specific gravity (Gb) 77 F 1.029
Fine Aggregate Gsb 2.656 Asphalt specific gravity (Gb) 60 F 1.033
Min/Max Properties Min Target Max Spec Limits
Asphalt content, % (Pb) 3 B, 6.0
Air Voids, % (Va) 5.0 4.0 3.0 3.0-5.0
VMA % 16.1 16.1 15.9 14 min.
Maximum Specific Gravity (Gmm) 2.536 2.521 2510
Bulk Specific Gravity (Gmb) 2410 | 2420 | 2434
P200 / Pbe Ratio 1.3 1.2 1.1 0.8-1.6
Breakdown will be controlled by means of our baghouse

Figure 3A: SP3 Mix Design for the Second Source of RAP
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Design Specifications: Blend 3/ 75 Gyrations @ N Design PG 64-28 (58-34 Adjusted Bindar)

Gyratary Modsl ¥ AFGIAS

Compactor: Sorlal® BT Job Mix Formula Spec
1 Percent Asphalt by Weight ol Telal Mix 52 -
2 Parcant Asphalt by Waelght of Agoregate 55 =
1 Wirgin Asphall by Waight af Mix 387 -
4 Wirgin Asphalt by Weigh! of Aggregate 409 -
5 Parcent Air Vaids [Pa) 4.0 440
] ioids in Minaral Aggregate [VAAY) 150 14 min
7 Compacted Unit Welght Gmb, pcf | 2374 1478 -
B Thegratical Masamumn Density Gmm, pef | 2473 153.9 -
2 Percant Effective Asphalt Consent (Fbe) 477 -
10 Percent Absorbed Asphalt (Poa) 0.50 =
11 Specific Gravity of Binder (Gh) 1.030 -
12 Pearcant Gmem £ M initial {7 & yredi BB.2 = BE.0
13 Percent Gmm (& N Design (75 Gyrations) 0E.D 96.0
14 Percent Gmm & N Max {115 Gyrations) or6 < 880
15 Dust bo Asphalt Ratio (DF) 14 0.81.8
16 Percent Passing 200 Sieve 6.5 2.0-10.0
17 ‘oids Filed w! Asphalt (VFA) 73 B5-75
18 Laboratony Mixing Temparature for Design (*F) 324 316-324
1 Laboratery Comgackion Temparature for Design ('F) 302 204-303
an Laboretory Sample Welght for Volumetric Testing (g) 4T00 =
1 Ignition Cven (NCAT) Cormecticn Faclor & 538 *F (%] -
22 “Los Angeles Abrasion (LAR) (%) 18 30 max
22 “kiaho Degredalion & % -200 32 5.0 max
4 Sard Equivalent 1] 40 min
i5 “Fracture Face Count (%) fEaE TS0
26 Fine Apgragate Angularity (%) 4T3 40min___ |
27 “Flat and Elongated Particles in Coarse Aggregates (%) 248 10 Max

Recycled Asphalt Pavernent | RAP) Properties

8 Parcentage of Asphalt in RAP (Wt of Mix) 4.58
20 Perceniage of RAP by Totel Walght of Aggregats 30 -
30 Percant of RAP Binder by Weight of Total Binder 26 30 ma
31 RAP Conlribulion by Mix 1.37 -
32 RAP Cantribution by Agpregate 1.44 =
EE] RAP NCAT Carreclion Fachor .35 -

*Composie blend including RAP

Figure 4A: District 1 - JMF P1
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Design Specifications: Blend 1/ 75 Gyrations @ N Design PG 84-28 (58-34 Adjusted Binder)

Gyratory Model #  AFGZAS

Compactor: Serial@ 8436 Job Mix Formula Spec
1 Percent Asphalt by Weight of Total Mix . 5.3 -
2 Percant Asphalt by Weight of Aggregate 6.64 -
3 Virgin Asphalt by Weight of Mix 408 -
L} Virgin Asphalt by Waight of Aggregale 4.32 -
5 Percent Air Voids (Pa) 4.0 4.0
s ‘olds in Mineral Aggregate (VMA) 156 14 min
7 Compacted Unit Waight Gmb, pef | 2388 1473 -
& Theoretical Maximum Density Gmm, pef | 2.465 153.4 -
E] Parcont Effective Asphalt Content (Pbe) 504 -
j1i) Parcent Absorbed Asphatt (Pba) .32 -
11 Specific Gravity of Binder (Gh) 1.028 -
12 Percent Gmm @ N Inifisl {7 Gyrations) 868 =89.0
15 Percent Gmm @ N Dasign (75 Gyrations) 6.0 86.0
14 Percant Gmm @ N Max (115 Gyrations) 97.3 £88.0
15 Dust o Asphalt Ratio (DF) 1.1 0.6-1.4
16 — Percant Passing #200 Sieve 5.8 2.0-10.0
17 Waokds Filled wi' Asphalt [VFA) T4 65-T5
18 Laboratory Mixing Temperature for Design (°F) | az d16-324
19 Labaratary Compaction Temperature for Design (*F) 289 295-303
20 Laboratory Sample Weight for Volumetric Testing (g) 4720 -
n Ignition Oven (MCAT) Carrection Factor @ 538 *F 0.30 -
2 *Los Angelas Abrasion (LAR) (%) 24 30 max
23 “Idaho Degradation A % -200 3.5 5.0 max
4 Sand Equivalent | ] 40 min
15 *Fracture Face Count (%) QRDE T5{60
16 Fina Apgregate Angularity (%) 47.2 . 40 min
7 *Flat and Elongated Particles in Coarse Aggregales (%) 0.3 10 max
Recycled Asphalt Pavement (RAP) Properties
28 Parcanage of Asphalt In RAP (WL of Mix) 4.20
29 Percantage of RAP by Total Wesght of Aggregate 30 -
30 Parcant of RAP Binder by Welght of Total Bindes 24 30 max
ELS RAP Conbribution by Mix 1.26 -
iz RAP Coniribution by Aggregate 1.32
33 RAP NCAT Correction Facior 0.38 —

*Composite blend including RAP

Figure 5A: District 1- JMF P2
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. " ITD 0773 {Rav. (810
) Report of Super Pave Mix Properties Gsdarngor ]
ITD Mix Design Confirmation Report
Gradation Analysis, Asphalt Content, Volumetric, Rutting and Stripping Properties
Idaho Transportation Department
Tojed Iame Lhisin
AD21(858), AD13(387), AD13(932) LIS20/26, SH-16 to Linder Road, SH55 Marsing to SR ] 3
WTEeT [ Program/T askiFhaselSampmen) Contrac! Tiem Fumber [Testing Caboralory Name & Localion Mix Design No.
P-183260 / T-183260 405 l ITD Central Laboratory GT0S644
and Reporls | o/Hesdent Engneer's Mame) [Sampled By WADTE Number [Date Sam eLal Receved |Dalelan |esed
Shawna King, Jayme Coonce Brian Arnold 22320 362020 3/30/2020 4{4/2020
Tephal Dmoar Suppher REpnall Binder Grade |Sp, T, oF Binder [Trom W Design] [JAF Tnended Dinder, Ta by W& M [Source Number
Western States Asphalt PG B64-34 1.031 5.4 Cn-144¢
BMpe Localion (Sla. onset, , plant, Tabh, efc.} Mix Design Lab & Locatian SPMDT P.E. in Responsible Charge of Design
Stockpiles Idaho Materials & Constr. | Brian Arnold | Bob J. Amaold, P.E.
-] 0. Max, oze & nrmary BEEING FImary i eve EET X
I 1<10 (75 Gyrations) | 12" No. 8 38 % SP3
Combined Aggregate Bulk SPG G, from ITD 0802 2.571
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. Lah Na. Labr No. Lab Mo Lak Ne.
209X Z09MX
Sieve Siza 006 0016 Average
(mm) _ {in) Avg. | JMF |Total Asphalt Binder Gontent  5.67
(50) 2 100 100 | 100 |NCAT Comection Facior 0.05
(37.5) 17112 100 100 | 100 | moksture % (-} 0.08
{25) 1 100 100 | 100 JAct Asph. Binder Content % 5.53 [ 553 ]
(19) 314 100 100 | 100
{12.5) 102 83 03 [ 95 | compaction Temperature, °F
(9.5) a8 85 85 | 85 FOP for AASHTO T 312/ AASHTO M 323  Average
4.75) Mo, 4 64 fd 61 | Lab Air Vioids % at Npggion 4.5 4.6
(2.38) Mo 8 47 47 | 45 |Gy, (compacted mixture) 2.318 2318
{1.18) Ne. 16| 3B 36 | 34 |G, (max spac gravity) 2430 2430
0.600) Mo 20 26 20 | 24 vma, % 148 14.8
0.300) No. 50 15 15 | 14 Jvra =% 69 1]
0.150) No, 104 El E] B | Dust Proportion (DP) 13 13
0075) MNo.20d 53 28| 5.0
Geo - Effective Sp. Grenity 2,640
Avg. Sample Py - Eff. Binder Content, % 4.54
Haight, mm [ 1155 ] | | P, - Binder Absorbed, % 1.05
FOP for AASHTO T 208 result within 0,020 of JMF?  Grom from JMF=  2.412  Gmn from Sample Tested=  2.430 Yas
FOP for AASHTO T 166 result within 0,020 of JMF?  Gmb from JMF= 2314  Gmb from Sample Tested=  2.318 Yes
ASTM D075 & AASHTO T 167 AASHTO T 340
Sample # 1-4, & Sample # 209MX016
90 %@ 0.50 % Evotharm M1 Rutting Depth, mm [33 Madrmum Allowable
— PASS Left Sample 377 Rut Dapth
Center Sample — 4T 0.2in. { 5 mm)
Fight Sample T Ze@ PASS
Mix Design Volumetrics Confirmation: m Pass D Fail
|H‘ !h,s —_—
[TEEET OY WROTC NG o
24080, 24084, 24083
Date Malled
4/8/2020 Chad Clawson|, P.E.

Figure 6A: District 3 - Field J]MF P5
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Design Specifications: Blend 1/ 75 Gyrations @ N Design PG 64-34

Gyratory Model #  AFGZAS

Compacior: Berfal # 8438 Job Mix Formula Spec
i _ Pemant Asphait by Weight of Total Mix [ 6.2 -
2 Percent Asphalt by Waight of Aggragate 6.66 -
3 Virgin Asphalt by Waight of Mix | 5.21 -
] Virgin Asghalt by Weight of Aggregate 5.58 - |
5 = Parcant Air Voids (Pa) 4.0 4.0 i
B Valds in Mineral Aggrecats (VMA) 14.5 14 min
7 Compacted Unit Welght Grb, pof | 2204 1372 -
& Theoretical Maximum Density Gmm, pof | 2296 1429 =- ]
| & Parcent Effective Asphalt Content (Pba} 4,90 -
10 Percent Absorbed Asphalt (Poa) 143 -
11 Specific Gravity of Binder (Gb) 1.029 -
12 Parcent Gmm G M Initial (7 Gyrations) BE.T =880
113 Parcent Gmm @ M Design (75 Gyrations)} 896.0 96.0
14 Percent Gmm @ M Max (115 Gyrations) g7.2 588.0
15 __ Dust to Asphalt Ratio (DF) 1.3 0.6-1.4
16 Parcent Passing #200 Sieve | 6.5 2.0-10.0
|17 Vioids Filled w! Asphalt (VFA) | 72 B5-75
12 Laboratory Mixing Temgerature for Design [°F) | az7 320-333
19 Laboratory Compaetion Temperatura for Design (°F) 209 281-306
20 Laboratory Sampls Welght for Volumetric Tasting () 4365 -
21 lgnition Oven (NGAT) Gomection Fector @ 538 °F 0.38 -
P B _ Sand Equivalent 45 40 min
23 Fracture Face Count (%) 100100 TSI60
24 Fine Aggregate Angularity (%) 452 401 rnin
25 Flat and Elongated Particles in Coarse ﬁg_gmm (%) 0.0 10 Max
Mnyd!l Asphalt Pavement (RAP) Proparties
26 Percantage of Asphalt in RAP (W of Mix) 5.40 -
27 Percentage of RAP by Total Welght of Aggregate 19 -
8 Parcant of RAF Binder by Waelcht of Totsl Binder 17 17 max
29 RAP Contribution by Mix | 1.03 -
30 RAP Contribution by Aggregate 1.08 -
3l RAP NCAT Comection Facior 0.47 -

Figure 7A: District 4 -Field JMF P2
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TRV
MATIRALS & CONTRUCTION Proposed Job Mix Formula
Laboratory Values Tau}gl Spec.
Total Asphalt by Weip bt of Mix % (Pb) 51
Total Aspalt by Weiyht of Apprepate 539 )
Air Voids % (Va) ) 4.0 3.050 |
Voids in Mineral Agg repate (VMA) 139 13,3
Voids Filled with Asp halt (VFA) 7 65-75
Bulk Sy, ecific Gravity (Gmb) 2323
| Unit Weig bt Ib./cuft. 1446
Theo Max S cc Gravity (Gmm) 2.420
Theo Max §Eee Gravigy, Ib/cuft. 150.6
| Effective Specific Gravity of Blend (Gse) 2.609
Effect of Water on Compressive Stnngt (AllWest) 98 85 min
Ninitial (5 Gyrations ) 86.6 <890
Ndesign SP-5 (100 Gyrations ) 96.0 = 96.0
Nmax (160 Gyrations ) 97.4 <98.0
NCAT Asphalt Correction Factor . 021
Dust to Asphalt 1.1 0.8-1.6
Laboratory Mixing Temperature( deg in F) 320
Lahoratory Compaction Temperature(deg in F) 300
[Plant Mixing Temperature(deg in F)** 316 - 324
?EldCouucﬂqn Temperature(deg in F)** 295 = 303 =N
Superpave Design Sample Wt. in g rams 4575
*Field mixing and compaction may be adfusted + /- 25 degrees per Viscosity Graph
__Aggregate Gradation Data
. Ln-80c | Lo-80c Cs-201 | Ln-80c | Md-101¢ Break ™MF
Sevy Nien A B c We | Sea’ | RAP. | T A
18.0% | 28.0% | 20.5%  12.0% | 4.0% | 17.0% 0.5% Grudatle
1%/ 25mm 100 100 100 100 100 100 100 100
34 1 19mm 92 100 100 100 | 100 100 100 )
12°112 5mm 16 84 100 100 100 95 100 8|
318" /9.5mm E] 46 100 100 100 86 100 65
No. 4 / 4.75mm 1 2 85 75 100 62 100 42
No. 8/2.36mm 1 2 58 43 s 45 100 29
No.16/1.13mm 1 1 41 2% | 66 34 100 21
No. 30/ 600um 1 1 30 16 54 26 100 16
No. 50/ 300um 1 1 2 9 20 20 100 11
No, 100/ 150um = 15 4 4 14 100 7
Ne. 200/ 75um 05 0.7 99 1.4 14 9.5 9200 | 4.6
* Aggregote mw&m»mmmmwmn

Figure 8A: District 4 - Field JMF P5



; ITD 07338 (Flov, 0519
Mix Design Test For Laboratory Produced Mix (L00S€) rnser
ITD Mix Design Confirmation Report
Idaho Trlnsporlallon Department

£ Bt |

%ei)nbumpg:ound Hoad | 6
051 Numbar  |LBD NUmber Wix Dasign Ho.
0085 MX190 BL190457A

Sond Baporis T0 (Aesdent Engineers Name)  |Sampled By I Samped |Uaie Lab Fece! & o5
Drew Meppen David Miller I 22647 4/24/2019 7/5/2018 7102019

5|
|daho Asphalt Supply

AMpIE Localion (S1aJofisal, Wuck, plant, 1ab, olc ) Mix Dasign ub& Localion
Stockpile St. Anthony Id

David Miller * |TD Cemml Laboralo

Nominal FAax Aggragata Size | T'nnry leml Tlove I'mel Passing Prmary Oam'rrlﬂmﬂ'_,l
>= 10 (100 Gyrations) | ____ 3/4° 47 % SP5

FOP for AASHTO T 209 Theoretical Max Specific Gravity (Bow| Mathod)

FOP for AASHTO T 312 SuperPave Gyratory Compactor

Sample| 1A 1B Samplo 1A 18
WL Bowl and Sample 5225.1 52224 | Withia 80gm?| COnvmlon Temp., ‘F 300 300 Spec Limits
WL of Bowl | 27285 | 27213 | (mm) 1152 115.7 110 to 120
(Wi, of Sample (A) 2495.6 25011 Masa 1o Achieve Mix Dasign 5 Helght§ 4550 q.
Wi, Bowd in Waler wilh Sample 3168.0 | 3167.8 Volumelric Properties
(WL of Bowl in Water 1717.9 1717.7 | Average
1. of Sample In Waler (8) 1450.1 | 1450.1 Ginen P %- Lab Air Voids @ Ndesign 4.0 5165
G (Maximum Specilic Gravily] 2.386 2.380 2.383 100 X G
L Range  0.008  Accpelable? (Wilhin 025 precision, 0.014) | Y. P, =100 — (____._.'1‘1)
A Gmm
Gm = EA—:'F)" o
VMA, % - Voids in Mineral Aggregate > 12.0
esull within 0.020 of JMF Gmm? JMF Grm = 2.378 _ Acceplable?] YES |
Gmh X Pn
FOP for AASHTO T 166 Bull SP. GR.of Compected Wix (ethod A VMA S A00:= (—Gsb )
pecimen Surlace 1emperalure | 76.1 77 |66F o8 VFA, % - Voids Filled with Asphallt [ 70| 65 | 75
Wi of Specimen Dey (A) 4544.0 4550,9  Wilhin £15gm]
Wi ol Spacimen 5D (8) 4554.6 | 4571.2 YES G i VMA — P,
VI of Spesimen In Wator (C) 2564.8 | 2579.3 | Avg. = x (—-—)
G (B Speciic Graviy) 2084 | 2080 | ’_‘zﬂ%' ¥MA
DP - Dust Proportion | 1.6 [ 05| 1.
Gy, Range 0,006 Acepelablo? (Within 0.012) | YES DP Pao0
A =
Cow = 5= ¢ - Poe
[Resull wilrin 0,020 of JMF Gmm?_JMF Gmm = 2,983 Accoplabio?] YES | | Ge = ﬁ G = 2.600
— G G
Bulk SPG ({from 1TD 0B802) 2.481
Spacilic Gravily of Birdar (from Mix Design) 1.029
- Peicent Pasllg_l'ino {from ITD 0733A) 6.3 Fye = By~ wo 0*h o = 4.18
- Binder Content, % {Irom ITD 0733A) 6.0
- Parcont of Aggregals (100« Binder Contost) 94.0 (6o —Gy)
ve Specilic Gravily 2.600 bra = 100X Ty % G Pea = 1.89
Pra - Eflective Binder Conlenl, % 4.18 i
Py, - Binder Absorbad, % 1.89 -
% Waler Absorbed, (by volume) 0.55 % Water Absorbed, = e C) x 100 - 0.55
— I ik S

Cl "

07111149

Figure 9A: District 6 - Field J]MF P1
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Appendix B Rutting and Moisture Damage

File Name: FEB20_05.DAT

Time: 20:56

Date: 02/19/2020
Diameter: 150 mm

S/N: 8835

RP280_50%RAP PG58-34_5%BC Time:

Axial Force  Axial Displacement 11/30/2020 16:45

Ibf

in 35.97363 Sec

Gyration Height

Angle Pressure Moment

(#) —{mm) (Degint) (kPa) (N-m)

0 1401 — 597 0.0

1 1353 117 575 654.0
2 1324 116 575 759.9
3 1303 1.15 580 813.6
4 1287 115 594 844.8
5 1274 1.16 599 862.8
6 1263 116 601 871.8
7 1254 116 601 877.6
g 1246 115 601 881.4
9 1239 115 601 885.3
10 1233 116 601 890.2
11 1227 116 601 893.6
12 1222 116 601 894.4
13 1217 116 601 894.6
14 1213 116 601 896.5
15 1209 116 601 896.2
16 1205 116 601 896.4
17 1202 116 601 896.2
18 1199 116 601 896.3
19 1196 116 o601 897.9
20 1193 116 601 900.7
21 119.0 116 601 900.9
22 1188 116 601 901.8
23 1185 1.16 600 901.2
24 118.3 116 600 900.0
25 1181 116 600 899.3
26 1179 116 600 897.5
27 1177 116 600 896.5

Figure 1B: Sample of Compaction Data for PG 58-34 (50% RAP & 5.0% B.C.)
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File Name: FEB20_05.DAT
RP280_ 50%RAP PG58-34 5%BC
Axial Displacement

5/N: 8835

Gyration Height Angle Pressure Moment
(#) —{mm) (Degint) (kPa} (N-m)

34 1166 116 599 887.4
35 1164 116 599 885.5
36 116.3 1.16 600 884.2
37 116.2 1.16 600 882.6
38 116.0 1.16 600 881.9
39 1159 1.16 600 881.4
40 115.8 116 600 880.4
41 1157 116 600 880.4
42 1156 116 600 880.7
43 1155 116 600 881.0
44 1154 116 600 880.0
45 1153 116 600 879.2
46 115.2 116 600 879.4
47 1151 116 600 879.0
48 115.0 116 600 877.6
49 1149 116 601 876.4
50 1148 116 601 876.2
51 114.7 116 601 874.2
52 1146 116 601 873.0
53 1145 116 601 871.3
54 1145 116 601 869.3
55 1144 116 601 867.5
56 114.3 116 601 867.1
57 114.2 116 601 866.4
58 114.2 116 601 866.2
50 1141 116 601 865.7
60 1140 116 601 865.8
61 1140 116 601 865.0
62 1139 116 601 864.4
63 113.8 116 601 864.2

Figure 2B: Sample of Compaction Data for PG 58-34 (50% RAP & 5.0% B.C.) _Cont.



File Name: FEB20_05.DAT

RP280_50%RAP PG58-34_5%BC

Axial Displacement

5/N: 8835

64 113.8 116
65 113.7 1.16
66 113.6 1.16
67 1136 1.1e6
68 1135 1.16
69 1135 1.16
70 1134 1.16
71 1133 1.1e
72 1133 116
73 1132 116
74 1132 116
75 1131 1.1e
76 1131 116
77 1130 116
78 113.0 1.16
79 1129 116
80 1129 1.16
81 1128 1.16
82 1128 1.16
83 1127 1.1e
84 112.7 1.16
85 1126 1.16
86 1126 1l.le
g7 1126 1.1e
88 1125 1.16
89 1125 1.16
%0 1124 1.1e
91 1124 116

601
601
601
601
601
601
601
601
601
601
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602

863.2
862.8
861.5
861.5
860.8
860.3
859.8
859.9
859.4
859.4
858.8
857.7
857.2
856.8
856.1
855.6
854.4
853.3
852.3
851.6
850.8
849.8
850.3
849.6
848.5
848.3
848.1
846.0
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Figure 3B: Sample of Compaction Data for PG 58-34 (50% RAP & 5.0% B.C.) _Cont.



File Name: FEB20_05.DAT

RP280_50%RAP PG58-34_5%BC

Axial Displacement

S/N: 8835

Gyration Height

Angle Pressure Moment

92
a3
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

112.4
112.3
112.3
112.2
112.2
112.2
1121
112.1
112.0
112.0
112.0
111.9
111.9
111.9
111.8
111.8
111.8
111.7
111.7
111.7
111.7
111.6
111.6
111.6
1115
1115
111.5

1.16
1.16
1.16
1.16
1.16
1.16
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.15
1.16
1.15
1.16
1.16

602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602
602

844.9
843.2
842.1
842.0
840.4
840.5
834.7
834.7
834.9
835.3
835.3
834.6
834.5
834.0
833.3
833.0
832.3
831.8
832.2
831.9
831.0
830.1
828.8
829.0
829.4
828.6
828.6
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Figure 4B: Sample of Compaction Data for PG 58-34 (50% RAP & 5.0% B.C.) _Cont.



File Name: FEB20_05.DAT
RP280 50%RAP PG58-34 5%BC
Axial Displacement

S/N: 8835

Gyration Height Angle Pressure Moment

(#) —{mm) (DeglInt) (kPa)

(N-m)

147 1108 116 603
148 110.7 1.16 602
149 110.7 1.16 602
150 110.7 1.16 602
151 110.7 1.16 603
152 1106 1.16 603
153 1106 1.16 603
154 1106 1.16 603
155 1106 1.16 603
156 1106 1.16 603
157 1105 1.16 603
158 1105 1.16 603
159 1105 1.16 603
160 1105 1.16 603
161 1105 1.16 603
162 1105 1.16 603
163 1104 1.16 603
164 1104 1.16 603
165 1104 1.16 603
166 1104 1.16 603
167 1104 1.16 603
168 1103 1.16 603
169 1103 1.16 603
170 1103 116 603
171 1103 1.16 603
172 1103 1.16 603
173 1103 1.16 603
174 110.2 1.16 603
175 110.2 1.16 603
176 110.2 1.16 603
177 1102 1.16 603
178 110.2 1.16 603

821.2
820.3
820.0
819.7
819.4
819.0
818.6
818.6
817.9
817.9
817.5
816.6
816.7
816.5
816.3
8l6.1
816.4
817.3
818.1
817.8
816.8
817.4
817.1
816.6
816.3
815.3
814.6
813.9
813.9
813.2
812.4
812.1
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Figure 5B: Sample of Compaction Data for PG 58-34 (50% RAP & 5.0% B.C.) _Cont.



File Name: FEB20_05.DAT

RP280_50%RAP PG58-34_5%BC

Axial Displacement

S/N: 8835

Gyration Height

179
180
181
182
183
184
185
186
187
188
189

110.2
110.1
110.1
110.1
110.1
110.1
110.1
110.0
110.0
110.0
110.0

Angle Pressure Moment

1.16
1.16
1.16
1.16
1.16
1.16
1.16
1.16
1.16
1.16
1.16

603
603
603
603
603
603
603
603
603
603
603

812.2
812.3
811.8
811.9
810.8
810.3
809.8
809.4
808.2
807.4
807.0
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Figure 6B: Sample of Compaction Data for PG 58-34 (50% RAP & 5.0% B.C.) _Cont.



14

12

De pth{MM)

115

—left  =——Right

__---_-—-_ s—

0

____.-—-=-_--_

1000 2000 3000 4000 5000 6000 7000 8000
Cycles (60 Cycles Per Minute)

Figure 7B: APA Rutting Data Sample @ PG 64-28, 0% RAP and 5.0% B.C.
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Figure 8B: APA Rutting Data Sample @ PG 58-34, 25% RAP and 5.0% B.C.
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Figure 9B: APA Rutting Data Sample @ PG 76-22, 50% RAP and 5.75% B.C.
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Figure 10B: Hamburg Rutting Data Sample @ PG 58-34, 0% RAP and 4.25% B.C.
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Figure 11B: Hamburg Rutting Data Sample @ PG 64-28, 25% RAP and 5.0% B.C.
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Figure 12B: Hamburg Rutting Data Sample @ PG 58-34, 50% RAP and 5.75% B.C.
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Figure 13B: Lottman Dry IDT Testing Sample 0% RAP, 0% ASA, 5.0% B.C.
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Figure 14B: Lottman Wet IDT Testing Sample 0% RAP, 0% ASA, 5.0% B.C.
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Figure 15B: Lottman Dry IDT Testing Sample 0% RAP, 0% ASA, 4.25% B.C.
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Figure 16B: Lottman Wet IDT Testing Sample 0% RAP, 0% ASA, 4.25% B.C.



Figure 4
Specimen Broken for Observation

Calculations
The tensile strength is calculated using the following equation:

English units:

Si=2P
xtD
where:
S:= tensile strength, psi
P = maximum load, Ibs
t = specimen thickness, in.
D = specimen diameter, in.
S1 units:
Se= 2000P
miD
where:

Si= lensile strength, kPa

P = maximum load, Newtons
I = specimen thickness, mm

[ = specimen diameter. mm

The tensile strength ratio is calculated as follows:

Tensile Strength Ratio (TSR) = z

where:
51 =average tensile strength of the dry subset, psi (kPa)
52 = average tensile strength of the conditioned subset, psi (kPa)

-

Figure 17B: TSR Calculations from AASHTO
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Appendix C Permissions

Hi Austin, thank you so much for reaching out!
Are you referring to the images in our FAA Spec Update blog?
You can use this image provided you credit Asphalt Testing Solutions & Engineering.

Respectfully,

Molly (Soltis) Berry
ATS | Marketing & Business Development
904.349.9496

Date: Monday, August 2, 2021 at 4:09 PM
To: Info <info@ats.consulting>
Subject: Permission to use Figure

Hello,

My name is Austin and | am a graduate student a the University of Idaho. | am asking permission to use the picture of the Asphalt
Pavement Analyzer Jr. on your website in my thesis. Thank you

Austin P. Corley

Teaching Assistant/Graduate Student
University of Idaho

Bel 114

Figure 1C: Permission for Asphalt Testing Solutions, (2021)

To: Corley, Austin (corl2623@vandals.uidaho.edu)

Sure, Austin! Good luck in your research!! MH.

Mustaque Hossain, Ph.D., P.E., Fellow ASCE

Department Head, Munger Professor in Civil Engineering and Civil Engineering Alumni Professorship Honoring Dr. Robert Snell
Department of Civil Engineering

Kansas State University

2118 Fiedler Hall

Fax: (785) 532-7717
web: http://www.ce.ksu.edu/people/faculty/hossain/
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Hello,
My name is Austin and | am a graduate student at the University of Idaho. | am asking permission to use information from

“Rahman, F., Hossain, M. (2014, February). Review and Analysis of Hamburg Wheel Tracking Device Test Data (KS-14-1).
Kansas State University Transportation Center”

In my thesis. The information involves the effect of binder source, and content on the affect of rutting performance. My thesis
and titled “Evaluation of mix composition and compactability on rutting performance of asphalt mixtures.” Information from
your report is very useful in the literature review of my thesis, thank you.

Regards,

Austin P. Corley

Teaching Assistant/Graduate Student

University of Idaho
Bel 114

Figure 2C: Permission for Rahman and Hossain, (2014)

Re: VTRC Web Site - Copyright Request

3

@ Kelsh, William <bill.kelsh@vdot.virginia.gov>
341 AM

To: Corley, Austin (corl2623@vandals.uidaho.edu)

Permission granted.

Bill Kelsh
Virginia Transportation Research
434-293-1934 - but best to contact me via email

s s s s s s s s s

On Mon, Aug 2, 2021 at 5:43 PM <corl2623@vandals.uidaho.edu> wrote:
Requestor Name: Austin Corley
Org. Name:  University of Idaho
Org Type: Non-profit

Email: mailto:corl2623 @vandals.uidaho.edu
Requested At: 8/2/2021 5:43:56 PM
Request:

The use of this materials is only for the literature review of my thesis. The information talks about the ignition test used to extract the
binder from Reclaimed Asphalt Pavements. As well as the volumetric accuracy when calculating the bulk specific gravity and theoretical
specific gravity.

Figure 3C: Permission for Prowell and Carter, (2000)
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