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Abstract

Ahmad Alfalah
EVALUATING THE IMPACT OF OXIDATION ON MOISTURE RESISTANCE OF
ASPHALT COMPONENTS AND MIXTURES
2022-2023
Yusuf Mehta, Ph.D., P.E.
Doctoral of Philosophy in Civil Engineering
This study investigated the effects of asphalt oxidation and testing temperature on

moisture damage in asphalt mixtures, using AASHTO T283 and Surface Free Energy
(SFE) testing. The study assessed the impact of three asphalt binder grades (PG 64-22,
PG 76-22, and PG 52-34) and three test temperatures (ALT, AIT, and CIT) on the
susceptibility to moisture damage. Additionally, three oxidation levels (OTC, STOC, and
LTOC) were evaluated to determine the optimal level of oxidation and testing
temperature for AASHTO T283 to detect moisture damage. Load-displacement curve
parameters and IDEAL-CT were analyzed to better understand the effects of oxidation
and moisture conditioning on asphalt mixtures. The study also evaluated the effects of
three oxidative levels (OB, RTFO, and PAV20) on moisture damage susceptibility using
SFE testing. Fourier transform infrared spectroscopy (FTIR) attenuated total reflectance
(ATR) was also used to quantify the effects of oxidative conditioning on asphalt binder
chemical properties. The findings suggest that asphalt mixtures are more susceptible to
moisture damage at STOC and LTOC than OTC, and that oxidation and CIT have the
greatest impact on moisture damage susceptibility. The study highlights the need for an

alternative oxidation conditioning and testing at CIT to detect moisture damage more

accurately in asphalt mixtures.
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Chapter 1

Introduction

Background

Asphalt pavements are exposed to environmental factors such as precipitation,
temperature extremes, and UV radiation, which can cause structural damage. Moisture
damage is a major concern, as it can lead to cracking, rutting, and potholes. Water enters
the asphalt mixture through surface cracks, causing the components to expand and
contract, accelerating pavement deterioration. Moisture damage reduces cohesion in the
asphalt binder and adhesion between the binder and aggregate, which accelerates
deterioration. Highway agencies and the pavement industry have established criteria for

designing asphalt mixtures that are resistant to moisture damage.

To identify asphalt mixtures” moisture damage susceptibility, performance
evaluation tests have been implemented. Two types of tests are qualitative tests
performed on loose-mix asphalt mixtures and quantitative tests performed on compacted
asphalt specimens. Qualitative tests are carried out on asphalt-coated aggregates
submerged in water. However, these experiments cannot reproduce pore pressure, traffic
conditions, or mix design parameters needed to understand moisture susceptibility.
Quantitative tests, such as the modified Lottman test (AASHTO T283), determine the
reduction in indirect tensile strength (ITS) resulting from water saturation and accelerated
water conditioning, followed by a freeze-thaw cycle of compacted asphalt specimens.
Several agencies use AASHTO T283 as the primary test criterion for field acceptance of

1



asphalt mixtures’ moisture susceptibility. A minimum Tensile Strength Ratio (TSR%) of

80% is recommended for a mixture to be considered resistant to moisture damage.

Problem Statement

- The oxidative conditioning procedure (to simulate pavement aging) in the current
AASHTO T283 test may not be representative of field climatic conditions. There is a
lack of research on determining appropriate levels of oxidative conditioning for
asphalt mixtures where moisture damage has the greatest impact.

- The AASHTO T283 test is performed at the laboratory ambient temperature of 25°C,
which may not be representative of the actual intermediate temperature of the asphalt
binder or the intermediate temperature of the climate where the pavement would be
built.

- While AASHTO T283 relies on one parameter, TSR%, as the deciding factor for
moisture damage evaluation, other parameters, such as those from the Indirect Tensile
Asphalt Cracking Test (IDEAL-CT), can be evaluated for their ability to show the
impact of moisture damage of asphalt mixtures.

- Thereis a lack of an accurate, practical, and reliable material property technique for
examining the degree of moisture damage at the asphalt-aggregate interfaces, which
is essential for understanding the causes of moisture damage at different oxidation
levels.

- While AASHTO T283 measures the TSR% through ITS reduction, it does not

provide a comprehensive understanding of the chemical changes in the asphalt binder



that can result in a change in material properties with oxidation, which limits the

ability to evaluate moisture damage.

Therefore, further research is needed to address these knowledge gaps and
establish a consensus among researchers and state agencies regarding moisture damage in
asphalt mixtures. This research involves incorporating surface free energy (SFE) as a
material property test and Fourier transform infrared spectroscopy — attenuated total
reflectance (FTIR-ATR) spectroscopy as a chemical test to gain a more comprehensive

understanding of the mechanisms causing moisture damage in asphalt mixtures.

Research Hypothesis

This study is initiated to question and verify the following hypotheses:

- A modified laboratory test procedure based on AASHTO T283 that accounts for
asphalt oxidation and testing temperature allows more accurate and reliable
measurements of asphalt mixtures with higher response to moisture damage.

- Additional AASHTO T283 load-displacement curve parameters can be utilized in
greater detail using IDEAL-CT parameters than with indirect tensile strength alone to
characterize moisture damage in asphalt mixtures.

- The SFE and FTIR-ATR characterization methods are practical for determining how
oxidative conditioning impacts the degree of moisture-induced damage at the asphalt-
aggregate interfaces, and to determine the chemical changes that occur because of

oxidation in the asphalt binder, respectively.



- Based on the SFE and FTIR-ATR findings, it is possible to assess moisture damage at
the asphalt-aggregate interface by recommending an appropriate oxidation level for
the asphalt binders to evaluate moisture damage.

- The results obtained from this research may help to establish a more accurate and
practical material property test for examining moisture damage susceptibility in

asphalt mixtures.

Significance of Study

This study is conducted to address several knowledge gaps related to the moisture
susceptibility of asphalt mixtures. By developing a modified laboratory test procedure
based on AASHTO T283, this study can provide more accurate measurements of

moisture sensitivity in asphalt mixtures. This can have several benefits, including:

- Provide recommendations to revise AASHTO T283 test to consider an alternative
oxidative conditioning for characterizing moisture damage in asphalt mixtures
when conducting TSR% testing, leading to improved design of moisture-resistant
asphalt mixtures,

- Improved sustainability by reducing the need for frequent pavement rehabilitation
and reconstruction.

- Provide a more comprehensive understanding of the mechanisms causing
moisture damage in asphalt mixtures, which can lead to the development of more
effective pavement design and maintenance strategies, contributing to the long-

term sustainability of the transportation infrastructure.



- The study assessed asphalt binder types that are commonly used in two different
climatic regions, including cold regions like Alaska and Canada, and warmer
regions like New Jersey. This allows for a more comprehensive understanding of
the performance of moisture-sensitive asphalt mixtures across a broader range of

climatic conditions.

Goal & Objectives

The goal of this research study is to Evaluate the effectiveness of a modified
laboratory test procedure based in AASHTO T283 that better captures moisture
sensitivity of asphalt mixtures. To address this goal, this study presents the following

objectives:

e Assess the impacts of asphalt oxidation conditioning and testing temperature on
the severity of moisture-induced damage of asphalt specimens using AASHTO
T283,

e Evaluate the effectiveness of using additional AASHTO T283 load-displacement
curve parameters in characterizing moisture damage in asphalt mixtures,

e Evaluate how asphalt binder oxidation affects the material and chemical
properties and susceptibility to moisture damage, and

e Assess the correlation between the results obtained from the material and
chemical properties of asphalt binder and the AASHTO T283 for assessing

moisture damage in asphalt mixtures.



Research Approach

The research approach adopted to address the study goal and objectives consisted

of the following tasks:

Task 1: Conduct a comprehensive literature review to determine the current state of
knowledge regarding the limitations of the AASHTO T283 test and the influence of
oxidative conditioning and testing temperature on the severity of moisture-induced

damage in asphalt specimens. This task included:

- Reviewing test procedures used to evaluate moisture damage of asphalt mixtures,

- Reviewing previous studies on the limitations of AASHTO T283 test,

- Reviewing studies on the influence of oxidative conditioning on the severity of
moisture-induced damage in asphalt specimens, and

- Reviewing previous studies on IDEAL-CT and the impact of oxidation and
moisture conditioning on its parameters.

- Reviewing previous studies on SFE used for moisture damage evaluation at the
asphalt-aggregate interface, and FTIR-ATR used for detecting the chemical

changes in asphalt binders.

Task 2: Identify and select representative materials that will be used in preparing asphalt

mixtures for testing. This task involved:

- ldentifying and selecting asphalt binder types that are used in two different
climatic regions (New Jersey vs Alaska), and

- Preparing asphalt mixtures using the selected materials.
6



Task 3: Develop an experimental program to assess the effect of oxidation and moisture

conditioning on the performance of asphalt specimens using AASHTO T283. This task

included:

- Determining the suitable oxidation conditioning and testing temperature that
should be applied in AASHTO T283,
- Assessing the load-displacement curve parameters and detect parameters that

show susceptibility to moisture damage,

Task 4: Assess the material properties of asphalt-aggregate interfaces and chemical

changes in asphalt using SFE and FTIR-ATR, respectively. This task included:

- Determining an acceptable oxidation level for application to asphalt binder to
assess moisture damage at the asphalt-aggregate interface,
- Describing the chemical changes in the asphalt binder due to the impact of

oxidation.

Task 5: Develop recommendations for modifications to be applied to AASHTO T283 to

show higher susceptibility to moisture damage. This task involved:

- Recommending an oxidation conditioning and testing temperatures that should be
applied in AASHTO T283 to better capture moisture damage in asphalt mixtures,

- ldentifying additional parameters that can indicate the susceptibility of asphalt
mixtures to moisture damage, and

- Developing recommendations for future studies based on the findings of the

research.



Chapter 2

Literature Review

Introduction

Environmental factors such as heavy precipitation, extreme temperatures, and
exposure to UV radiation can have a significant impact on the durability of asphalt
pavements (Abdulrahman et al., 2019; Das & Singh, 2017; Maadani et al., 2021; Rafiq et
al., 2020; Saedi & ORUC, 2020). Moisture damage can weaken the pavement’s structure
and cause cracking, rutting, and potholes. Moisture can enter the asphalt mixture through
surface cracks and cause the individual components to expand and contract, thereby
accelerating the pavement’s deterioration. Moisture can also lead to the growth of
vegetation and the formation of ice, both of which can cause additional pavement
damage. Moisture damage occurs in asphalt pavement in two ways: by reducing the
cohesion in the asphalt binder (cracks within the asphalt binder) and by compromising
the adhesion between the asphalt binder and aggregate (also known as stripping).
Reduced cohesion and adhesion bonding can significantly accelerate asphalt pavement
deterioration (Copeland et al., 2007). Consequently, highway agencies and the pavement
industry have established criteria for designing asphalt mixtures resistant to moisture

damage.

In this chapter, results of a comprehensive literature review for evaluating

moisture damage are provided. The following subsections present a discussion about tests



used to evaluate moisture damage, oxidation effect on moisture damage, and parameters

used to evaluate moisture damage.

Tests Performed on Mixtures to Quantify Moisture Damage

The development of laboratory performance to evaluate moisture damage started
in the 1930s (Alam, 1998). Since then, several performance evaluation tests have been
utilized to determine how susceptible asphalt mixtures are to moisture damage (Abo-
Qudais, 2007; Alam, 1998; S. H. Al-Swailmi, 1992; Amelian et al., 2014; Birgisson et
al., 2005; Collop et al., 2004; Diab & You, 2013; Terrel & Al-Swailmi, 1994). These
tests can be categorized into two types; qualitative tests performed on loose mixes, and
quantitative tests performed on compacted specimens. The most common tests on loose
samples are: 1) the static immersion test (AASHTO T182) (Airey & Choi, 2002;
Solaimanian et al., 2003), and 2) the boiling water test (ASTM D3625) (Xiao, Polaczyk,
& Huang, 2022; Xiao, Polaczyk, Wang, et al., 2022). Qualitative tests are carried out on
asphalt-coated aggregates mixes submerged in water. These tests lack quantitative testing
in their ability to replicate mix design, traffic conditions, and pore pressure characteristics
required to comprehending asphalt mixtures’ sensitivity to moisture. These tests provide
largely qualitative answers, and their interpretation is subjective since it relies on the

expert opinion of the evaluator.

Quantitative moisture-induced damage tests can be carried out on lab-compacted
specimens, field cores, or slabs. Test procedures basically carry out different types of

moisture conditioning to asphalt specimens, followed by a comparison of indirect tensile



strength between the unconditioned and conditioned asphalt specimens. The modified
Lottman test (AASHTO T283) is the most widely used procedure for assessing moisture-
damage in asphalt mixtures. Other tests, such as the immersion-compression test (ASTM
D1075/AASHTO T165) (Eid, 2000; Jakarni et al., 2016) and tunnicliff-root test (ASTM
D4867) (Emery & Seddik, 1997; Taib et al., 2019) were also developed. The immersion-
compression test was withdrawn from the ASTM database in 2019 (ASTM, 2011), and
tunnicliff-root test is like the widely-used AASHTO T283 (Kandhal, 1992; Solaimanian
et al., 2003). Other quantitative tests such as Hamburg wheel tracking test (AASHTO
T324) (Ali et al., 2022; Aschenbrener, 1995), saturated ageing tensile stiffness (SATS)
(Airey et al., 2005; Khan et al., 2013), environmental conditioning system (ECS)
(AASHTO TP34) (Tandon et al., 1996; Vemuri, 1996), and moisture induced sensitivity
test (M.1.S.T) (Kaukuntla, 2014; Tarefder et al., 2014) are also available. A summary of

asphalt moisture damage tests is presented in the flowing subsections:

Loose-Mix Test: Static Immersion Test (AASHTO T182)

AASHTO T182 test procedures rely on measuring the percentage of total
measured visible area of aggregate surface that keeps its asphalt binder coating. This
process is carried out by immersing an asphalt loose-mix sample in water after 16 to 18
hours and then seeing it through the water. After being cured for 2 hours at 60°C and
cooled to room temperature, asphalt mixes are then submerged in a jar filled with 600 mL
of distilled water. The jar is then sealed and placed in a water bath at 25°C for 16 to 18

hours. While the mixture is still in the jar, the degree of stripping is visually assessed
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(Airey & Choi, 2002; Solaimanian et al., 2003). This test is likewise straightforward yet

subjective, and it does not need the measurement of strength.

Loose-Mix Test: Boiling Water Test (ASTM D3625)

ASTM D3625 procedure consists of stirring loose asphalt mixes in hot water with
a glass rod. The mixture is then allowed to cool down for ten minutes before the stripped
bitumen is removed. After 24 hours, the mixture is removed from the water and dried at
room temperature. The inspector visually determines what fraction of the aggregate
surface still has its asphalt binder layer intact. Simple but subjective, assessing strength is
not part of ASTM D3625, and analyzing fine aggregate is challenging under this
standard. The importance of visual examination in loose-mix tests and specifically in
ASTM D3525 is the fundamental drawback of qualitative testing. For that reason,
previous studies have used computational technologies such as digital image analysis and
MATLAB to design systems and detect the stripping occurring after the boiling water test
(Amelian et al., 2014; Caputo et al., 2020; Nazirizad et al., 2015; Vinet-Cantot et al.,
2019; Yusoff et al., 2014). For instance, Nazirizad et al., 2015 have used digital images
analysis methods taken from coated aggregate particles, after performing ASTM D3625,
to evaluate the effect of anti-stripping material on asphalt mixtures’ moisture

susceptibility.

Compacted-Mix Test: Hamburg Wheel Tracking Test (HWTT)

The HWTT test was conducted to examine the permanent deformation
characteristics and sensitivity to moisture of asphalt mixtures. In this test, compacted

11



asphalt samples of 150 mm in diameter and 75 mm in height are subjected to a force of
702N applied by a steel wheel. Asphalt samples were loaded at a constant rate while
submerged in warm water. 20,000 loading passes are applied until specimen failure, or
specimens reaching 12.5 mm maximum rut depth. In terms of rutting assessment, the
pass/fail criteria, and the rut depth difference between specimens until sample failure or

after 20,000 passes.

Stripping Inflection Point (SIP) is a method used for moisture damage evaluation.
The SIP is the number of wheels that pass at the beginning of the stripping process. As
seen in Figure 1, it is illustrated visually as the intersection of two lines that best reflect
the creep and stripping phases. SIP occurs when a material begins to sustain severe
water-induced degradation. Tavassoti & Baaj, 2020 have developed a schematic
illustrating the detection of SIP during HWTT. As can be seen from Figure 1, the SIP
parameter was determined by the number of wheel passes at which the Creep Slope and
Stripping Slope intersect. Maine DOT reported that a stripping inflection point larger
than 15,000 passes would indicate good performance, and less than 10,000 passes
indicating bad performance. Inflection points for stripping between 10,000 and 15,000
passes were associated with average performance of these mixes (Hajj et al., 2021). As
illustrated in Figure 1, the SIP is the intersection of the slope of the creep phase via the
visco-plastic inflection point and the slope of the stripping phase. SIP represents the rate
at which the material begins to incur substantial moisture-induced damage, whereas the
strip slope reveals the rate at which the material degrades once considerable moisture-

induced damage has occurred.
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Figure 1. Schematic Illustration of The HWTT Failure Phases (Tavassoti & Baaj, 2020).

NCHRP Project 9-49 considers asphalt mixes with higher SIP values and smaller

rut depths to have good performance in the HWTT (Yin et al., 2014). Several research

studies have used HWTT and SIP to evaluate moisture damage of asphalt mixtures (Giwa

et al., 2021; F. Rahman & Hossain, 2014; Schram & Williams, 2012; Swiertz et al., 2017;

Yin et al., 2020). While this method has been adopted by several transportation agencies,

AASHTO T324 does not give a precise method of analysis; hence, the conclusions tend

to be subjective, varied, and difficult to replicate. NCHRP project 20-07/task 361

reported that there is no standard method for calculating SIP using creep phase and

stripping phase data (Mohammad, 2015).
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Compacted-Mix Test: Saturated Ageing Tensile Stiffness (SATS)

SATS test was developed by Collop et al., 2004. The SATS test was first created
at the Nottingham Transportation Engineering Centre (NTEC), and its objective was to
simulate the aging and moisture damage processes under laboratory conditions by adding
water at high pressure and temperature (Collop et al., 2004). The SATS test combines
oxidative and moisture conditioning in asphalt specimens (Airey et al., 2008; Grenfell et

al., 2012).

As observed in Figure 2, the conditioning technique of SATS was provided by
Zaidi et al., 2022. The SATS test involves placing asphalt samples in a pressure vessel
and subjecting them to 0.5 MPa of pressure and 85°C for 24 hours. Specimens of asphalt
are cooled at 30°C and for 24 hours under 0.5 MPa of pressure. Following a
determination of the saturated surface dry (SSD) mass. After four hours of conditioning
at 20°C, specimens were put through tests measuring indirect tensile stiffness modulus
(ITSM). Previous studies have used SATS to evaluate moisture-induced damage of
asphalt mixtures (Badal et al., 2020; Grenfell et al., 2014, 2015; Khan et al., 2013,

Nicholls et al., 2011).
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Figure 2. Pressure Vessel and Test Setup for SATS (Khan et al., 2013).

The SATS procedure is mainly useful for evaluating moisture damage in asphalt
mixtures made with low penetration grade (hard) bitumen, and not in those with a high
penetration grade (soft) binder. As a workaround, the SATS test was adapted to
accommaodate asphalt mixes with softer binders (those with a greater penetration grade)

(Grenfell et al., 2012).

Compacted-Mix Test: Environmental Conditioning System (ECS)

The Strategic Highway Research Program (SHRP) funded the implementation of
various moisture damage laboratory tests in 1992. The ECS was developed in previous
study (S. Al-Swailmi & Terrel, 1992). The Asphalt Research Program at Oregon State
University (OSU) is responsible for the creation of the ECS test procedure. This method
(which was formerly known as AASHTO TP34, "Determining Moisture Sensitivity of
Compacted Bituminous Mixtures Subjected to Hot and Cold Climate Conditions™) was
developed to assess the sensitivity of asphalt mixtures to moisture damage under

simulating pavement conditions (Solaimanian et al., 2003). Solaimanian et al., 2003 have
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developed a schematic diagram of ECS test presented in Figure 3. In this procedure, a
membrane-encapsulated specimen is heated, loaded, and moisture conditioned. Loose
asphalt mixtures are short-aged per AASHTO PP2-94, then compacted to 102 mm
diameter and height samples. A silicone sealant is used to seal a latex membrane around

the specimen. Specimens are dried for at least 15 hours.
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To Compressor
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Figure 3. ECS Test Schematic Diagram (Solaimanian et al., 2007).

In the ECS load frame, air permeability and dry resilient modulus are measured.
The resilient modulus is determined by applying a haversine load for 0.1 second and
resting for 0.9 second. With distilled water and a 68 kPa vacuum, specimens were
saturated, then is water permeability determination. Saturated samples are heated to 60°C
for six hours while loaded with haversine. Sample cooled to 25°C for two hours. MR and
water permeability are measured after 8 hours. The process is repeated twice (six hours
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loading, 60°C heating, two hours cooling). MR > 70% is the acceptable resistance to
moisture damage of conditioned to unconditioned specimens. This procedure is too long

and complex to be used for routine mixture design or quality control testing.

Although the ECS showed promise, this form of conditioning system did not
produce findings that were much more exact or accurate than the AASHTO T283.
Solaimanian et al., 2007, in their NCHRP 9-34 research, further assessed ECS. Based on
these findings, Tandon & Nazarian, 2001 updated an ECS system that was used in the
NCHRP experiment. To determine the extent of damage in asphalt mixes caused on by
moisture, the dynamic modulus of the mixes was used with the revised and enhanced

ECS.

Researchers found that the ECS/dynamic modulus process has several limitations
that need to be addressed before it can be used as a standard mix design test to identify a
mixture’s susceptibility to moisture damage, despite the approach’s advantages. The main
challenges were the conditioning time of required water/load, the required temperature

during conditioning, and the total conditioning load (Dave et al., 2018).

Compacted-Mix Test: Moisture Induced Sensitivity Test (M.1.S.T)

Asphalt mixes’ susceptibility to moisture damage can be measured with the use of
a new conditioning technology called the M.I.S.T. InstroTek manufactures the M.1.S.T as
a self-contained conditioning device (The M.1.S.T.TM, 2022). M.1.S.T can identify water
moisture damage by simulating cyclic field traffic at in-situ hot pavement temperatures.
Each loading cycle injects water into the sample and then removes it, like a tire rolling
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over a wet surface. When a tire rolls over wet asphalt, the water is forced into the surface

and then extracted when the tire comes to a stop.

M.1.S.T. is a water-filled tank that can accommodate two 150 mm x 100 mm
samples (Figure 4). This test rapidly duplicates in the lab the field characteristics that
promote moisture damage. Other test methods require 24 hours, but the M.I.S.T requires
only six. The machine’s test temperature can be controlled from 300°C to 600°C, and the
tank’s pressure can reach 75 psi. Pressure cycles between one and 50,000 can be
specified for the test. The standard test requirements are 600°C. and 40 psi.

The M.L.S.T process consists of two components: the adhesive cycle and the
cohesive cycle. The adhesive cycle starts by placing specimens in a 60°C water-filled
chamber for 20 hours. The specimens are then subjected to 270 kPa (40 psi) hydraulic
pumping for 3,500 cycles at a rate of 3.5 seconds each pressure cycle while remained in
the heated water tank at 60°C. After M.L.S.T conditioning, the samples’ height and
diameter are measured. In addition to obtaining the conditioned specimen’s tensile
strength and bulk specific gravity, the Volume Change and TSR% values are also
determined. The minimum TSR% recommendation for M.1.S.T is 80% (LaCroix et al.,
2016). According to the manufacturer, a volume change of 1% indicates that the

specimen is sensitive to stripping.
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Figure 4. Picture of M.1.S.T Device (The M.I.S.T.TM, 2022).

Several research studies have used M.1.S.T conditioning to evaluate moisture
damage (Kaukuntla, 2014; H. Li et al., 2020; M. A. Rahman et al., 2021; Tayebali et al.,
2017; Twagira & Jenkins, 2009). Tayebali et al., 2017 compared the AASHTO T283 and
M.L.S.T conditioning standards to the Boiling Water Test. According to the study’s
findings, asphalt mixes’ moisture damage limitations can be suggested using the %
stripping from the Water Boiling Test and the % change in volume from the M.I.S.T. to

provide an adhesive and cohesive failures occurred.

Li et al., 2020 studied the effect of fibers on the durability and healing
performance using M.1.S.T device. The mechanical properties and strength recovery
ratios of specimens before and after M.1.S.T were evaluated using the semi-circular
bending (SCB) test. Sample conditioning in M.1.S.T device varied in temperature, cycles,

and chamber pressure. Li et al., 2020 reported that M.I.S.T device showed that fibers
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enhance the moisture resistance of asphalt mixtures. Further, the change in conditioning

temperature showed the most effect caused by M.1.S.T Device.
Compacted-Mix Test: Modified Lottman Test (AASHTO T283)

The Standard Method of Test for Resistance of Compacted Asphalt Mixtures to
Moisture-Induced Damage (AASHTO T283), as a part of Super-pave mix design, has
been known to be the most common quantitative test conducted by researchers and
highway agencies to evaluate moisture damage (AASHTO, 2009). The test involves
determining the reduction in ITS (ASTM D6931) resulting from water saturation and
accelerated water conditioning, followed by a single freeze—thaw cycle, of compacted
asphalt mixtures. Several agencies specified AASHTO T283 as the primary test criterion
for field acceptance of asphalt mixtures’ moisture susceptibility (Azari, 2010). For field
performance correlation, minimum 80% TSR% is recommended (Ameri et al., 2018;
Schram & Williams, 2012). The TSR% equation is shown in Equation 1:

ITS
MC (1)

TSR% =
o= 1Ty,

Where:

TSR%: The Tensile Strength Ratio

ITSwmc: The Indirect Tensile Strength for Moisture Conditioned Specimens (MPa)
ITSuc: The Indirect Tensile Strength for Unconditioned Specimens (MPa)

History of AASHTO T283. The A substantial number of pavements in the

United States began to suffer from moisture sensitivity of hot-mix asphalt (HMA)
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components in the late 1970s and early 1980s. Many asphalt pavements develop
distresses such as rutting, cracking, as well as pavement reveling which were mainly
developed because of moisture-induced degradation. The reasons for this abrupt rise in
pavement distresses due to water sensitivity have yet to be determined. AASHTO T 283,
developed in 1978, is a test used for determining if materials are susceptible to stripping
and moisture-induced degradation as well as determining the efficiency of additives. The
AASHTO T283 performance test is based on research performed by R. P. Lottman under
the National Cooperative Highway Research Program (NCHRP) Project 4-08(03) and
subsequent research performed by D. G. Tunnicliff and R. E. Root under NCHRP Project

10-17.

Specimens are compacted until they have an air void content
(AVC%) between 6% and 8% for the test. An unconditioned control group of three
samples is evaluated, while a conditioned group of three samples (three that were
previously frozen) are thawed and immersed in warm water. After that, the specimens are
placed through an in-direct tensile strength test, where the force required to break them is
measured while being loaded at a constant 50 mm/min. TSR% is determined by
comparing the tensile strength of conditioned and unconditioned samples. Pavement

cores obtained after construction are also suitable for this examination.

In 2002, the Colorado department of transportation surveyed 50 state departments
of transportation, three Federal Highway Administration (FHWA) federal offices, one
Canadian province, and the District of Columbia to demonstrate the widespread use of

AASHTO T283. According to the survey, 87% of these organizations conduct moisture
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damage tests. 82 percent of these agencies employ tensile tests (e.g., AASHTO T283,
ASTM D4867, etc.) as their principal test for assessing moisture damage. According to
the poll, 10% of respondents utilize tensile testing (such as AASHTO T115), 4% use
retained stability tests, and 4% use combined tensile tests and wheel tracking tests (Hicks

et al., 2003).

Shortcomings of AASHTO T283. AASHTO T283 is still the most extensively
utilized test procedure for assessing asphalt mixtures’ moisture damage. Highway
organizations have pointed out various shortcomings regarding the testing procedure.
Shortcomings of AASHTO T283 have been reported in literature (Azari, 2010; Brown et

al., 2001; Buchanan et al., 2004; Epps, 2000; Solaimanian et al., 2007).

Despite the widespread use of AASHTO T283, several potential improvements
can still be made to address some of its shortcomings. Researchers and highway agencies
alike pointed out various limitations of the AASHTO T283 test. Some of these limitations

include that AASHTO T283:

e Does not always predict moisture sensitivity as observed in the field (Bausano &
Williams, 2009; Epps, 2000; Kringos, Azari, et al., 2009; Schram & Williams,
2012; Solaimanian et al., 2007);

e Shows disagreement in results obtained from 100-mm Marshall and 150-mm
Superpave gyratory samples (Epps, 2000);

e Does not offer a clear justification for poor or good performance (Brown et al.,

2001); and,

22



e Allows for only a narrow range of water-saturation levels and one single freeze-

thaw cycle.

With regards to lack of relatability of AASHTO T283 results to the field,
researchers observed that mixes might satisfy the laboratory TSR% criterion (e.g., min.,
80%); however, that was not reflected in field performance (Bausano & Williams, 2009;
Epps, 2000; Kringos, Azari, et al., 2009; Schram & Williams, 2012; Solaimanian et al.,
2007). Solaimanian et al., 2007 reported that laboratory TSR% values for good-
performing field asphalt specimens were unexpectedly low, whereas those for bad-
performing mixtures were unexpectedly high. There is also no consensus among studies
on the agreement between AASHTO T283 results obtained from Marshall- and
Superpave gyratory-compacted samples. For example, a survey conducted by the
AASHTO materials reference laboratory (AMRL) reported that using 100 mm (4 in.)
Marshall specimens for the AASHTO T283 test had better agreement with field
performance (Kringos, Scarpas, et al., 2009). On the contrary, Epps et al. 2000 reported
that using 150 mm Superpave Gyratory Compactor (SGC) specimens when conducting
the AASHTO T283 test showed better correlation with field performance than using 100
mm Marshall-compacted specimens. In terms of subjectivity of testing and not offering a
clear justification for poor or good performance, the evaluation criterion for AASHTO
T283 relies only on a pass/fail type of criteria and allows a narrow saturation degree of

70%-80% and one cycle of freeze-thaw.

In addition to the above limitations, the oxidative conditioning procedure (to

simulate pavement aging) in the current AASHTO T283 test may not necessarily be
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representative of field climatic conditions. The original T283 procedure include 16 hours
of oxidation at 60°C to simulate the pavement condition at the early life of asphalt
pavement, whereas a severely aged asphalt binder (or mixture) can accelerate the
occurrence of moisture damage in flexible pavements (Bazuhair et al., 2020; Rahmani et
al., 2017; Sirin et al., 2018). After being built for many years, asphalt pavements suffer
moisture damage, where aging has already taken place, and not at the service start of
pavement life. In other words, aging is a major factor when characterizing the moisture
damage of asphalt mixtures. This was observed by Bazuhair et al., 2020 where they
monitored multiple performance characteristics of asphalt pavement over the course of
eight years in the field. The early performance of the asphalt pavement was seen to be
dominated by the stiffening effects of oxidation, with the tensile strength increasing
throughout the first four to five years and Hamburg rutting decreasing. Whereas in future
years, as the effects of moisture became more dominant, tensile strength started to

decrease and Hamburg rutting began to increase.

Epps, 2000 also evaluated the effect of different oxidative conditioning variations
of loose and compacted mix methods. Asphalt mix oxidization was identified as a
significant factor influencing both unconditioned and moisture conditioned asphalt
mixtures. Previous studies have reported that the sensitivity of moisture-induced damage
is significantly affected by asphalt binder and mixture oxidative conditioning
(Chindaprasirt et al., 2009; Jemere, 2010; Saltibus & Wasiuddin, 2017). Liang, 2008
evaluated the effect of oxidation on the susceptibility of asphalt mixtures to moisture-
induced damage and found that oxidative conditioning increased their susceptibility.
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Asphalt aging conditions vary between a cold region area and a warmer area as
the oxidative effect is higher for warmer areas. These factors are not being taken into
consideration while simulating field aging. Overall, previous studies have preferred
performing oxidative conditioning on loose-mix than compacted specimens for higher
uniformity in mixture and recommended loose-mix oxidation at the LTOC level (85°C
for 5 days) (Braham et al., 2009; Elwardany et al., 2017; Kim et al., 2018; Partl et al.,
2012; Rad et al., 2017). Also, applying conditioning temperatures above 100°C has been
shown to affect reaction kinetics, break polar molecule interactions, lead to additional
oxidation effect on asphalt mixtures (Elwardany et al., 2018; Kim et al., 2018; Petersen,

2000; Rad et al., 2017).

Compacted-Mix Test: Indirect Tensile Asphalt Cracking Test (IDEAL-CT)

In 2017, the InDirect TEnsile AsphaLt Cracking Test (IDEAL-CT) was
developed by F. Zhou et al., 2017. The test method adopted by ASTM D8225-19
describes the determination of the cracking tolerance index, CTindex at 25°C, and other
parameters from the same load-displacement curve used in AASHTO T283 (Figure 3).
Parameters from T283 and D8225 are investigated in this study for evaluating moisture
damage. Multiple research studies have adopted IDEAL-CT to evaluate the CTingex and
the post-peak performance of asphalt mixtures (Al-Badr, 2021; Alfalah et al., 2020, 2021;
Polaczyk et al., 2021; C. Yan et al., 2020). Five different parameters were considered in

the IDEAL-CT calculations, as shown in Equation 2:
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Where:

CTindex: The cracking tolerance index
Gy. fracture energy (J/m?)

|[m7s|: Absolute slope of load and displacement from 85% to 65% post-peak load (N/m)
I7s: Displacement corresponding to 75% of the peak load at the post-peak stage (mm)
t: Specimen thickness (mm)

D: Specimen diameter (mm)

With regards to moisture damage evaluation, IDEAL-CT parameters do
not consider the peak load (P100) accounted for in TSR% calculations to be the deciding
factor for moisture damage performance in asphalt mixtures. Instead, IDEAL-CT detects
other post-peak parameters obtained from the load-displacement curve, such as Gt, which
reflects the energy required to break the specimen (considering the area under the curve
and the work of fracture (Ws)), where higher Gt is desirable for better performance.
Similarly, |mzs| provides an evaluation of the post-peak rate of failure in an asphalt
specimen (i.e., crack propagation rate). As seen in Figure 5, a lower |mzs| is desirable for
better resistance to crack propagation. Lastly, lzs gives an indication of the cracking
deformation tolerance at 75% peak load (Pzs) after the peak, where a higher value is
desired. These parameters used in the CTindex Calculation can also be assessed individually

to evaluate the effect of oxidative conditioning and testing temperature on moisture
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damage. CTindex Values are also sensitive to oxidation, where previous studies reported a
decrease in CTindex as asphalt mixtures were exposed to oxidative conditioning (Al-Badr,

2021; Ali et al., 2022; Radeef et al., 2021).

Load (kN)

0 2 4 6 8 10 12 14 16
Displacement (mm)

Figure 5. Load-Displacement Curve Parameters.

Surface Free Energy (SFE)

Despite the benefits and popularity of moisture evaluation tests, these
methodologies have shortcomings such as poor correlation with field performance
(Bausano & Williams, 2009; Epps, 2000; Solaimanian et al., 2007), their inability to
explain why an asphalt mix performs well or poorly (Bhasin et al., 2006), and the need
for extensive time including the 16 hours of freezing and 24 hours of thawing required

for sample conditioning. It is; therefore, vital to supplement moisture-induced damage
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tests with an evaluation technique that is both accurate, practical, and reliable for
examining the degree of water damage in asphalt-aggregate interfaces. Texas Department
of Transportation (TXDOT) and Texas A&M University developed more fundamental
testing methods to detect moisture susceptibility (CJ Zollinger, 2005; Hefer, 2004;
Howson et al., 2009). Howson et al., 2009 assessed the cohesion behavior in asphalt
binders and adhesion with aggregates. Howson et al., 2009 also reported that SFE,
defined as the required energy to create a new unit surface area, was a successful measure

of evaluating these cohesion and adhesion bonds.

SFE is a fundamental thermodynamic material property test that is useful for
selecting materials that are more resistant to moisture damage. SFE is a material property
that can accurately assess binder cohesion and its adhesive properties with aggregates
(Ahmad N, 2011). The energy parameters derived from SFE (i.e., SFE components) also
include the work of water-debonding, which relates to moisture damage characterization
of asphalt-aggregate interfaces. This current study uses the term “water-debonding” to
describe the weakening of the aggregate-binder adhesive bonds in the presence of water.
Several research studies (Bhasin et al., 2007; Cheng et al., 2002; Liu et al., 2020; Masad
et al., 2006; Tu et al., 2021) used SFE approaches on asphalt binder and aggregate to
characterize the work of cohesion, adhesion, and water-debonding of asphalt-aggregate
interfaces. Different methodologies were established to measure SFE. Sessile drop,
Wilhelmy plate, atomic force microscopy (AFM), universal sorption device (USD),

inverse gas chromatography, and microcalorimetry are some methods of measuring SFE.
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Wilhelmy plate and sessile drop are often used to measure the SFE components. Both

methods quantify surface free energy based on liquid contact angles.

Bhasin et al., 2006 measured the cohesion, adhesion, and water-debonding of 16
mixtures consisting of field cores and lab-prepared mixes. The study covered 14 asphalt
binders and 10 aggregate types for producing asphalt mixtures. Bhasin et al., 2006
reported that SFE findings correlated well with field performance where good performing
mixtures had high energy ratio and poor performing mixes had lower energy ratio
obtained from SFE calculations. The researchers ultimately concluded that the SFE
approach is a successful tool at evaluating moisture-induced damage of asphalt-aggregate
interfaces. Using the Wilhelmy plate technique, Zhang & Luo, 2019 investigated the SFE
of asphalt binders and aggregate types with and without additives. The Wilhelmy plate
technique (for asphalt binder), vapor adsorption test (for aggregate), boiling water test (on
loose asphalt mix), and Modified Lottman Test (on compacted specimens) were
performed to evaluate the moisture damage of asphalt mixtures. According to Zhang &
Luo, 2019, SFE and mixture moisture susceptibility tests showed equivalent rankings of

different mixtures.

Most of the prior research studies have concentrated on determining the SFE
properties of asphalt binders without considering an appropriate oxidation level
(simulating short- and long-term aging that occurs in the field) to quantify moisture
damage. However, it may be more appropriate to characterize the potential for moisture
damage after some duration of oxidative conditioning. As mentioned earlier, Bazuhair et

al., 2020 monitored multiple performance characteristics of asphalt pavement through
29



eight years of field aging and observed that in subsequent years of pavement
construction, the tensile strength began decreasing and Hamburg rutting began increasing

as effects of moisture became more dominant.

Hossain et al., 2019 examined the impact of oxidative conditioning on asphalt
binders. They used PG 64-22 subjected to Rolling Thin Film Oven (RTFO) for 85
minutes and Pressure Aging Vessel oxidation levels for 20 hours (PAV20), along with
two types of rejuvenators, to analyze cohesion properties of asphalt binders and
adhesiveness with granite and limestone aggregates. Hossain et al., 2019 reported that
oxidation reduced cohesion and adhesion at the asphalt-aggregate interface. However,
rejuvenators helped to mitigate the negative effects of oxidation on asphalt binder
properties. J. Wei & Zhang, 2010 evaluated the effect of short- and long-term asphalt
oxidative conditioning on surface free energy. In their study, RTFO conditioning was
carried out for 45, 85, 135, and 175 minutes as well as PAV conditioning for 20 hours on
RTFO-conditioned binders. J. Wei & Zhang, 2010 reported that asphalt oxidation
generally reduced the surface free energy of asphalt binders. However, some cases
showed varied results without a clear explanation, which suggested that the relationship

between oxidation and contact angle may be complex and require further investigation.

Calculations of SFE

SFE is based on the concepts of thermodynamic adsorption in which an adhesive
will adhere to a substrate if contact is made (CJ Zollinger, 2005). SFE characterization of

cohesion and adhesion are associated with the breaking of asphalt-aggregate interfaces
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and the formation of cracks inside the binder, respectively. Characterizing materials and
assessing their interfaces allows for the examination of their susceptibility to moisture
damage, healing abilities, and fatigue cracking resistance and to predict their long-term
performance and durability (Bahmani et al., 2022; Bhasin et al., 2007; Cheng, 2002; L. Li
et al., 2021; Sarsam, 2021; J. M. Wei et al., 2009; L. Zhou et al., 2021).

Asphalt and aggregate SFEs consist of nonpolar (i.e., Lifshitz-van der Waals) and
polar (i.e., acid-base) components. Good and Van Oss (van Oss et al., 1987) used
equations to calculate aggregate and asphalt SFE. Total aggregate and asphalt binder SFE
can be expressed separately as in Equation (3):

tot — )/LW + )/AB (3)

Where:

y"’: total SFE of asphalt or aggregate
y*": Lifshitz-van der Waals component

8. acid-base component

I75: Displacement corresponding to 75% of the peak load at the post-peak stage (mm)

Equation (3) separates dispersive and acid-base interactions, where y represents
the total surface energy term. Good-van Oss-Chaudhury (GvOC) proposed that the

Lifshitz-van der Waals forces are the London dispersion force, the Keesom dipole-dipole

31



force, and the much smaller Debye dipole-induced dipole force (van Oss et al., 1987).

Equation (4) subdivides the acid-base component "8,

YA =2yty- 4)

Where:

y": Lewis’s acid surface interaction component
y": Lewis’s base surface interaction component

8. acid-base component

Combining Equations (3) and (4), the surface free energy of a material can be

defined as illustrated in Equation (5):

yrot =y 2 /yty- (5)

Wettability and Contact Angle. The wetting effect is a liquid’s tendency to cover
a solid surface, limiting surface contact (Shanahan, 1991). According to the
thermodynamic adsorption hypothesis, adhesion occurs in moist conditions. Wetting is a
bonding condition regardless of the type of material. Wetness is determined by the balance

of cohesive and adhesive forces.
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One way to quantify the surface wetting characteristics of a liquid is to measure the
contact angle (0) of a drop of liquid deposited on a solid’s surface. A low contact angle <
90° indicates good wetting and adhesion, and better resistance to moisture damage. If >
90°, the liquid is non-wetting, causing inadequate wetting and adhesion.

Therefore, surfaces with low wetness will have a high contact angle, while surfaces
with high wetness will have a low one. Consequently, the contact angle is a crucial
parameter in moisture damage evaluation, and its measurement provides accurate SFE
estimation. As seen in Equation (6), Young’s equation (Schrader, 1995; Young, 1805)

shows the connection between surface tension and contact angle as shown in Equation (6).

Ys = ¥s. TV, cosb (6)

Where:

ys: solid surface free energy

yr: liquid surface tension

Figure 6 shows the contact angle approach to Young’s Equation. Subscripts S, L,

and SL, respectively, indicate solid, liquid, and solid-liquid, respectively.
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Figure 6. Applying Contact Angle to Get The Variables In Young’s Equation.

Work of Cohesion. Cohesion can be defined as the intermolecular attraction
between similar molecules. Figure 7 shows how cohesive liquids or solids separate from

themselves, and Equation (7) shows the work of cohesion (Wc).

W = 2y"* (")

Figure 7. The Energy Required to Separate Two Surfaces Of The Same Material,

Identified As The Work Of Cohesion.
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Work of Adhesion. The thermodynamic work of adhesion (Wa.) measures
intermolecular contact between two substances (Shanahan, 1991). The effort needed to
divide a solid from a liquid is seen in Figure 8 (Schrader, 1995). Therefore, the breakdown
of the preexisting liquid-solid surface is necessary for adhesion, along with the formation

of new surfaces (vapor-liquid and solid-vapor).

VsL

Figure 8. The Energy Required to Separate Two Surfaces Of Different Material,

Identified As The Work Of Adhesion.

Adhesion is a property of liquid-solid groups that depend on the nature of the liquid
and the solid. Consequently, Dupré’s (Dupré, 1869) equation derives adhesion work from

interfacial free energy (Equation (8)). ys is defined by Equation (9).
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W, =Vs+vL—Vse (8)

Where:
Wsi: the work needed to separate the solid and liquid surfaces
ys and yr: the SFE component for solid and liquid, respectively

ysi: solid-liquid interfacial energy

Ys. = ( /VSLW - P+ Z(JVSWS‘ + Jn*n‘ - JV5+V[ - JVEVJ) )

Where:

»*": the apolar or Lifshitz-van der Waals component
y*: surface energy Lewis’s acid parameter

y": the Lewis base parameter

By combining Equations (6) and (8), the relationship between contact angle and

surface free energy can be expressed as the Young-Dupré equation:

W =y.(1 + cos9) (10)
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The adhesion work can be rewritten by combining Equations (8), (9), and (10) with

the relationship shown in Equation (11):

W =y, (1+cosh) = 2(\/ Myt \/V5+VL_ + \/Vs‘n* ) (11)

In Equation (11), there are three unknowns connected to the substrate: ys-, ys*,
and ys. To calculate these values, it is necessary to measure the contact angles of at least
three liquids with known surface energy characteristics (ys-7, ys*, and ys?) on the proposed
surface. For instance, if the contact angles of three known liquids are measured on a
specific asphalt, Equation (11) shows the determination of the asphalt’s surface energy
components, from which the asphalt’s total surface energy can be derived. A higher value
of W3, indicates higher resistance to moisture damage. At least two of the three liquids
should be polar, and a high-energy polar liquid should also be used for the measurements
(Good, 1992). In the case of asphalt and aggregate, Equation (11) can be rewritten as

follows:

Wy = 2(\/ Sy \/VS)/A \/)/s ¥a) )
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where

W2sa: the adhesion work between aggregate stone (S) and asphalt binder (A),

The adhesion of asphalt-aggregate under dry conditions, as illustrated in Figure 8,
can be simply computed from the interactions of the observed asphalt and aggregate SFE

components.

Work of Water Debonding. Work of water-debonding (W?swa) is used to describe
the surface energy components of water, aggregate, and asphalt binder. The Dupré
equation, as shown in Equation (8), can be used to determine the work of adhesion between
aggregates and asphalt binders in the presence of water (i.e., the work of debonding), as

shown in Equation (12):

Wswa = Yaw + Ysw — Yas (12)
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Where

subscripts A, W, and S: asphalt binder, water, and aggregate stone, respectively
yaw: work required to create a new asphalt-water interface

ysw: Work required to create a new stone-water interface

yas: the external work required to remove the binder-aggregate interface

Equation (12) can be reformulated in terms of GvOC, energy components derived

from SFE, as shown by Equation (13):

Wéya = —2 l\/ v v + \/ vi¥vi - \/ vy — v’
+ b (Vvs +va =) +\/m< /y; + /y;{ — /m) (13)

— \/VS+V,4_ - JVS‘VX l

Therefore, the work of adhesion in the dry state can be obtained using Equation
(11), whereas the work of adhesion in the presence of water can be determined using
Equation (13). The latter involves utilizing the three different parts of water’s surface
energy, which amounts to the work of water debonding.

The work of adhesion in the dry state can be determined using Equation (11),

whereas the work of adhesion in the presence of water can be determined using Equation
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(13). The latter involves understanding the three different parts of water’s surface energy,
which amounts to the work of water debonding.

Contact angle test results can be used to calculate the debonding energy of asphalt-
aggregate and water interactions. This is done by measuring the contact angles between
three distinct probe liquids and the asphalt binder and/or aggregates. Three linear equations
for the asphalt binder and aggregate can be generated from these measurements. Unknown
components of the asphalt binder surface energy and aggregate surface energy can then be
found by solving these equations. Debonding work in the presence of water can be
calculated using Equation (13) after the three surface energy components of the asphalt
binder and aggregate are known. Water’s function on the adhesion between asphalt binder
and aggregate can now be better understood, which is important for the longevity and
performance of asphalt pavements.

If the three components are known, it is feasible to determine the aggregate and
asphalt binder surface energies using Equation (12), and the debonding work of these two
materials in the presence of water using Equation (13). The extent of debonding work
(W3wa) is a feature of each asphalt-aggregate system. As water displaces asphalt binder
from the asphalt-aggregate interface, the magnitude of absolute value of work of debonding
directly correlates with the amount of free energy released. This indicates that a greater
quantity of free energy is released during the displacement process. As a result, if water
has a greater propensity to remove asphalt binder from the asphalt-aggregate interface, it

is an indication that the asphalt binder has a lower resilience to moisture damage. By
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considering the effect of adhesion and water-debonding, the energy ratio (ER) can be

shown in the following Equation (14) (Xu et al., 2018):

a
WSA

a
Wawa

Energy Ratio (ER) = (14)

Theoretically, a higher value of ER indicates a stronger resistance of an asphalt
mixture to moisture damage because it indicates a higher adhesion between asphalt and
aggregate and a lower energy release of the mixture system because asphalt is replaced by

water on aggregates.

Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance (FTIR-

ATR)

The impact of oxidative conditioning is primarily determined by the asphalt
binder’s chemical composition, where the chemistry of the binder and aggregates has a
direct influence on SFE measurements and in turn the resistance of asphalt-aggregate
interfaces to moisture-induced damage. To further research the relationship between
oxidative conditioning and moisture damage, researchers utilized the FTIR-ATR test
(Hofko et al., 2017; Karlsson & Isacsson, 2003; Mullapudi & Sudhakar Reddy, 2020;

Samara et al., 2022).

FTIR-ATR technology has become a popular asphalt binder test due to its ability

to monitor asphalt binder oxidation (Karlsson & Isacsson, 2003; Mullapudi & Sudhakar
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Reddy, 2020; Samara et al., 2022). The purpose of the test is to detect and quantify the
functional group concentration in asphalt binder. FTIR measures the amount of infrared
radiation absorbed by a sample. Various wavelengths correspond to the chemical
components of samples. The oxidation of the binder increases the carbonyl and sulfoxide
components. Carbonyl and sulfoxide groups compare the oxidative conditioning
susceptibilities of asphalt binders. Asphalt binder comparisons are made using carbonyl
and sulfoxide indices. Equations 15 and 16 provide the carbonyl and sulfoxide indices,

respectively.

Carbonyl Index
1 (15)

- Area around 1460 cm™1 + Area around 1375 cm™1

Area around 1700 cm~™

Sulfoxide Index
1 (16)

- Area around 1460 cm~—1 4+ Area around 1375 cm™1

Area around 1032 cm™

Mullapudi & Sudhakar Reddy, 2020 investigated the relationship between FTIR-
ATR and SFE. Mullapudi & Sudhakar Reddy, 2020 applied different oxidative
conditionings on recycled asphalt pavement (RAP) material and reported a good
correlation between carbonyl index and SFE, indicating the reliability of FTIR-ATR to
provide justifications behind SFE findings in terms of the chemical behavior of asphalt

binder due to oxidative conditioning.
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Summary of Literature Review

The following is a summary of the findings from the literature review:

- Oxidative conditioning and moisture damage of asphalt mixtures are frequent
causes of pavement distresses.

- AASHTO T283 is the most commonly used test for evaluating moisture-induced
damage of asphalt mixtures. However, previous studies highlighted several
limitations of the AASHTO T283 test where conflicting observations were seen in
literature.

- AASHTO T283 include an oxidative conditioning that simulates pavement
performance at the early stages of construction, whereas moisture damage
dominates after several years of construction, where higher oxidation was
employed.

- Few studies have considered appropriate oxidative conditioning levels for asphalt
mixtures where moisture damage has the most severe effect (highest sensitivity to
moisture damage).

- Literature has shown that SFE characterization can be used to better evaluate the
susceptibility of asphalt mixtures to moisture damage. However, there is a limited
number of studies focusing on assessing the relationship between thermodynamic
and chemical characterization determined through SFE and FTIR-ATR

parameters.
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Chapter 3

Description of Materials

In this chapter, a description of the materials selected for this study is presented.
Furthermore, this chapter provides a discussion of aggregate and aggregate gradation as
well as the binder types used. Moreover, the probe liquids used for the SFE evaluation
are provided as well.

Asphalt Binders and Aggregate

Three different types of asphalt binders were selected for this study including: PG
64-22 and SBS modified PG 76-22, which are frequently used in New Jersey (Alfalah et
al., 2020, 2021; Shackil, 2020), and PG 52-34, which is frequently used in cold regions
like Alaska and Canada (Al-Badr, 2021; Ali et al., 2022). Granite aggregate with a
nominal maximum aggregate size (NMAS) of 12.5 mm and obtained from a local source
in New Jersey was utilized for this study. The aggregate and asphalt binders were mixed
to obtain asphalt mixtures that meet the Federal Aviation Administration (FAA) P-401
specifications for low-weight aircraft (60,000 pounds or less) were prepared as part of
this study (FAA, 2020). The decision to utilize FAA specifications for airfield asphalt
mix was based on the accessibility of local materials and its resemblance to the asphalt
mix specifications of the US Army Corps of Engineers (USACE) for airfields. The P-401
granite aggregate properties obtained from the job mix formula (JMF) are reported in

Table 1.
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Table 1

Properties of Selected Granite Aggregate

Property Specification Value Limit
Wear Abrasion ASTM C131 17.0 % <40 %
Sodium Sulfate ASTM C88 0.2% <I12%
Magnesium Sulfate ASTM C88 0.0% <I18%
Flat Elongated Pieces ASTM D4791 0.8 % <8%
Clay Lumps / Friable Particles ASTM C142 0.0% <1.0%

The Asphalt mixtures were designed at 50 gyrations (Ndes) and an AVC% of 3.5%
+ 0.5% with a minimum voids in mineral aggregate (VMA) of 15%. The dense-graded
gradation used in this study is presented in Figure 9. The same aggregate blend was used
with the three binder types to design three mixes (results shown Table 2). As seen from
Table 2, the mixture prepared using PG 52-34 obtained an optimum binder content
(OBC%) of 5.7%, which was slightly higher than the 5.5% obtained for mixtures

prepared using PG 64-22 and PG 76-22.
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Figure 9. FAA P-401 Gradation.

Table 2

Mix Design Results

Binder Type OBC (%) * AVC (%) VMA (%)
PG 64-22 5.5% 4.0% 16.4%
PG 76-22 5.5% 3.7% 16.4%
PG 52-34 5.7% 3.6% 16.6%

* Optimum Binder Content by total mixing weight
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Probe Liquids

Based on ASTM Volume 40, Issue 5 recommendations (J. Wei & Zhang, 2012),

three test probe liquids (distilled water, formamide, and ethanol glycol) were employed in

this study due to their comparatively high surface free energy values and distinctive

surface free energy components. Table 3 provides the surface free energy components for

the three probe liquids at the ALT. Eight separate locations on the asphalt sample surface

were used to drip the liquid droplets, and eight contact angles were evaluated to get

reliable findings. Contact angle was measured at the intermediate ambient temperature.

Table 3

Properties of Probe Liquids

Probe Liquid SFE (mN/m) il y W ot
Distilled Water 25.5 25.5 21.8 72.8
Ethanol Glycol 1.92 47.0 29.0 48.0
Formamide 2.28 39.6 39.0 58.0
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Chapter 4

Experimental Plan

Introduction

This chapter outlines the experimental plan used in the laboratory tests conducted
for this study. The experimental plan is divided into two main sections: AASHTO T283
testing plan and SFE and FTIR-ATR testing plan. The AASHTO T283 testing plan was
performed on asphalt and aggregate compacted specimens, while the SFE was conducted
separately for both the asphalt binder and the aggregate. This was done to analyze the
surface energy of each material and their compatibility with one another. Furthermore,
the FTIR-ATR was carried out specifically on the asphalt binder types, to assess the

chemical composition and structure of each type.

AASHTO T283 Experimental Plan

General Scope

The experimental plan was designed to evaluate the impact of asphalt mixture
oxidative aging and testing temperature on asphalt mixture performance. In general, the
experimental plan covered three oxidative conditioning levels: 1) Original Test
Conditioning (OTC), 2) Short-Term Oxidative Conditioning (STOC), and 3) Long-Term
Oxidative Conditioning (LTOC). Three testing temperatures were also selected: 1)
Ambient Laboratory Temperature (ALT) (25°C), 2) Asphalt Intermediate Temperature

(AIT), and 3) Climate Intermediate Temperature (CIT). AIT was selected to consider the
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intermediate temperature of the asphalt binder as suggested in Note 5 of the IDEAL-CT

specification (ASTM D8225). The equation for AIT is expressed in Equation 17.

PG HI + PG LT
AIT = > + 4 (17)

Where:

AIT: Asphalt intermediate temperature (°C)
PG HI: Binder high performance grade temperature (°C)

PG LT: Binder low performance grade temperature (°C)

The AASHTO T283 testing temperatures used in this study are shown in Table 4.
It is noted that the specimens prepared with PG 64-22 mixture shared both ALT and AIT
of 25°C, making it a neutral case. The specimens prepared with PG 76-22 were tested at
25°C and an increased AIT of 31°C. Finally, the specimens prepared with PG 52-34 were
evaluated at 25°C as well as a decreased AIT of 13°C. Based on the Long-Term
Pavement Performance (LTPPBind) database, PG 52-34 is usually used in cold regions
(i.e., Alaska and Canada) where CIT is 13°C. Whereas 25°C is the actual CIT for

pavements constructed using PG 76-22 and PG 64-22.
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Table 4

Temperatures Used when Conducting AASHTO T283 Testing

Binder Ambient Laboratory | Asphalt Intermediate | Climate Intermediate
Temperature (ALT), | Temperature (AIT), Temperature (CIT),
Grade o . o
C C C
PG 64-22 25 25 25
PG 76-22 25 31 25
PG 52-34 25 13 13

As shown earlier in Equation 1, the analysis of parameters obtained from load-

displacement curves included determining TSR% by dividing the ITS of moisture

conditioned (MC) specimens by that of unconditioned (UC) specimens. Further, the UC

and MC comparison was carried out for the parameters used in the IDEAL-CT test and

cracking tolerance index (CTindex) calculation (i.e., G, lzs, and |mzs|), according to ASTM

D8225. Figure 10 presents an overall flow chart of the experimental plan utilized in this

study; specific details regarding specimen preparation, conditioning, and testing are

provided in the subsequent sections. In this study, three UC specimens and three MC

specimen replicates were created.
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Original Test Short-Term Oxidative
Conditioning (OTC) Conditioning (STOC)

Long-Term Oxidative
Conditioning (LTOC)

Loose-Mix
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Unconditioned Asphalt
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Conditioning
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Specimens (UC) Asphalt Specimens (MC)
_ v
PG 64-22 PG 76-22 PG 52-34
[ A |
| |
Y # #
25°C | 31°C 13°C |

Testing Temperature

Ambient Laboratory
Temperature (ALT)

Asphalt Intermediate
Temperature (AIT)

Climatic Intermediate
Temperature (CIT)

v

| AASHTO T283 Test |

Y

TSR%

Load-Displacement
Curve Parameters

IDEAL-CT Test |

r

v v

| Gy || I75 || [mys| ||CTindex

Note: TSR%: Tensile Strength Ration; Gy fracture energy (J/m2); Iss: cracking deformation tolerance at 75%
peak load (Ps) after the peak (mm); |mys|: crack propagation rate (N/m); and CTingex: Cracking tolerance index.

Figure 10. AASHTO T283 Laboratory Experimental Plan

51




AASHTO T283 Specimen Preparation

Specimen preparation followed AASHTO T283 specifications. Asphalt binders
were heated in an oven and occasionally stirred to maintain homogeneity. The heated
asphalt binder was then mixed with preheated aggregates to obtain loose-asphalt
mixtures. At this point, loose-mix oxidative conditioning procedures were performed, as
applicable, following the oxidation procedures described in the next subsection. Loose-
mix samples were then allowed to cool for 2.0 + 0.5 hours at room temperature. After
cooling down, loose-mix samples were placed in a 60°C + 3°C oven for 16 £ 1 hours
(i.e., AASHTO T283 mix oxidation process). Once loose-mix oxidative conditioning and
AASHTO T283 aging were completed, mixes were then heated to the P-401 compaction
temperature of 157°C (315°F) for 2.0 hours £ 10 minutes and compacted using a SGC

targeting 7.0% + 0.5% AVC%.

AASHTO T283 Conditioning Procedures

Previous studies have demonstrated that loose-mix oxidation yields more uniform
conditioning than oxidation of compacted specimens (Braham et al., 2009; Elwardany et
al., 2017; Kim et al., 2018; Partl et al., 2012; Rad et al., 2017). Therefore, loose mix

conditioning was selected for use in this paper as follows:

e Original Test Procedure (OTC): In this level, no additional loose-mix oxidation
of asphalt mixtures was conducted. Sample preparation for OTC consisted of
cooling the loose-mix after mixing to room temperature, followed by AASHTO
T283 oxidation of 16 hours, then heating and compacting the loose-mix at the
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compaction temperature. This serves as the control (i.e., standard practice based
on typical T283 testing).

e Short-Term Oxidative Conditioning (STOC): STOC consisted of loose-mix
oxidative conditioning for 2.0 hours at the mix compaction temperature (i.e.,
157°C or 315°F). Note that STOC was performed during the mix design phase of
this work to establish the mix designs.

e Long-Term Oxidative Conditioning (LTOC): LTOC consisted of loose-mix
oxidation at 85°C for 120 hours (5 days). This practice followed procedures in
AASHTO R30 for long-term conditioning; however, it is important to note that
R30 specifies conditioning of compacted specimens rather than loose mix. This

departure from typical R30 practices was an intentional step taken.

AASHTO T283 Moisture Conditioning

As in normal AASHTO T283 testing, only a subset of all specimens was set aside
for moisture conditioning, including a freeze-thaw cycle, while the other subset was
tested without moisture conditioning. Moisture conditioning first required vacuum
saturating specimens to 70%-80% saturation. These were then wrapped in plastic film
and placed in a plastic bag containing 10 mL + 0.5 mL of water. Specimens were
subjected to a freeze-thaw cycle in a freezer at -18°C £ 3°C for 16 to 24 hours before
being removed from the plastic bag and conditioned (thawed) in a 60°C water bath for 24

+ 1 hours.
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Additional Parameters for Moisture Damage Evaluation

To highlight the impacts of oxidation on moisture damage using IDEAL-CT test
parameters, the findings were assessed further by plotting average Gt against average I7s
over |mys| ratio (I7s/|[mzs|) on an interaction diagram developed by the National Center for
Asphalt Technology (NCAT) (Yin, F et al., 2023). Within the interaction diagram, a
series of CTindex CONtour curves are presented, which serve to connect the initial test
parameters of Gt and lzs/|m7s| with the resulting CTindex Value. Gt represents the toughness
of asphalt mixtures, while l7s/|m7s| describes defines their ductile-brittle nature. Based on
Figure 11, and Equation 2, a greater CTindex Will result from an increase in G and I7s/|ms|.
Consequently, asphalt mixtures with greater CTindex Values will be positioned near to the
top right corner of the interaction diagram. It is noted that multiple data points on a
contour curve can share the same CTingex Value but have different Gr and I7s/|[mzs| values.
A specific mixture combination can produce a high Gf and a low Izs/|m7s|, while another
mixture combination can produce a low Gt and a high I7s/|m7s|, with both yielding the
same CTindex. As opposed to depending exclusively on the CTingex parameter, the
interaction diagram gives a more inclusive perspective for analyzing IDEAL-CT

findings.
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Figure 11. AASHTO T283 Laboratory Experimental Plan

According to Figure 11, it is expected that the influence of oxidative conditioning
would result in an increase in Gr and a reduction in lzs/|[ms|, resulting in an expected
decrease in CTingex. On the contrary, moisture conditioning is expected to weaken the
asphalt mixes, hence, reducing G (weakening the toughness of the mix) and increasing
I7s/|[m7s| (pseudo-enhancing the ductility of the mix). Although it depends on the degree of
Gt reduction, the increased l7s/|[m7s| may yield a higher CTindex, Which is contrary to the

anticipated effect of moisture conditioning on asphalt mixtures. Therefore, it is
determined that l7s/|m7s| and CTindex may not be suitable parameters for evaluating

moisture-induced damage, and Gf may be better suited for moisture damage evaluations.
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SFE and FTIR-ATR Experimental Plan

General Scope

The testing plan was developed to assess the impact of asphalt oxidative
conditioning by evaluating SFE material properties and FTIR-ATR chemical testing. The
plan included testing Original Binder (OB), and two levels of oxidation: RTFO, and
PAV20. The three asphalt binders (PG 52-34, PG 64-22, and PG 76-22) were tested and
analyzed for SFE and FTIR-ATR, at the three oxidation levels, as illustrated in Figure 12.
The testing plan utilized in this study is presented in Figure 12, and the subsequent
sections provide detailed information on oxidative conditioning procedures and sample

preparation.

Apgregate Asphalt Binder
| P-401Granite | [ PpGs23¢ | | pGea22 | | pG7E622 |
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SFE | FTIR-ATR |
fmmmqpmmdimmmmmmmneeoon .L____.‘
[ 0 ] [ owe | [ waa | [ wom | | Carbonyl Index | [ sulfoxide Index |

Note: OB: original binder without aging; RTFO: rolling thin film oven; PAV20: pressure aging vessel for 20
haurs; SFE: surface free energy; FTIR-ATR: fourier transform infrared spectroscopy-attenuated total reflectance;
8: contact angle; W,: wark of cohesion; Wsa: work of adhesion; Wswa: work of water debinding.

Figure 12. SFE and FTIR-ATR Laboratory Experimental Plan
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Binder Oxidation Procedures

This study analyzed the impact of oxidative conditioning on asphalt binders, with
the following levels selected:

e Original Binder (OB): This level served as the control and did not involve any
additional oxidation of asphalt binders.

e Rolling Thin Film Oven (RTFO): The RTFO level simulated asphalt aging during
construction, where the OB binder was placed in an oven set to 325°F (163°C)
temperature for 85 minutes, following the procedure specified in AASHTO T 240.

e Pressure Aging Vessel (PAV20): The PAV20 level simulated long-term aging effects
on asphalt binders. The RTFO binder was placed in a heated vessel pressurized to 305
psi (2.10 MPa) and subjected to 212°F (100°C) temperature for 20 hours, following the

procedure specified in AASHTO R 28.

SFE Calculations

SFE is based on the concepts of thermodynamic sorption in which an adhesive
will adhere to a substrate if contact is made (CJ Zollinger, 2005). SFE characterization of
cohesion and adhesion are associated with the breaking of the asphalt-aggregate interface
and the formation of a crack inside the binder, respectively. Characterizing materials and
assessing their interfaces allows for the examination of their water susceptibility, healing
abilities, and fatigue cracking resistance to predict their long-term performance and
durability (Bahmani et al., 2022; Bhasin et al., 2007; Cheng, 2002; Hossain et al., 2019;

L. Lietal, 2021; Sarsam, 2021; J. M. Wei et al., 2009; L. Zhou et al., 2021).
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According to the thermodynamic adsorption hypothesis, adhesion occurs in moist
conditions. Wetting is a bonding condition regardless of the type of material. Wetness is
determined by the balance of cohesive and adhesive forces. The contact angle (0) of a
drop of liquid placed on a solid’s surface can be used as a quantitative measure of the
liquid’s surface wetting characteristics. Good wetting and adhesion are indicated by a
contact angle less than 90°, whereas a higher contact angle (more than 90°) suggests non-
wetting and inadequate wetting and adhesion. As a result, low wetness surfaces would
have a high contact angle, while wet surfaces have a low one. As a result, contact angle is
a crucial factor in wetting systems, measuring it provides a reliable method of estimating

SFE.

The sessile drop method, which depends on the measurement of contact angle,
was used to obtain the SFE components (as shown in Figure 13). The contact angles
between the probe liquids and each asphalt binder and material provided three linear
equations. These equations were solved for the unknown aggregate and asphalt binder to
obtain the components of surface free energy (i.e., y*, y, -V, and ). The SFE
components were analyzed to obtain the work of cohesion, adhesion, and water-

debonding for each combination.
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Figure 13. Example Of Contact Angle Measurement from Both Right And Left Sides

SFE Test Equipment and Sample Preparation

The SFE device will measure the sample’s right-to-left contact angle. As shown
in Figure 13, the average of the two sides’ measurements yields the contact angle.
Previous studies measured contact angles by analyzing a picture and reading contact
angle. The contact angles in this research will be recorded over 10 seconds at 14 frame

rates. This procedure records and averages contact angle measurements.

The preparation of contact angle test samples using the sessile drop method will
be performed where asphalt binders are kept in a small container. For the preparation of
testing samples, the selected asphalt binder types will be heated in an oven until they
liquefied and became pourable. Throughout the preparation of the asphalt sample, the
fluid binder will be occasionally stirred to maintain asphalt homogeneity. The heated

asphalt binder will then be poured on top of a test strip placed over an unmalting plastic
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base, creating a flat surface. As seen from Figure 14a, asphalt binder was poured on top
of a glass strip to create a flat surface. Samples will then be placed on top of the testing

stage (Figure 14b) for contact angle measurement.

The SFE measurement for aggregate was previously conducted using the sessile
drop approach. The sessile drop approach for aggregate has been used in previous studies
(Sarsam, 2021; Tu et al., 2021). The approach these studies used for aggregate depended
on creating a flat surface where an accurate contact angle measurement was obtained. In
this study, Asphalt mixture compacted specimens fabricated using granite aggregate were
cut and sliced to obtain a flat aggregate surface. As seen in Figure 14c and 11d, asphalt
specimens were cut and sanded by hand to create a flat surface for accurate contact angle
measurements. This procedure was required to ensure the precision and dependability of
the measurements, and to ensure the precision and accuracy of the measurements, despite
its labor-intensive nature. Z. Li et al., 2022 also used a similar method to measure the
SFE of fiber material by creating a flat surface of the fibers. Similarly, in this study, a flat
surface was created for the aggregates to obtain accurate measurements. Five droplets
were applied onto the larger aggregates to ensure that they remain confined to the

aggregate surface and do not meet the surrounding asphalt (Z. Li et al., 2022).
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(a) Asphalt Sample

(c) Specimens After Slicing (d) Test Setup for Aggregate

Figure 14. Asphalt binder and Aggregate Preparation for Contact Angle Measurement

FTIR-ATR Test Equipment and Sample Preparation

In this study, carbonyl, and sulfoxide indices for OB, RTFO, and PAV20
oxidation levels were measured using a Spectrum 100 FT-IR Spectrometer. During
sample preparation, asphalt binders were placed in a small metal container. The container

was sealed with a metal lid and heated to 165°C in a ventilated conventional oven. The
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duration of heating varied according to the type of binder used. For example, PG 52-34
required less heating time than PG 64-22 and PG 76-22. The binder was stirred every five
minutes to maintain homogeneity. All FTIR-ATR tests were completed within one hour
after sample preparation. Following the recommendations of Hofko et al., 2018 and
Mirwald et al., 2022 the sample preparation procedure was designed to yield consistent
and repeatable results. It is noted that variables such as the temperature of the asphalt
binder and the consistency of the stirring can affect the precision with which the sample
is prepared. Therefore, throughout the sample preparation process, the asphalt binder

temperature was monitored with a thermometer to reduce these potential sources of error.

After the sample preparation, the asphalt binder was analyzed using a Spectrum
100 FT-IR Spectrometer and an FTIR-ATR device. The FTIR-ATR analysis utilizes
infrared light wavelengths (650-4000 cm™) to determine the chemical composition and
structure of the sample based on its ability to absorb different infrared light wavelengths.
In this research, each sample was replicated three times. This analysis measured the
carbonyl and sulfoxide indices, which are indicators of the change in asphalt binder’s

chemical composition due to oxidative conditioning.
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Chapter 5
Laboratory Performance Test Results
Introduction

This chapter presents the results of the AASHTO T283, SFE, and FTIR-ATR tests
conducted in the study. The AASHTO T283 results show the impact of binder type and
testing temperature on ITS and TSR% to observe the conditions where moisture damage
has the highest impact. Additionally, the results highlight the impact of binder type and
testing temperature on IDEAL-CT to observe parameters that show the impact of
moisture damage. Furthermore, a statistical analysis was performed to detect the
statistical significance of binder type and testing temperature on the ITS findings. The
SFE and FTIR-ATR results shed light on the impact of oxidation on the performance of
asphalt components, including asphalt and aggregate. Specifically, the SFE results
include contact angle measurements, SFE components (y*, 7, y-V, %), work of cohesion,
as well as the work of adhesion, work of debonding, and ER. These measurements
provide valuable insights into the surface energy and compatibility of the asphalt
components. Furthermore, the FTIR-ATR results include the carbonyl and sulfoxide
indices at different oxidation levels. These measurements help to assess the molecular
composition and structure of the asphalt binder types and their susceptibility to oxidation.
Overall, this chapter presents a detailed analysis of the test results, providing valuable
insights into the impact of moisture damage and oxidation on the performance of asphalt

components.
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AASHTO T283 Test Results

Indirect Tensile Strength (ITS) and Tensile Strength Ratio (TSR%)

Impact of Binder Type on ITS and TSR%. Figures 15a, 15b, and 15c present
the 25°C (ALT) ITS and TSR% for mixtures prepared using PG 64-22, PG 76-22, and
PG 52-34, respectively. As can be seen from Figure 15, the tensile strength of asphalt
mixtures increased with higher asphalt grade. Asphalt mixtures prepared using PG 76-22
showed the highest ITS followed by PG 64-22 then PG 52-34. This is expected since PG
76-22 is SBS polymer modified and stiffer than the other binder types. As seen in Figure
15a, oxidative conditioning increased ITS, but this was more prominent in UC mixtures
(2-2.4 times of OTC) than MC (1.5-1.6 times of OTC) mixtures. As a result, moisture
sensitivity increased meaningfully with TSR% decreasing from above 100% to 85%
(STOC) to 71% (LTOC). Figure 15b displays a similar trend for the PG 76-22 mixture
with the key difference being that the overall ITS values are higher than for PG 64-22;
otherwise, TSR% trends with oxidation are similar (99% to 85% [STOC] to 68%
[LTOC])). Similar trends were reported in previous studies (Crucho et al., 2019; Do et al.,
2019; lbrahim, 2019; Ziari et al., 2019) where ITS increased and TSR% decreased as

oxidation level increased.

Figure 15c is different from Figures 15a and 15b. The effect of oxidative
conditioning showed a slight ITS increase from 0.3 MPa at OTC to approximately 0.6
MPa at STOC and LTOC levels. This suggests that mixtures prepared using the softer PG

52-34 binder and tested at ALT (25°C) were minimally impacted by oxidation as
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measured by ITS and TSR%. Interestingly, while TSR% decreased from 97% to 89%
when STOC was performed, it increased to above 100% after LTOC, which is not
logical. The ITS values for PG 52-34 mixes were consistently lower than those of other
asphalt mixes and oxidation levels, ranging from 0.52 to 0.62 MPa for STOC and LTOC,
respectively. These values were the lowest across all asphalt mixes and oxidation levels,

even lower than the values for the PG 64-22 mixes at OTC (i.e., 0.65 MPa).

Figure 15c indicates that the oxidation process did not appear to have a significant
effect on the ITS values for the PG 52-34 mixes, unlike the PG 64-22 and PG 76-22
mixes, as shown in Figure 15a and 15b, respectively. However, it is noted that the lower
ITS values observed for the PG 52-34 mixes may be attributed to the softer nature of the
binder, rather than the oxidation process alone. Moreover, the testing of moisture damage
for mixes with softer binders such as PG 52-34 at the original intermediate testing
temperature of 25°C may not be representative of the actual intermediate temperature of
the asphalt binder, which is typically lower (i.e., 13°C in this case). This difference in
temperature can affect the performance of the asphalt mix, especially for softer binders.
Therefore, while the results suggest that oxidation did not have a substantial impact on
the ITS values for the PG 52-34 mixes, it is important to consider other factors such as
the stiffness of the binder and testing temperatures when evaluating moisture damage of

asphalt mixtures under different oxidation levels.
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Figure 15. ITS And TSR% Results for Asphalt Mixtures Tested At 25°C.

Impact of Testing Temperature on ITS and TSR%. Figures 16a and 16b
present the ITS and TSR% for mixtures prepared using PG 76-22 and PG 52-34 and
tested at the AIT, respectively. As seen from Figure 16a, increasing test temperature from

25°C to 31°C caused a reduction in ITS of PG 76-22 mixes as would be expected.

Findings show that with increasing oxidative conditioning level, moisture
sensitivity remains the same (within = 4%). TSR% was 64% + 2% indicating that
increasing the testing temperature above ALT of 25°C to the AIT negatively impacted the
sensitivity of moisture damage to the effect of oxidative conditioning. Interestingly, it is
worth noting that the OTC TSR% dropped noticeably from 25°C to 31°C, going from
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99% to 66% (Figure 15b compared to Figure 16a). Effectively, the results suggest that
changing from ALT to AIT has a meaningful impact on TSR% with no additional
oxidation, but testing at the AIT has no sensitivity to oxidation compared to testing at

ALT.

As seen from Figure 16b, reducing the test temperature from 25°C to 13°C led to
an increase in ITS values as expected. ITS also progressively increased from 0.60 MPa to
1.48 MPa from OTC to LTOC. Unlike that of 25°C testing, TSR% showed greater and
more rational sensitivity to oxidative conditioning when tested at the AIT. TSR% values
reduced from 113% (OTC) to a relatively similar TSR% of 86% at the STOC level and
85% at the LTOC level, where higher effect of moisture conditioning can be observed. In
the case of PG 52-34, the ALT was less appropriate of a testing temperature, and testing

at the AIT greatly alleviated the inconclusive results from ALT testing.

It is important to note that the impact of binder type and testing temperature was
limited to the aggregate type and gradation used in this study, as well as the moisture
conditioning protocols (i.e., 70 to 80% saturation and one single freeze-thaw cycle)
specified in AASHTO T283. However, other factors including temperature, saturation
levels, freeze-thaw cycles, moisture diffusion, and other potential moisture-related
weather conditions would provide a more accurate correlation with field performance.
According to previous studies (Cong et al., 2020; Epps, 2000; K. Yan et al., 2015),
increasing the saturation level and the number of freeze-thaw cycles would ultimately

lead to a reduction in the ITS and TSR%.
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Figure 16. ITS And TSR% Results for Asphalt Mixtures Tested At AIT.
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IDEAL-CT Interaction Charts

Impact of Binder Type on IDEAL-CT. Figure 17 presents IDEAL-CT
interaction diagram results at the ALT. Overall, moisture conditioning increased CTindex
for all oxidative conditioning levels. Higher CTindex implies mixture fatigue cracking
performance has improved although this is not a rational interpretation. In Figure 17,
moisture conditioning, which was expected to weaken asphalt strength, increased l7s/|ms|
and CTingex, indicating that moisture conditioning had the contrary anticipated effect of
moisture conditioning on asphalt mixtures; Higher CTindex and lzs/|mzs|.

As seen from Figure 17a, unconditioned results for PG 64-22 mixtures showed a
reduction in CTingex after STOC and LTOC due to an increase in Gs (toughness behavior)
and a reduction in l7s/|m7s| (more brittle behavior). Moisture conditioning increased
CTindex due to increasing lzs/|mzs| (more ductile behavior) and reducing G (low
toughness). The highest impact of moisture conditioning was seen at the LTOC level,
where the highest drop in Gf was seen. As can be seen in Figure 17b, PG 76-22 mixtures
after oxidative conditioning had high Gt (between 11000 J/m? and 13000 J/m?) and low
I75/|m7s| (between 0.2 mm?/kN and 2.2 mm?#kN). The largest decrease in Gt due to
moisture conditioning was seen after LTOC. Mixtures prepared using the softer PG 52-34
binder (Figure 17c) had low Gt (between 2900 J/m? and 6500 J/m?) and high lzs/|mzs|
(between 1.8 mm?/kN and 6.2 mm?/kN). It can be observed that moisture damage
behaviors are more evident when Gs is higher. Moisture conditioning for PG 64-22 and

PG 76-22 mixes at the LTOC level had the greatest drop in Gr. However, PG 52-34 mixes
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had increased Gfat OTC and LTOC oxidation levels (following the above 100% TSR%

for these conditions), and equal Gt at the STOC level.
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Figure 17. IDEAL-CT Interaction Diagram (25°C) Results

Impact of Testing Temperature on IDEAL-CT. Figure 18 presents IDEAL-CT
interaction diagrams when testing samples at the AIT. Figure 18a shows that specimens
prepared using PG 76-22 and tested at 31°C presented lower CTingex Sensitivity due to
oxidation and moisture conditioning. Moisture conditioning reduced Gr and increased

I7s/|mzs| which is the expected behavior. However, impacts of oxidation were less evident

when tested at AIT rather than ALT.

Mixes with PG 52-34 showed that decreasing the testing temperature from 25°C
to 13°C (Figure 18b) led to an increase in G and reduction in Izs/|mzs|. In contrast to

testing at 25°C, higher sensitivity to oxidation and moisture conditioning, reflected in Gt
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and l7s/|mzs|, resulted in greater impacts to CTingex (CTindex Values range from as low as 60
to as high as 310). Moisture conditioning only impacted PG 52-34 mixes at the STOC
oxidation level. However, Gs was the only parameter that demonstrated susceptibility to
moisture damage. Although moisture conditioning for LTOC oxidation and PG 52-34
mixes obtained slightly higher Gy, higher oxidation had higher impact when testing at
13°C than 25°C. As 13°C is the CIT for PG 52-34 and 25°C is the CIT for PG 76-22, the
results suggest that, compared to ALT and AIT, CIT is the testing temperature at which

asphalt mixtures exhibited the highest moisture susceptibility.
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Statistical Analysis

A multi-factor Analysis of Variance (ANOVA) and Tukey’s Honestly Significant
Difference (HSD) post-hoc analysis were conducted to detect the statistical significance
of binder type, oxidative conditioning, and testing temperature to the sensitivity of
moisture conditioning. The analysis was performed on two stages; the first analysis was
with the goal of evaluating the statistical significance between three oxidative
conditioning levels (i.e., OTC, STOC, and LTOC) with ITS as the response variable, the
second analysis was performed to compare the difference between the three different
binder types (ITS used as the response variable) to evaluate the effect of moisture
conditioning on asphalt performance. ANOVA and Tukey’s HSD analysis were
performed on both the ALT of 25°C and the AIT. The analysis was conducted at 95%
confidence level (or p-value <= 0.05 for a significant impact). Tables 5 and 6 presents the

results for ANOVA and Tukey’s HSD post-hoc analysis, respectively.

As seen in Table 5, ANOVA results had a statistical significance with a p-value of
<.001 at different binder types, oxidation levels, and moisture conditioning, whereas the
testing temperature’s p-value was 0.309 indicating no statistical significance; however,
this comparison included all binder types (ITS range between 0.3 MPa and 2.04 MPa),
whereas comparing the testing temperature for the binder types individually (i.e.,
Binder_Type*Testing_Temperature) shows a significance of testing temperature with a
p-value of <.001. This indicates that when PG 76-22 and PG 52-34 were tested at
different temperatures, the values were statistically significant. In Table 6, Tukey’s HSD

analysis showed that all oxidation levels (OTC, STOC, and LTOC) are showing
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significantly different ITS results from each other. This indicates that ITS is significantly
affected by the loose-mix conditioning at all oxidation levels. Tukey’s HSD post-hoc
results confirms data analysis results where all combinations were significantly affected
at different oxidation levels. The impact of binder types showed that mixes prepared
using PG 64-22 were statistically significant from mixes prepared using PG 52-34. This

indicates that only PG 52-34 were statistically significant at both testing temperatures.

Table 5

ANOVA Results for Indirect Tensile Strength (ITS)

Analysis of Variance (ANOVA)

Factor F-value p-value
Binder_Type 114.032 <.001*
Oxidation_Level 216.103 <.001*
Moisture_Conditioning 74.523 <.001*
Testing_Temperature 1.046 0.309

Binder_Type*Oxidation_Level 6.283 <.001*
Binder_Type*Moisture_Conditioning 18.622 <.001*
Binder_Type*Testing_Temperature 196.219 <.001*
Oxidation_Level*Moisture_Conditioning 24.549 <.001*
Testing_Temperature*Oxidation_Level 0.144 0.866

Testing_Temperature*Moisture_Conditioning 1.919 0.169
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Table 6

Tukey’s HSD Results for Indirect Tensile Strength (ITS)

Tukey’s HSD Post-Hoc

Impact of Oxidative Conditioning

Oxidative Mean )
Oxidative Conditioning (1) Conditioning Difference P
value
Q) (1-9)

STOC -.3967* <.001*
otTe LTOC -.5296* <.001*
STOC LTOC -.1329* <.001*

Impact of Binder Type
. Mean
Binder Type (1) Binder Type Difference P-
) value
(1-J)
PG 52-34 .3289* <.001*
PG 64-22
Go PG 76-22 -0.0332 0.425
PG 52-34 PG 76-22 -.3621* <.001*

Additional Load-Displacement Parameters

To assess moisture damage in asphalt mixtures in greater detail, additional

parameters were evaluated beyond the standard IDEAL-CT parameters (Gt and I7s/|mzs)).

Specifically, the analysis considered these parameters at different load levels, both before

and after the peak load (pre-peak and post-peak), at 75%, 50%, and 25% of the load. The

load-displacement curve presented in Figure 11 revealed that all post-peak parameters

exhibited an increase due to moisture conditioning. This suggests that post-peak

parameters may not be suitable indicators of moisture damage. On the other hand, pre-

peak parameters may be more suitable for moisture damage evaluation. The asphalt
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mixes with PG 64-22 are suitable for testing at all temperatures (ALT, AIT, and CIT),
and LTOC level showed the highest impact of moisture damage. Therefore, this study

analyzed the load and displacement data for these mixes, and the results are presented in

Figure 19.
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Figure 19. Results For Pre-Peak Parameters of PG 64-22 At The LTOC.

As seen in Figure 16, the Gt showed sensitivity to moisture conditioning at all pre-
peak levels, consistent with the analysis of the original IDEAL-CT parameters. In terms
of I7s/|mzs|, as the analysis level was lowered from 75% pre-peak to 25% pre-peak, the
parameters showed the effect of moisture conditioning by decreasing from a UC value of

0.06 mm?/kN to an MC value of 0.04 mm?/kN, while remaining constant at 50% (0.1
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mm?/kN for both UC and MC), and increasing at 75% (from 0.2 mm?/kN for UC to 0.25
mm?/kN for MC). Since all IDEAL-CT parameters 25% pre-peak showed higher
response to moisture conditioning for mixes with PG 64-22 at the LTOC, additional
analysis was carried out to validate this case across all asphalt binder types, oxidation

levels, and testing temperatures with the results shown in Table 7.

Table 7

Pre-Peak Parameters Analysis Results at 25%

uc > MC
Oxidation Level Ggs o5/ |mos|
oTC Higher Higher

PG 64-22 (25°C) STOC Lower Lower
LTOC Lower Lower
oTC Higher Higher

PG 76-22 (25°C) STOC Lower Higher
LTOC Lower Equal
oTC Higher Higher

PG 52-34 (25°C) STOC Lower Equal
LTOC Higher Higher
oTC Lower Higher

PG 76-22 (31°C) STOC Lower Higher
LTOC Lower Higher
OoTC Higher Lower

PG 52-34 (13°C) STOC Lower Higher
LTOC Lower Higher

25% pre-peak
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As seen in Table 7, although mixes with PG 64-22 at the LTOC consistently
showed lower values of IDEAL-CT parameters after moisture conditioning, other mixes
did not exhibit a reduction in all parameters. The changes in the Grs and l2s/|mzs| values

varied depending on the asphalt binder type, oxidation level, and testing temperature.

The findings presented in Figure 16 and Table 7 indicate that analyzing the pre-
peak parameters at a lower analysis level allowed a greater number of parameters to
reveal the impact of moisture conditioning on asphalt mixtures. Specifically, in PG 64-22
and LTOC, the analysis showed that at 25% pre-peak, both Gr and I75/|m7s| were sensitive
to moisture damage, and all IDEAL-CT parameters were affected, while other mixes did

not show this impact in reducing all parameters.

SFE and FTIR-ATR Results

SFE Results

Contact Angle Measurements. Contact angle measurements were taken from
OB, RTFO, and PAV20 asphalt binders, and results for contact angle and corresponding
coefficient of variance (COV%) are presented in Table 8. The results demonstrate a low
average COV% of 1.0% compared to values seen in literature (Bionghi et al., 2021; Chen
et al., 2020), indicating the reliability of the measurements taken in this study. Table 8
also shows that the contact angle measured for PG 64-22 and PG 76-22 increased with

higher oxidative conditioning levels, apart from ethanol glycol for PG 76-22, for which
81



an inconsistent trend was observed Specifically, the contact angle was higher at the

RTFO but lower at the PAV20 conditioning. Results indicate that the wettability of

asphalt binder reduces as a higher level of oxidation is applied, which causes an increase

in the contact angle. This means that the asphalt binder becomes less susceptible to

moisture damage because it becomes more viscous and less fluid, which reduces its

ability to absorb moisture.

Table 8

Contact Angle Measurements

. - Distilled Water Formamide Ethylene Glycol
Mixture Oxidation
Constitute level Avegage, CCOjV, Ave:age, CE}V, Avecr)age, COV, %
0 0
P-401
Granite - 57.1 1.2 31.5 0.9 24.8 0.7
Aggregate
OB 100.9 0.8 75.4 0.7 81.1 0.7
PG 52-34 RTFO 103.4 2.8 79.1 2.2 82.5 2.4
PAV20 97.6 0.7 76.0 0.4 83.1 0.6
OB 93.1 0.7 76.8 0.7 79.2 0.6
PG 64-22 RTFO 95.8 0.6 78.2 0.5 78.4 0.5
PAV20 96.9 0.7 79.8 0.3 79.1 0.5
OB 101.8 0.6 84 0.4 81.3 0.4
PG 76-22 RTFO 102.4 0.7 85.5 0.2 81.7 0.4
PAV20 102.7 0.4 85.3 0.2 79.8 0.1




With regards to PG 52-34 (Table 8), contact angle for distilled water and formamide
increased moving from OB to RTFO level. The contact angle measurement, however,
decreased at PAV20. Ethylene glycol’s contact angle increased with oxidation.

Surface Free Energy Components. Table 9 presents the calculation of SFE
components that were determined using the measured contact angles for all asphalt binder
types at all oxidative conditioning levels, as well as that for P-401 granite aggregate.
Asphalt binder results showed that for PG 52-34, y* was higher than that for PG 64-22
and PG 76-22 across all oxidative conditioning levels. y™ decreased from OB level to
RTFO level, then increased at the PAV20 level. Similar trends were overall seen for all
PG 52-34’s SFE components, as these measurements were calculated from the contact
angle values. For PG 64-22, the incremental increase in contact angle with the effect of
oxidative conditioning reflected a corresponding incremental decrease in all SFE
components (y*, 7, -V, and y®Y). In the case of PG 76-22, different trends are seen for
every SFE component; however, y*°' overall decreased with the effect of oxidative
conditioning.

Additionally, results for the tested P-401 granite aggregate were reported and
compared with two other granite aggregate types (Snyder granite and MMMC granite)
obtained from Xu et al., 2018. It was found that the y* for the P-401 granite aggregate
tested in this study was similar to the MMMC granite result (i.e., 0.4 mN/m). y for the P-
401 granite aggregate was 17.1 mN/m which was between that of the Synder granite (i.e.,
8.4 mN/m) and the MMMC granite (i.e., 37.0 mN/m). ¥~ component value was higher

for the P-401 granite aggregate, compared to the Synder and MMMC granite types.

83



Overall, results reveal that the sessile drop that was employed on aggregate is compatible

with previous research done by Xu et al., 2018.

Table 9

SFE Components Results

Mixture — " Y- ) yer
. Oxidation Level
Constitute (mMN/m)  (mN/m)  (mN/m)  (mN/m)
Aggregate

P-401 Granite N/A 0.4 17.1 67.7 62.6

Snyder Granite N/A 0.1 8.4 35.2 37.0

MMMC Granite N/A 0.4 37.0 35.8 43.7

Asphalt Binder

OB 6.55 0.71 67.13 62.8

PG 52-34 RTFO 3.53 0.53 52.41 49.7

PAV20 7.51 2.04 66.89 59.0

OB 2.79 4.58 47.14 40.0

PG 64-22 RTFO 1.00 3.13 38.20 34.7

PAV20 0.55 2.99 33.67 31.1

OB 0.01 1.64 24.06 23.9

PG 76-22 RTFO 0.07 1.69 19.65 20.3

PAV20 0.37 1.46 17.02 18.5

Work of Cohesion. Work of cohesion (W¢) results are shown in Figure 17. As
can be seen from Figure 17, lower W, was seen when increasing high PG grade of asphalt
binders. Also, W, for PG 64-22 and PG 76-22 generally decreased with increasing
oxidative conditioning, with the lowest W. seen at the PAV20 conditioning, but oxidation
effects were inconsistent for PG 52-34 where W, was lowest at the RTFO conditioning,
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and higher W, was seen at the PAV20 conditioning. These findings suggest that PG 52-
34 may become more susceptible to moisture damage at the RTFO conditioning, while
PG 64-22 and PG 76-22 may show higher susceptibility to moisture damage at the
PAV20 conditioning. This is due to the reduced ability of PG 64-22 and PG 76-22 to
resist internal deformation and fracture, shown in lower W¢ at these oxidation conditions.
Similar observations were reported by J. Wei & Zhang, 2010 where unjustified
fluctuations in W¢ were observed with the increase of oxidative conditioning level.

PG 52-34 is a softer asphalt binder. Due to its rubbery and elastic consistency, the
PG 52-34 asphalt binder has a higher work of cohesion than the asphalt binders with a
stiffer consistency (i.e., PG 64-22 and PG 76-22) at an equivalent ambient temperature.
This contributes to the material’s cohesive properties and makes it harder to separate. In
addition to its flexibility, it is possible that the PG 52-34 may also have a greater degree
of crosslinking between its asphalt molecules, which could further increase its cohesive
strength. Because asphalt binders with greater rigidity, such as PG 64-22 and PG 76-22,
require longer time to flow and deform under load, they may be more susceptible to
moisture damage over time. This is because their reduced ability to accommodate stresses
from traffic loading and temperature changes may lead to higher susceptibility to
moisture damage. Because asphalt binders with greater rigidity, such as PG 64-22 and PG
76-22, require longer time to flow and deform under load, they may be more susceptible
to moisture damage.

As seen, STOC had a greater impact on the cohesion of the PG 52-34 binder than

PAV20 oxidation. Furthermore, the softer PG 52-34, required more energy to fail
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cohesively when compared to stiffer binders. The chemical composition of the asphalt
binder may be related to the behavior of SFE results (Howson et al., 2011; J. Wei et al.,
2014; J. Wei & Zhang, 2010). In certain instances, variations in the total SFE component
results have been observed in the literature (Federal Highway Administration (FHWA),
2001; Howson et al., 2011). According to a comprehensive study conducted by the
Western Research Institute (WRI) on asphalt oxidation, these variations were attributed
to the effect of asphalt oxidation on the chemistry and properties of the original
unoxidized (OB) binder, which can vary depending on the severity of the oxidation

process (Federal Highway Administration (FHWA), 2001).
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Figure 20. Work Of Cohesion Results
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Work of Adhesion, Water-Debonding, and Energy Ratio (ER). Figure 18
presents the results for work of adhesion, water-debonding, and ER. Work of adhesion
(Wsa?) results followed a similar trend like Wc. Consistent drop in Wsa® was seen with
the increase in asphalt stiffness and oxidative conditioning level, where PG 64-22 and PG
76-22 had the lowest Wsa® seen at the PAV20 conditioning, and inconsistency in
oxidation effect was seen for PG 52-34, where the lowest Wsa? seen at the RTFO level.
Results show that adhesion failure at the contact surface of softer asphalt binder and
aggregate was less likely to occur, where higher resistance to moisture damage was
observed.

Work of water-debonding (Wswa®) values decreased with the increase in stiffness
and oxidative conditioning levels (including PG 52-34). The ER did not follow a specific
trend of oxidation and/or stiffness, as it fluctuated for PG 52-34, decreased for PG 64-22,
and increased for PG 76-22. The ER after long-term oxidation of PAV20 for PG 52-34,
PG 64-22, and PG 76-22 were 2.6, 2.6, and 1.9, respectively. Results of Figure 17 show
that at the PAV20 conditioning, there is a tendency for the ER to decrease as the PG
grade of the asphalt binder increases.

The results suggest that softer asphalt binders (i.e., PG 52-34) required a higher
energy of water to separate the asphalt-aggregate interface, indicating better adhesion
between the binder and aggregate, which reduces moisture damage. As a result, the lower
ER required for separation of stiffer asphalt binders (i.e., PG 64-22 and PG 76-22) from

the aggregate indicates a higher susceptibility to moisture damage.
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Figure 21. Work Of Adhesion, Debonding, And Energy Ratio Results

FTIR-ATR Results

Figures 19a and 19b present the growth in carbonyl and sulfoxide indices,
respectively. The overall trend shows an increase in carbonyl and sulfoxide indices with
the increase of oxidation, and a decrease in these indices with the increase in the stiffness
of the asphalt binder. As illustrated in Figure 19a, when evaluating the change in
carbonyl index across the oxidative conditioning levels, it was found that all asphalt
binder types generally showed lower susceptibility to oxidation, with a higher carbonyl
index for RTFO than OB and for PAV20 than RTFO. However, this was not the case for
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PAV20 where conditioning PG 52-34 showed reduced susceptibility to oxidation by
obtaining a carbonyl index of 0.039 at the PAV20 conditioning, and the highest impact of
oxidation (highest carbonyl index) was seen at the RTFO conditioning. These results
correspond with the SFE results where PAV20 aged PG 52-34 showed higher work of
cohesion (Figure 17) and work of adhesion (Figure 18). Similar observations between
carbonyl index and SFE components were reported in literature (Mullapudi & Sudhakar
Reddy, 2020). As illustrated in Figure 19b, sulfoxide index showed an increase in the
susceptibility of oxidation for all combinations. PG 52-34 and PG 64-22 had higher

susceptibility of oxidation than PG 76-22 at all conditioning levels.
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Figure 22. FTIR-ATR Test Results
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Regression Analysis Between Mixture and Binder Tests

In this study, a multiple linear regression analysis using ANOVA was conducted
to better understand the relationship between asphalt mixture testing results (TSR%) and
asphalt components (SFE and FTIR-ATR). The objective of the analysis was to provide
researchers with a relatively simple and reliable method for estimating the TSR% of
different types of asphalt binder and at various oxidation levels using SFE and FTIR-
ATR tests.

To ensure accuracy, the laboratory oxidation conditionings applicable for asphalt
binder were taken into consideration. Specifically, OB at the binder level was used to
simulate OTC at the mixture level, RTFO at the binder level was used to simulate STOC
at the mixture level, and PAV20 at the binder level, which is equivalent to LTOC at the
mixture level and simulates long-term pavement aging, was used. These conditionings
are shown in Table 10.

The approach offered researchers a quick and reliable method for estimating
TSR% in different asphalt binder types and oxidation levels. This information was
essential for pavement design and construction, as well as for understanding the long-
term performance of asphalt pavement. In this study, TSR% was used as the dependent
variable, and the work of cohesion representative of the SFE component, along with the
carbonyl and sulfoxide indices, were included as the independent variables. The analysis
was initiated by ensuring that W, carbonyl index, and sulfoxide indices were statistically

significant in differentiating binder types and oxidation levels. An ANOVA analysis was
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conducted with a significance level of 95% (or a p-value < 0.05), and the results are

presented in Table 11.

Table 10

Aging Levels for Regression Analysis

Binder Type Field Aging

Binder Oxidation Mixture Oxidation

Without aging OB oTC

PG 52-34 Short-term aging RTFO STOC
Long-term aging PAV20 LTOC

Without aging OB oTC

PG 64-22 Short-term aging RTFO STOC
Long-term aging PAV20 LTOC

Without aging OB oTC

PG 76-22 Short-term aging RTFO STOC
Long-term aging PAV20 LTOC

Table 11

ANOVA Results for Tests Performed on Asphalt Binders

Work of Cohesion Carbonyl Index Sulfoxide Index
Factor F-value p-value F-value p-value  F-value p-value
Binder_Type 90.866 <.001*  184.613 <.001* 428.39 <.001*
Oxidation_Level 4152  0.033* 12.724 <.001* 3006.14 <.001*
Binder_Type™ 4,39  0033* 20361 <001* 12026  <.001*

Oxidation_Level
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Table 11 displays the ANOVA results for tests performed on asphalt binders,

where the F-value and p-value were calculated for each factor, including Binder Type,

Oxidation Level, and Binder Type * Oxidation Level. The table shows that the values of

W¢, carbonyl index, and sulfoxide index were all statistically significant, with a p-value

below 0.05. This indicates the feasibility of these parameters to distinguish different

binder types and oxidation levels. The results of the regression analysis for each

significant parameter (W., carbonyl index, and sulfoxide index) separately and combined

were examined for their relationship with TSR% at the CIT, and the findings are

presented in Table 12.

Table 12

Regression Analysis (R?) Between TSR% with SFE and FTIR-ATR Components

Multiple Linear Regression

Dependent Independent (ANOVA Results)
Variable Variables i :
Regressio Regression ) Adjusted
n R R2
F-value p-value

We 10.491 0.003* 0.296 0.267
TSR% at Carbonyl Index 8.964 0.001* 0.428 0.380
CIT Sulfoxide Index ~ 29.656 <.001* 0.712 0.688
All combined 25.678 <.001* 0.878 0.740
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Table 12 exhibits the Regression Analysis (R?) between TSR% at CIT with SFE
and FTIR-ATR Components, where the dependent variable was TSR% at CIT, and the
independent variables were W, carbonyl index, sulfoxide index, and all combined. The
ANOVA results of the multiple linear regression for each interaction showed a significant
p-value below 0.05. However, when applied to the regression separately, the adjusted R?,
which is the deciding factor, was lower for W¢, carbonyl index, and sulfoxide index.
Nevertheless, the adjusted R? for the combined parameters was the highest (0.740). The
equation from the regression analysis is provided in Equation 18, which can be used to
estimate TSR%:

TSR% = 78.93 + 0.491 X Wc — 351.56 X Carbonyl Index
(18)
— 197.346 X Suloxide Index

To validate the accuracy of the regression model, predicted TSR% values were
compared with actual TSR% values for different binder types and oxidation conditioning,
as shown in Table 13. The predicted TSR% values were obtained using the regression
equation, and the actual TSR% values were measured in the laboratory. The standard
deviation of the actual TSR% values was also provided, and it was observed that some
predicted versus actual TSR% values exhibited a high standard deviation, particularly for
PG 52-34 without aging, and at the short-term aging. However, the prediction was
accurate long-term aging condition shown by the low absolute difference. While the
regression model generally provided relatively accurate predictions of TSR% values at
LTOC; where moisture conditioning had the highest effect, there were small differences

between predicted and actual values. These findings have significant implications for
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pavement design and construction, as well as for understanding the long-term

performance of asphalt pavement.

Table 13

Predicted And Actual TSR% Values

Binder Field Aging Predicted Actual Absolute
Type TSR% TSR% Difference
Without aging 119.4% 133% 9.9%
PG 52-34  Short-term aging 100.5% 86% 10.4%
Long-term aging 88.5% 85% 2.7%
Without aging 105.0% 112% 5.1%
PG 64-22  Short-term aging 88.2% 85% 2.4%
Long-term aging 66.0% 71% 3.5%
Without aging 97.4% 99% 1.4%
PG 76-22  Short-term aging 93.2% 85% 6.1%
Long-term aging 65.1% 86% 2.0%

The combined parameters of W¢, carbonyl index, and sulfoxide index offer a
more reliable method for estimating TSR% compared to using these parameters
separately. However, further research and validation efforts may be needed to ensure the
accuracy and applicability of the regression model in different asphalt binder types and
oxidation levels. It is important to note that the results and findings presented in this
study are specific to the conditions and parameters used in the analysis, and caution
should be exercised when applying the regression model to different binder types or

oxidation conditioning. Further research and validation may be needed to ensure the
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accuracy and applicability of the regression model in different asphalt binder types and
oxidation levels, especially considering the observed high standard deviation for PG 52-

34 without aging and at short-term aging.
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Chapter 6

Summary of Findings, Conclusions, Recommendations & Future Work

Summary of Findings

This study evaluated the effect of asphalt oxidation and testing temperature on asphalt
mixture moisture damage using AASHTO T283 and Surface Free Energy (SFE). Asphalt
mixtures used in AASHTO T283 assessment were evaluated using two New Jersey asphalt
binder grades (PG 64-22 and PG 76-22) and one Alaska and Canada asphalt binder grade
(PG 52-34). Testing was conducted at the ambient laboratory temperature (ALT) of 25°C,
asphalt intermediate temperature (AIT), and climatic intermediate temperature (CIT).
Additionally, three oxidation levels (original test conditioning [OTC], short-term oxidative
conditioning [STOC], and long-term oxidative conditioning [LTOC]) were evaluated to
determine an appropriate level of oxidation and testing temperature to be applied in
AASHTO T283 at which moisture damage is the highest. Additional analysis was
conducted using the AASHTO T283 load displacement curve and IDEAL-CT parameters.
As opposed to relying on CTindex parameter (final IDEAL-CT parameter), an interaction
diagram was established to better study and comprehend the effects of oxidation and
moisture conditioning on the load-displacement parameters. Furthermore, a statistical
analysis was conducted to evaluate the effect of oxidation on moisture susceptibility of
asphalt mixtures. The evaluation using SFE included original unaged binder (OB) and two
oxidation levels—rolling thin film oven (RTFO) and 20 hours pressure aging vessel

(PAV20)—that were applied to determine the short-term and long-term oxidative effects
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on moisture damage susceptibility of asphalt mixtures, respectively. Additional chemical

testing was adopted to quantify the functional group concentration in asphalt binder. In

specific, the Fourier transform infrared spectroscopy (FTIR) attenuated total reflectance

(ATR) test was used to quantify the effect of oxidative conditioning on the carbonyl and

sulfoxide groups indices of various asphalt binders. Based on the results of this study, the

following findings were drawn:

- Tensile Strength Ratio (TSR%)

Based on the AASHTO T283 test results at ALT, moisture damaged the asphalt
mixtures more as the level of oxidation increased. The biggest impact of oxidation
on TSR% was seen at the LTOC level. This was seen for mixes prepared using PG
64-22 and PG 76-22 and tested at 25°C, where TSR% were 71% and 68%,
respectively. However, testing PG 52-34 mixes at 25°C yielded increased TSR%
after LTOC level where TSR% was 116%. The biggest impact on PG 52-34 mixes
at 25°C was seen at the STOC level.

Based on AASHTO T283 test results at AIT, impact of oxidation was better
discerned when evaluating TSR% for mixes prepared using PG 52-34 at the AIT
(i.e., 13°C), where the lowest TSR% was seen at the STOC (86%) and LTOC
(85%). PG 76-22 mixes when tested at the AIT (i.e., 31°C), the TSR values were
maintained around 64% across all oxidation conditioning, showing minimum
impact of oxidation on TSR%.

The TSR% was observed to be the lowest when the CIT testing temperature was

applied, including PG 64-22 and PG 76-22 mixes when tested at the ALT (i.e.,
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25°C), and PG 52-34 when tested at the AIT (i.e., 13°C). These findings suggest
that the CIT is the appropriate testing temperature that shows higher susceptibility
to moisture damage.

ANOVA and Tukey’s post-hoc statistical analysis also support the conclusion that
moisture conditioning had the most significant impact at CIT, all at the STOC and
LTOC levels, where a statistical significance (i.e., p-value < 0.05) was seen for PG

64-22, PG 76-22 at 25°C, and PG 52-34 at 13°C.

- |IDEAL-CT Parameters

Based on IDEAL-CT test results, it was found that moisture conditioning had a
positive impact on CTindex, With an average increase of 58.1% for all oxidation
levels. The increase in CTingex due to moisture conditioning was mainly attributable
to an increase of lzs/|[mzs|, with an average increase of 66.2%. On the other hand,
oxidation had a negative impact on CTindex, With an average reduction of 2.3% for
all oxidation levels.

The IDEAL-CT results showed that moisture conditioning had an impact only on
Gt, with reductions observed at different oxidation levels. For mixes with PG 64-
22, the impact was observed at the LTOC, resulting in an average decrease of
20.1%. Similarly, for mixes with PG 76-22, the impact was also observed at the
LTOC, resulting in an average decrease of 11.7%. The highest impact was seen in
mixes with PG 52-34 at the STOC, with an average decrease of 13.4%. Overall,
moisture conditioning primarily affected Grand showed varying effects on different

asphalt mixes.
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The IDEAL-CT data analysis at lower level than the peak (75%, 50%, and 25%
pre-peak) showed that compared to the analysis at 75% and 50%, the moisture
conditioning analysis at 25% pre-peak performance resulted in a decrease in pre-
peak l2s/|mzs|, from 0.06 mm?/kN to 0.04 mm?/kN. Although there was a decline in
certain IDEAL-CT parameters, not all binder types, oxidative conditioning, and
testing temperatures were affected. These results indicate that moisture

conditioning at 25% did not have a uniform effect on all IDEAL-CT parameters.

- Surface Free Energy (SFE)

The sessile drop method was utilized to determine the SFE of aggregate materials.
It was found that the values obtained using this method were comparable to those
reported in the literature. The y* value for the P-401 granite aggregate was like that
of MMMC granite (i.e., 0.4 mN/m), and the y” value (i.e., 8.4 mN/m) was between
that of Synder granite (8.4 mN/m) and MMMC granite (i.e., 37.0 mN/m),
supporting the accuracy of the test method.

The study found that an increase in asphalt stiffness and oxidative conditioning led
to a decrease in total surface free energy and the work of cohesion of the asphalt.
This reduction in surface energy and cohesion, in turn, led to a decrease in the
asphalt’s susceptibility to moisture damage. Interestingly, PG 52-34 asphalt had the
lowest total surface free energy (measured at 49.7 mN/m) after RTFO conditioning
compared to the OB (i.e., 62.8 mMN/m) and PAV20 (i.e., 59.0 mN/m) conditioning.

On the other hand, PG 64-22 and PG 76-22 showed the highest moisture damage,
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indicated by their lowest total SFE of 31.1 mN/m and 18.5 mN/m, respectively, at
the PAV20 oxidative conditioning level. In comparison, their values were higher at
the OB conditioning (i.e., 40.0 mN/m and 23.9 mN/m for PG 64-22 and PG 76-22,
respectively), and RTFO conditioning (i.e., 34.7 mN/m and 20.3 mN/m for PG 64-
22 and PG 76-22, respectively). The work of debonding followed the trends seen
for the work of adhesion.

The Energy Ratio (ER) showed no consistent trend in terms of asphalt stiffness or
level of oxidation. Specifically, ER was lowest at the RTFO for PG 52-34 (i.e., 2.2)
compared to OB (i.e., 2.3) and PAV20 (i.e., 2.6). At the PAV20, PG 64-22 had the
lowest ER (i.e., 2.3) compared to OB (i.e., 2.7) and RTFO (i.e., 2.4). In contrast,
PG 76-22 asphalt was minimally affected by the impact of oxidation, as all
oxidation levels showed a similar ER of 1.9. These results suggest that the ER is a
complex measure affected by various factors, including the asphalt’s composition

and the type and level of conditioning.

- FTIR-ATR

There is an overall trend of increase in carbonyl and sulfoxide indices with the
increase of oxidation and a decrease with the increase in asphalt binder stiffness.
All asphalt binder types generally showed lower susceptibility to oxidation, with a
higher carbonyl index for RTFO than OB and for PAV20 than RTFO.

The study found that the increase in binder stiffness corresponded to higher

carbonyl and sulfoxide indices, indicating greater susceptibility to oxidation. PG
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52-34 had the highest carbonyl index of 0.049 at the RTFO level, and highest
sulfoxide index and sulfoxide index of 0.175 at the PAV20 level. In contrast, PG
64-22 had a higher susceptibility to oxidation than PG 76-22 had higher
susceptibility of oxidation at the PAV20 level, with carbonyl indices of 0.036 and
0.013 and sulfoxide indices of 0.157 and 0.139, respectively.

- The results suggest that PG 52-34 had reduced susceptibility to oxidation with the
highest carbonyl index seen at the RTFO conditioning. These results correspond
with the SFE results where PAV20 aged PG 52-34 showed higher work of cohesion

and work of adhesion.

- Regression Analysis
- Arregression analysis was performed between TSR% at CIT with SFE and FTIR-
ATR Components. The dependent variable was TSR% at CIT, and the independent
variables were Wc, carbonyl index, sulfoxide index, and all combined. ANOVA
results of the multiple linear regression for each interaction were significant with a
p-value below 0.05. However, adjusted R2 was lower for W, carbonyl index, and
sulfoxide index when applied to the regression separately. The adjusted R2 for the

combined parameters was the highest (0.740).

Conclusions

Based on the findings from this study, the following conclusions can be found:

102



Effect of Oxidation on TSR%: The long- and short-term oxidation had a greater
impact on moisture damage compared to the original test procedure when
characterizing moisture damage of asphalt mixtures.

Effect of Testing Temperature on TSR%: To assess the highest susceptibility to
moisture damage, it is recommended to test mixes for TSR% at the climatic
intermediate temperature applicable for each binder, rather than at a constant 25°C.
This is because TSR% results were consistently lower at the climatic intermediate
temperature, indicating a greater vulnerability to moisture damage.
Load-Displacement Curves Parameters: The study found that G, as well as all
IDEAL-CT parameters at 25% pre-peak obtained from the IDEAL-CT test method, has
good potential for characterizing moisture damage of asphalt mixtures.

SFE: An increase in asphalt stiffness and oxidative conditioning led to a decrease in
total surface free energy and work of cohesion, as well as a reduction in susceptibility
to moisture damage. However, PG 52-34 had the lowest total surface free energy at the
RTFO conditioning compared to the OB, while PG 64-22 and PG 76-22 showed the
highest moisture damage (lowest total SFE) at the PAV20 oxidative conditioning level.
FTIR-ATR: There is an overall trend of an increase in carbonyl and sulfoxide indices
with the increase of oxidation and a decrease with the increase in asphalt binder
stiffness. All asphalt binder types generally showed lower susceptibility to oxidation,
with a higher carbonyl index for RTFO than OB and for PAV20 than RTFO.
Regression Analysis: a regression analysis was conducted to develop a linear model

that predicts TSR% at the CIT, based on the work of cohesion, carbonyl, and sulfoxide
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indices. Using the SFE, carbonyl, and sulfoxide indices, an equation was established to
forecast the TSR% at the CIT. This model can provide a quick and non-destructive

approach for estimating the TSR% at various oxidation levels.

Recommendations

Based on the conclusions from this study, the following recommendations were drawn:

- Effect of Oxidation on TSR%: It is recommended to revise AASHTO T283 to
consider alternative oxidation conditioning for characterizing moisture damage in asphalt
mixtures when conducting TSR% testing.

- Effect of Testing Temperature on TSR%: It is recommended that the testing for
TSR% should be conducted at the climatic intermediate temperature applicable for each
binder, instead of at a fixed temperature of 25°C.

- Load-Displacement Curves Parameters: It is recommended that the IDEAL-CT
parameters should be considered when evaluating moisture damage in asphalt mixtures,
and parameters such as Gt and all IDEAL-CT parameters at 25% pre-peak can be included
in the evaluation of asphalt mixtures.

- Estimation of TSR% using SFE and FTIR-ATR: The estimation of TSR% of
asphalt mixtures at CIT is applicable using the range of work of cohesion, and the carbonyl
and sulfoxide indices. These parameters can be easily measured using the SFE method and
FTIR. Further validation is needed using a larger dataset of asphalt mixtures. Additionally,

the model can be implemented by incorporating it into existing laboratory protocols. Future
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work should expand the model to include additional asphalt mixture components that affect

TSR%, such as air void content, aggregate types and gradation, and binder types.

Study Limitations and Future Work

It is recommended that future research consider assessing the laboratory
performance of various asphalt mixtures produced by different plants, particularly those
that incorporate recycled asphalt pavement (RAP), which is commonly used in pavement
construction today. This would provide a more comprehensive representation of the
performance of asphalt pavements currently in use. Additionally, while this study did not
investigate the impacts of factors such as saturation levels and freeze-thaw cycles on the
performance of this study’s specific mixtures at different oxidation levels, it is possible
that these factors could affect asphalt performance at other oxidation levels. Further
investigation would be needed to fully understand the relationship between these factors
and asphalt performance under different aging levels. Future research should
acknowledge and carefully consider the limitations of this study, particularly with regards
to the equivalence of the SFE and FTIR-ATR methods for predicting TSR% at the
climatic intermediate temperature. The validity of these methods may depend on various
factors such as binder types and aggregate materials and may require modifications or
adaptations to suit specific conditions or materials. To better comprehend the relationship
between oxidative conditioning level and susceptibility to moisture damage, future
research should consider a wider variety of asphalt binders and aggregate materials. This

model may involve evaluating different types modified and unmodified asphalt binders
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and analyzing the effect of different aggregate types on the susceptibility to moisture

damage could also provide valuable insights.
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Appendix

List of Abbreviations

Abbreviation Definition Abbreviation Definition

ITS Indirect Tensile yW Lifshitz-van der
Strength’ Waals Component

TSR Tensile Strength Y8 Acid-Base
Ratio Component

IDEAL-CT Indirect Tensile GvOC Good-van Oss-
Asphalt Cracking Chaudhury
Test

SFE Surface Free Energy y* Lewis Acid Surface

Interaction
Component

FTIR-ATR Fourier Transform Y Lewis Base Surface
Infrared Interaction
Spectroscopy — Component
Attenuated Total
Reflectance

HWTT Hamburg Wheel 0 Contact Angle
Tracking Test

SATS Saturated Ageing s Solid Surface Free
Tensile Stiffness Energy

ECS Environmental ysL Solid-Liquid
Conditioning Interface Free
System Energy

M.LS.T Moisture Induced 7L Liquid Surface
Sensitivity Test Tension

SIP Stripping Inflection W Work of Cohesion
Point

NTEC Nottingham Wa Work of Adhesion
Transportation
Engineering Centre

SSD Saturated Surface Wésa Work of Adhesion
Dry

ITSM Indirect Tensile Waswa Work of Debonding

Stiffness Modulus
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SHRP Strategic Highway  ER Energy Ratio
Research Program
OoSsuU Oregon State NMAS Nominal Maximum
University Aggregate Size
SCB Semi-Circular FAA Federal Aviation
Bending Test Administration
HMA Hot-Mix Asphalt USACE US Army Corps of
Engineers
NCHRP National JMF Job Mix Formula
Cooperative
Highway Research
Program
AVC Air Void Content Ndes Number of Design
Gyrations
FHWA Federal Highway VMA Voids in Mineral
Administration Aggregate
TXDOT Texas Department OBC Optimum Binder
of Transportation Content
AFM Atomic Force oTC Original Test
Microscopy Conditioning
usD Universal Sorption ~ STOC Short-Term
Device Oxidative
Conditioning
RTFO Rolling Thin Film LTOC Long-Term
Oven Oxidative
Conditioning
PAV20 Pressure Aging ALT Ambient Laboratory
Vessel for 20 Hours Temperature
ITSMC The Indirect Tensile AIT Asphalt
Strength for Intermediate
Moisture Temperature
Conditioned
Specimens
ITSUC The Indirect Tensile CIT Climate
Strength for Intermediate
Unconditioned Temperature
Specimens
CTindex Cracking Telerence PG HI Binder High
Index Performance Grade
Temperature
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Gt Fracture Energy PG LT Binder Low
Performance Grade
Temperature
[m7s] Absolute Slope of LTPP Long-Term
Load and Pavement
Displacement from Performance
85% to 65% Post-
Peak Load
75 Displacement NCAT National Center for
Corresponding To Asphalt Technology
75% of the Peak
Load at the Post-
Peak Stage
t Specimen Thickness OB Original Unaged
Binder
D Specimen Diameter PG Performance Grade
P100 Peak Load ANOVA Analysis of
Variance
Wi Work of Fracture HSD Honestly Significant
Difference
P7o 75% Peak Load WRI Western Research
Institute
y Total SFE
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