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PREFACE

This report evaluates interfacial delamination in NMDOT’s asphalt pavements. It examines how
tack coat type, residual application rate, curing time, surface texture, temperature, and moisture
affect bonding between asphalt layers. The report presents laboratory direct shear testing,
mechanistic analysis, and finite element modeling to evaluate interface bonding behavior.
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CHAPTER 1
INTRODUCTION

1.1 Research Need and Significance

Asphalt Concrete (AC) pavement is a layered structure; each layer has a different thickness and
material. These layers are typically arranged in descending order of load-bearing capacity of the
materials to transfer the wheel load efficiently and economically from the top layer to the subgrade
layer. The top AC layer is the main structural element of the pavement and is responsible for
spreading the wheel load over a relatively large area underneath the base and subgrade. However,
it is a common practice to pave several AC layers with smaller thicknesses (known as lifts,
thickness less than 3 in) instead of one thicker layer to achieve better compaction (or due to the
compactor’s limitation). Two layers are usually laminated or bonded using tack coat materials or
other interface materials. As such, the lamination or bonding between two thin AC layers is
responsible for transferring loads between layers. If the interface bonds or laminations are intact,
then the AC layers function as a monolithic layer, allowing loads to transfer efficiently on the
underlying base and subgrade. If an interfacial delamination occurs, the pavement's load transfer
mechanism gets impeded, resulting in pavement distress and premature failure. During routine
field exploration, the presence of delamination is found as shown in FIGURE 1.1.

FIGURE 1.1: Field core (I-40)

Interfacial delamination represents one of the critical mechanisms affecting the performance and
durability of asphalt pavements. The loss of bonding between AC layers alters the stress
distribution within the pavement structure and reduces the efficiency of load transfer across the
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interface. As a result, localized stresses and strains may increase within AC layers. These changes
in structural response can accelerate pavement deterioration and significantly reduce service life.

Numerous pavement distresses have been associated with inadequate interlayer bonding. One of
the most commonly observed distresses is slippage cracking (FIGURE 1.2a), which frequently
occurs at locations where vehicles apply significant braking forces. Examples include
intersections, signalized approaches, ramps, and areas subjected to heavy traffic congestion. At
these locations, horizontal shear stresses develop near the pavement surface. If the interface bond
is insufficient to resist these stresses, the top AC layer may slide relative to the underlying layer.

Other forms of pavement distress may also develop when the interface bond is weak. Surface
debonding (FIGURE 1.2b) has also been reported in pavement sections where interlayer bonding
has deteriorated.

(a) (b)

FIGURE 1.2: Pavement distress due to delamination

(a) Slippage Cracking (b) Surface debonding

Importantly, these distresses may occur even when the asphalt mixtures used in the pavement
layers remain structurally sound. In such cases, the deterioration is not associated with deficiencies
in the mixture design or material quality, but rather with the loss of bonding between layers.
Consequently, the interface between asphalt layers represents a critical zone within the pavement
structure where structural performance can be significantly influenced.

Because of the importance of interlayer bonding, transportation agencies have long recognized the
need to improve adhesion between asphalt pavement layers. The most common method used to
promote bonding between layers is the application of a tack coat. Tack coat typically consists of a
thin layer of asphalt binder or asphalt emulsion applied to the surface of an existing pavement layer
prior to placement of a new asphalt course. The purpose of the tack coat is to create an adhesive
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bond between layers so that the pavement structure can behave as a monolithic system under traffic
loading.

When properly applied, tack coat enhances the shear resistance at the interface between pavement
layers. The resulting bond allows horizontal stresses generated by traffic loading to be transferred
across the interface without causing slippage or separation. By maintaining continuity between AC
layers, tack coat helps ensure that the pavement structure behaves as an integrated composite
system. This interaction contributes to improved load distribution, reduced structural deterioration,
and increased pavement service life.

Despite the widespread use of tack coat in asphalt pavement construction, achieving consistent
bonding performance in the field remains a challenge. The effectiveness of tack coat bonding
depends on several factors related to materials, construction practices, and environmental
conditions. The type of tack coat material used may influence the adhesive properties of the
interface. Conventional asphalt emulsions, polymer-modified binders, and other materials may
exhibit different bonding characteristics.

The amount of tack coat applied is also a critical parameter. Application rate is typically expressed
as the residual binder content remaining after the water component of the emulsion has evaporated.
If the application rate is too low, insufficient binder may be available to establish adequate bonding
between layers. Conversely, excessive tack coat application may create a lubricating layer that
reduces friction and shear resistance at the interface. Achieving the appropriate residual application
rate is therefore essential for optimal bonding performance.

Surface condition is another important factor influencing interlayer bonding. The presence of dust,
debris, or moisture on the existing pavement surface can interfere with adhesion between layers.
Proper surface preparation prior to tack coat application is therefore necessary to ensure adequate
bonding. Surface texture also plays an important role in bonding performance. Rough or milled
surfaces may enhance mechanical interlocking between asphalt layers, while smooth surfaces may
provide limited mechanical interaction.

Variations in construction practices can introduce additional variability in tack coat performance.
Uneven spray patterns, improper equipment, and insufficient curing time may lead to inconsistent
tack coat application. Environmental conditions during construction, such as temperature and
humidity, may also influence the behavior of tack coat materials. Because of these factors, the field
performance of tack coat bonding may vary significantly across different pavement projects.

Previous research has demonstrated that interface shear strength between asphalt layers is
influenced by several interacting parameters. Important factors include tack coat type, residual
application rate, surface texture, temperature, moisture condition, and loading rate. Laboratory
studies have been conducted to evaluate the influence of these parameters on interlayer bonding
performance. Various experimental devices have been developed to measure the shear strength of
asphalt interfaces.
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Interlayer shear testing has become one of the most widely used laboratory approaches for
evaluating bonding performance between asphalt layers. In these tests, a layered asphalt specimen
is subjected to controlled horizontal displacement or shear loading until failure occurs at the
interface. The measured shear strength indicates the bonding capacity between the pavement
layers. These experimental methods allow researchers to compare the performance of different
tack coat materials and application rates under standardized laboratory conditions. Studies have
shown that variations in tack coat materials and construction variables can significantly influence
the measured interface shear strength.

Although considerable research has been conducted on interlayer bonding, several important
challenges remain. Different research institutions and transportation agencies have used a variety
of testing devices, specimen configurations, and loading conditions. As a result, measured interface
strengths can vary significantly between studies.

Furthermore, the relationship between laboratory measurements and field performance is not
always clearly established. Pavement interfaces in the field are subjected to complex loading and
environmental conditions that may not be fully replicated in laboratory experiments.

Another challenge is the complex nature of bonding mechanisms at the asphalt interface. Interlayer
bonding occurs through a combination of adhesive, frictional, and mechanical interactions.
Adhesion is governed by the bonding characteristics of the asphalt binder, while frictional and
mechanical interlocking result from aggregate texture and surface roughness. The relative
contribution of these mechanisms may vary depending on surface preparation, tack coat properties,
and environmental conditions.

Traffic loading introduces additional complexity into the behavior of asphalt pavement interfaces.
Wheel loads generate shear stresses within the pavement structure that vary depending on load
magnitude, vehicle speed, pavement thickness, and temperature conditions. Temperature gradients
within the pavement structure can alter the stiffness of asphalt materials and influence stress
distribution across the interface. Moisture infiltration and long-term aging of the asphalt binder
may further affect the bonding characteristics between layers.

Recent advances in pavement analysis have introduced new tools for evaluating the mechanics of
interlayer bonding. Mechanistic—empirical pavement design methods provide a framework for
analyzing pavement responses under realistic loading and environmental conditions. These
methods allow researchers to assess the structural implications of different bonding conditions
between pavement layers.

Numerical modeling techniques have been used to study the mechanics of interfacial damage and
delamination. Finite element models allow researchers to simulate pavement behavior under
complex loading conditions and evaluate interface shear response, damage initiation, and
progressive degradation of bonding between layers. When validated using laboratory testing data,
these models provide valuable insight into the parameters that control interfacial failure.
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For transportation agencies responsible for maintaining pavement infrastructure, improving the
understanding of interlayer bonding is essential. Premature pavement failures caused by
delamination can result in increased maintenance costs, reduced pavement service life, and
disruptions to traffic operations. Reliable evaluation methods are therefore needed to assess
interface bonding performance and guide construction practices.

The research presented in this report focuses on improving the understanding of bonding
performance between asphalt pavement layers and the mechanisms that contribute to interfacial
delamination. The study evaluates the influence of tack coat parameters on interface behavior and
examines the mechanical response of pavement layers under different loading and environmental
conditions.

A combination of laboratory testing, mechanistic analysis, and numerical modeling is used to
investigate interlayer behavior. Direct shear testing is conducted to quantify interface shear
strength and to evaluate the effects of tack coat type, application rate, curing condition, surface
characteristics, and loading conditions. The experimental results are interpreted using mechanistic
concepts to understand the roles of adhesion, friction, and mechanical interlocking in controlling
interface resistance.

The study also considers the influence of environmental factors, particularly temperature and
moisture, on bonding performance. In addition, finite element modeling is employed to simulate
interfacial behavior and to investigate damage initiation and progression using a cohesive zone
modeling approach. The numerical model is calibrated and validated using laboratory test results
to ensure consistency between measured and simulated responses.

The results of this research are expected to contribute to the development of improved testing
protocols and design guidelines for preventing delamination in asphalt pavements. By identifying
the parameters that influence interface performance, this study aims to provide practical tools to
improve pavement construction practices and enhance the long-term durability of asphalt
pavement systems.

1.2 Objectives

The main objective of this research is to evaluate the bonding behavior between asphalt concrete
layers and to identify the key parameters influencing interfacial delamination under mechanical
and environmental conditions.

The specific objectives of this study are:

a) To review current practices related to tack coat materials, application methods, and interface
bonding evaluation techniques.
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b) To evaluate the influence of tack coat type, application rate, and curing condition on interface
bonding performance through laboratory testing.

c) To investigate the shear behavior of asphalt interfaces under different loading conditions,
including the effects of normal stress and loading rate.

d) To evaluate the effects of full and partial bonding conditions on pavement performance using
Pavement Mechanistic-Empirical Design (PMED) analysis.

e) To interpret interface behavior using mechanistic principles by quantifying the contributions of
adhesion, friction, and mechanical interlocking.

f) To evaluate the influence of environmental conditions, particularly temperature and moisture,
on interface shear strength.

g) To identify the key parameters controlling interfacial failure and provide recommendations to
improve bonding performance and reduce the risk of delamination in asphalt pavements.

h) To develop and validate a finite element model capable of simulating pavement interface
behavior under complex field conditions, including geometry, traffic loading, and material
characteristics.

1.3 Scope of The Study

This study focuses on interfacial delamination between asphalt pavement layers. The work
includes a review of current tack coat practices, application rates, testing methods, and factors
affecting interface bonding. Laboratory tests are conducted to evaluate the effects of tack coat type,
application rate, curing time, surface texture, temperature, moisture, normal stress, and loading
rate on interface shear strength.

The study also uses mechanistic-empirical pavement analysis to examine the effects of full and
partial bonding conditions on pavement distresses such as rutting, fatigue cracking, and roughness.
In addition, finite element modeling using a cohesive zone approach is used to simulate interface
shear stress between asphalt layers. Overall, this study aims to identify important bonding
parameters and provide guidance to reduce delamination in asphalt pavements.

1.4 Organization of the Report

This report is organized into six chapters:
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Chapter 1, Introduction, presents the research need, objectives, and scope of the study. It
establishes interfacial delamination as a critical pavement distress mechanism and articulates the
need to evaluate bonding behavior between asphalt concrete layers.

Chapter 2, Review of Current Practices, synthesizes existing knowledge and practice related to
interlayer bonding and delamination. The chapter examines factors that influence interface
performance, laboratory and field methods used to assess bond strength, and tack coat practices
adopted by various state Departments of Transportation. It concludes by identifying gaps in current
evaluation approaches.

Chapter 3, Evaluation of Tack Coat Parameters, presents the laboratory evaluation of tack coat
materials, covering residual binder content, rheological properties, curing behavior, and direct
shear test results. The effects of tack coat type, residual application rate, and curing condition on
interface shear strength are examined and discussed.

Chapter 4, Determination of Mechanics of Delamination, investigates how interface bonding
conditions affect pavement structural response and predicted performance. Using mechanistic—
empirical pavement analysis, the chapter evaluates the influence of bond condition, binder grade,
truck traffic level, and climate on asphalt concrete rutting, top-down fatigue cracking, bottom-up
fatigue cracking, and international roughness index. It demonstrates how the loss of composite
action between asphalt layers alters stress transfer, amplifies critical strains, and accelerates
pavement distress.

Chapter 5, Selection of Delamination Design Parameters and Limiting Values, identifies the key
parameters governing interfacial delamination. The chapter evaluates the effects of normal stress,
shear rate, moisture conditioning, temperature, surface roughness, texture, aging, and texture
orientation on interface shear strength. A finite element modeling framework is also presented to
simulate interface shear stress and fracture energy.

Chapter 6, Conclusions, summarizes the major findings of the study and offers recommendations
for improving interlayer bonding and reducing the risk of delamination in asphalt pavements
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CHAPTER 2
REVIEW OF CURRENT PRACTICES

Delamination failure is induced by interlayer stress that develops due to effects such as heavy
wheel loads, layers and interface materials, structural discontinuities, moisture movements, freeze-
thaw and temperature differences between layers, localized disturbances and slippage formations,
lateral confinements, and aging. Delamination is a gradual, cyclic process that can occur in
conjunction with fatigue failure (Hakimzadeh et al., 2012). The increase in interface shear from
braking and turning operations is a major contributor to interfacial delamination (Yoo et al., 2006).
When interfacial shear stress due to applied wheel load exceeds the strength of the interface bond,
delamination occurs (Mohammad et al., 2009). If the temperature distribution along the depth is
not uniform, shear stress can be generated along the AC interfaces due to differential expansions
and/or contractions of the layers. The AC interfaces can be damaged by the moisture effects
because moisture damage reduces the strength of the interface bond. Also, during tack coat
applications, the existing surface needs to be clean and dry before application of the tack coat. If
tack coat is applied without drying the existing surface or if tack coat is contaminated with dust or
dirt, the interface bond will be hampered. In addition, improper choice of tack coat (type) and lack
of tack coat or low application rate are potential reasons for delamination at the interfaces.

Past field investigations reported that delamination between layers can cause slippage, cracking,
and premature deformations (Shaat, 1992; Charmot et al., 2005; Tayebali et al., 2004; Romanoschi
and Metcalf, 2002). Shaat (1992) stated that a poor interlayer bond is responsible for the slippage
cracking in the pavement. Charmot et al. (2005) reported that poor interlayer bond caused interface
slippage on 44% of an overlay project in Nevada, soon after completion of the works. Besides the
regular highway pavements, many researchers investigated the effects of interface quality on
airport pavement performance. This is because the traffic-induced loads are comparatively higher
in airport pavements than in highway pavements. In Japan, the interface delamination problem is
one of the main problems that causes airport runway pavement failures (Hachiya & Sato, 1997;
Tsubokawa et al., 2007).

Several researchers used various numerical analyses to demonstrate the importance of interface
quality on pavement performance. These analyses included the calculation of stresses and strains
based on various interface conditions and the prediction of pavement performance. Uzan et al.
(1978) used the finite element method (FEM) to show that the pavement responses (stress and
strain) under wheel loads are significantly affected by the degree of interface bonding. Brown &
Brunton (1984) reported a 30% reduction in pavement life due to the degradation in interface
bonding quality. Several researchers used FEM tools to create a model to perform the surface layer
stress analysis of aircraft during landing and braking (Kruntcheva et al., 2006; Su et al., 2008;
Buonsanti & Leonardi, 2012; Ali Shafabakhsh & Akbari, 2013; Shafabakhsh & Akbari, 2013).
Some studies have shown that tire tread patterns, contact load shapes, and interface conditions can
significantly influence the stress distribution and peak stress imparted on the pavement’s surface
(De Beer et al., 2002; Yoo et al., 2006; Al-Qadi & Wang, 2011). Wang et al. (2012) investigated
the interaction between tire and pavement by considering actual tire contact geometry. They found
that the tire pressure is not uniform; the pressure is significantly higher at the center than on the
outer side. They concluded that longitudinal contact stresses increase as a tire's motion changes
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from free rolling to braking. They also reported that both vertical and transverse contact stresses
can become greater than those at the free rolling condition. Su et al. (2008) used a three-
dimensional tire-pavement interaction model to demonstrate that the modelled slip between the
surface and the underlying layer had a significant impact on pavement stresses due to poor load
transfer to the underlying layer. The layer elastic theory was used by Maina et al. (2008) to assess
surface layer delamination and model the risk of shear slippage inside the pavement. Kruntcheva
et al. (2006) studied the effect of bond condition on pavement stresses by modeling the interface
as a 10-mm thick layer of variable stiffness. They used linear elastic and two-dimensional FEM
analysis to demonstrate that delamination between the pavement layers reduces pavement life.
From the above studies, it can be concluded that the effects of interface delamination on pavement
performance are significant.

2.1 Factors that Influence Interfacial Delamination

2.1.1 Tack coat type

Tack coat is used in the field to promote adhesion between the layers (West et al., 2005). Tack
coat can be conventional asphalt binder, cutback asphalt, or asphalt emulsion. However, due to
improved workability and lower cost, asphalt emulsion is the most commonly used tack coat in
the pavement industry (TRB, 2012). The emulsified tack coats are usually made from either
conventional or polymer-modified asphalt binders. Several studies have examined the interface
strengths made from different tack coat materials. They reported that the polymer-modified
emulsions produce greater interface strengths. Mohammad et al. (2002) utilized a direct shear test
to investigate six tack coats (four emulsions and two traditional asphalt binders) at different
application rates and different temperatures. They concluded that the tack coat with the highest
viscosity has the highest interface shear strength. Tayebali et al. (2004) compared conventional
binder and rapid-setting emulsion tack coats. They found that the conventional binder delivered
20-50 percent stronger strength across a range of temperatures and load application rates when the
test was done in tension mode. This is because actual binder content varies depending on the tack
coat substance, and it affects the strength. For example, the binder content of a neat binder is 100%.
On the other hand, asphalt emulsion has a binder content from 30 to 70 percent. However, at an
identical application rate, conventional binder and asphalt emulsion tack coatings would have
dramatically different residual application rates after curing because the emulsion's 30—40 percent
water content evaporated during this time. Moreover, the conventional binder has a substantially
higher viscosity than the emulsion binder. Tayebali et al. (2004) also found that the difference is
negligible when the test was performed in shear mode. Because aggregate interlock and friction
were dominant components in the direct shear strength test, this was most likely the reason for this
behavior.

Mohammad et al. (2011) compared neat emulsion and polymer-modified emulsion tack coats at
20 °C. The interface shear strength and modulus values of the polymer-modified tack coat are
roughly double those of the neat emulsion tack coat. Canestrari & Santagata (2005) found a similar
trend when they evaluated interfaces with no tack coat, neat emulsion, and polymer-modified
emulsion at 20 °C. At 40 °C, however, the interface shear strength values of the modified and
unmodified emulsion tack coats performed fairly similarly. Bae et al. (2010) tested neat emulsion
and polymer-modified emulsion tack coats at varied temperatures (-10 to 60 °C) and application
rates (0.14-0.70 I/m2). The results revealed that the two tack coats have similar interface shear
strength at low temperatures. The difference in strength becomes significant when the temperature
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rises above 10 °C. They also reported that the polymer-modified emulsion can have a significantly
higher strength (about 10 times) than a neat emulsion. Chen & Huang (2010) discovered the same
results. The polymer-modified emulsion performs better than conventional emulsions at medium
temperatures, typically 25-55 °C.

2.1.2  Application rate

Several studies evaluated the effect of application rate on the interface bond performance. It should
be mentioned that the residual rate (after breaking and curing) must be controlled rather than the
total or gross application rate when comparing tack coat types and application rates. These studies
aim to determine the optimum tack coat application rate. However, mixed results have been
reported by the researchers. Some have proposed that too much tack coat can result in a slip plane
at the interface (Mohammad et al., 2010), whereas too little tack coat can result in free dust at the
interface, preventing adhesion (Bae et al., 2010; Tran et al., 2011). The shear strength increases
approximately linearly with increasing tack coat application rate in the range of 0.1-0.7 I/m2,
according to Mohammad et al. (2009) and Mohammad et al. (2011). However, in another study,
Mohammad et al. (2010) reported that higher tack coat application rates resulted in lower shear
strength results. Romanoschi & Metcalf (2002) investigated the interface shear strength with and
without a tack coat using cores from field trials. The field trial with tack coat was created by
applying tack coat at a low rate of 0.11 1/m2 to the interface. They found that the average difference
of shear strengths between with and without tack coat field cores is 210 kPa. The interface shear
modulus is reduced by an average of 40 MPa/mm if no tack coat is applied. A similar observation
is also reported by Canestrari & Santagata (2005).

In contrast, Lysenko (2006) reported that the interface shear strength is high when no tack coat is
applied in the case of laboratory-prepared specimens. Tashman et al. (2008) used both the direct
shear test and pull-off test to evaluate milled and un-milled surfaces, as well as the influence of
different tack coat application rates (0.08—0.32 1/m2). They found that the tensile strength (as
measured by the pull-off test) of both milled and non-milled sections decreases as the tack coat
rate increases. They also reported that the application rate of tack coat does not affect direct shear
strength for milled interface sections as it does for non-milled sections. Mrawira & Damude (1999)
found that the presence of any tack coat caused a slip plane and reduced the measured interface
shear strength for field cores with non-milled interfaces.

2.1.3 Interface texture

The effect of the texture of the interface on the shear resistance of the interface has been evaluated
by many researchers (D’Andrea et al., 2013). Tozzo et al. (2014) reported that there is a
relationship between the textures of the layers and shear stress at the interface. Tashman et al.
(2008) used direct shear, torsional shear, and tensile tests to compare the textured and non-textured
interface shear strengths. They found that the direct shear strength for the textured interface is
almost three times higher than the value for the non-textured interface. The torsional shear strength
of the textured interface is slightly higher than that of the non-textured interface. The tensile test
shows that the textured interface has a tensile strength that is around double for non-textured
interface. According to Mohammad et al. (2010), a textured surface has greater interface shear
strength than a non-textured surface. A similar observation was made by Santagata et al. (2008).
Sholar et al. (2002) showed that the milled (textured) interface has 10-25 percent more shear
strength than the non-milled (non-textured) interface. It is also reported in the literature (TRB,
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2012) that bottom-layer surface roughness and interface shear strength are directly related, and
milled surfaces consistently have higher strength than non-milled surfaces.

2.1.4 Interface condition

Before applying a new AC layer, it is critical to ensure that the surface of the existing layer is dry
and clean. However, the field practice is not always ideal, and there are many cases when paving
is done in the presence of rainwater or dust on the existing surface. Therefore, many efforts have
been undertaken to evaluate the effect of existing surface conditions on the performance of the
interface, and the results are interesting. Interface performance is expected to be reduced due to
wet or dusty interfaces. Sangiorgi et al. (2002) found that the presence of dust on the existing
surface has a detrimental effect on interface bond performance. On the other hand, Lysenko (2006)
found that the presence of dust near the interface enhanced the strength of laboratory-prepared
samples. The dust acts like filler and creates an asphalt mastic at the interface. Because mastic is
stiffer than the binder, this increase in tack coat stiffness would have boosted interface adherence
by increasing the tack coat material's adhesive potential (TRB, 2012). In full-scale trials on two
highways in the United States, Sholar et al. (2002) investigated the effect of the presence of
rainwater on the interface performance. They found that there is a significant (approximately 50—
60%) reduction in shear strength for the moist interface compared to the dry interface. In contrast,
some studies found that there is no significant difference in shear strengths between dry and wet
conditions (TRB, 2012).

2.1.5 Test temperature

Both AC and tact coat are temperature-sensitive materials. Therefore, many researchers have
found that interface shear strength decreases as temperature increases. However, the magnitude of
the decline varies from study to study. With increasing temperature, Bae et al. (2010) found a
significant drop in interface shear strength. According to Diakhate et al. (2006), shear strength
dropped due to temperature in a non-linear manner. At higher temperatures, where tack coat
viscosity is low, texture, according to Chen and Huang (2010), becomes more significant in
obtaining optimal shear resistance. Canestrari & Santagata (2005) measured a 200 kPa reduction
in interfacial shear strength due to a change of temperature from medium to high. The interface
shear modulus also drops at the higher test temperature, but to a significantly lesser degree. For
various asphalt mixtures and interface conditions, Sholar et al. (2002) showed a 92% drop in shear
strength from 25 °C to 60 °C. West et al. (2005) discovered that temperature change significantly
affects bond strength. Tayebali et al. (2004) reported an approximate 80% reduction in shear
strength at the higher temperature. A similar trend was observed by Hachiya & Sato (1997). It is
also revealed by Romanoschi & Metcalf (2002) that the decline in shear strength is true for the
interfaces where no tack coat is applied. Like shear strength, the tensile strength of the tack coat is
also a function of temperature (TRB, 2012). TRB (2012) also confirmed that the polymer-modified
emulsions are less sensitive to temperature changes than neat emulsions.
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2.1.6 Curing time

It is recommended to wait until the tack coat breaks (cured) after it is applied before paving the
top layer. The tack coat is considered to be broken (cured) when water separates from the emulsion
due to evaporation, and the color of the tack coat begins to change from brown to black. A thin
coating of asphalt binder on the existing layer forms when the water has entirely separated from
the emulsion. The emulsions are considered to have set at this point. However, sometimes paving
is done before the curing of the tack coat. Therefore, some studies investigate the effect of curing
of tack coat on the interface bond performance, and the findings are not uniform. For example, a
few studies, such as West et al. (2005, Tashman et al., 2008 concluded that paving over an
unbroken tack coat does not affect bond strength, while other studies, such as Hachiya & Sato
(1997), Buchanan & Woods (2004), reported that interface bond strength improves if the tack coat
is cured properly. According to past literature, an overlay can be applied immediately after the
tack has been applied, whether it is broken or not. It is also reported that the bond will be
established between the layers regardless of the curing condition of the applied tack coat.

2.1.7 Normal stress

Like other materials, the magnitude of normal stress directly affects the direct shear strength of an
AC interface. Uzan et al. (1978 stated that the interface bond strength is linearly correlated with
the applied normal stress. Mohammad et al. (2009) reported that the significance of normal is more
critical for a dusty interface than a clean interface. According to West et al. (2005), normal stress
is not significant at 10 °C test temperature, but is linearly related to shear strength at 60 °C. The
reason is that the frictional component is more dominant than the adhesion at higher temperatures.
Romanoschi & Metcalf (2002) used normal stresses ranging from 138 to 522 kPa to examine
surfaces with and without tack coat in a direct shear test and found that bond interface shear
strength and modulus increase with increment of normal stress at a rate that is equivalent to a
friction angle of approximately 45°. Similar trends have been reported by other researchers, such
as Chen & Huang (2010) and D’Andrea et al. (2013).

2.1.8 Loading rate

Because both AC and tack coat are viscoelastic materials, their mechanical responses are time-
dependent. Like any other viscoelastic material, interface shear strength decreases as the rate of
loading increases (Uzan et al., 1978). Sutanto et al. (2007) applied different deformation rates (10,
50, and 100 mm/min) and found that shear strength varied by approximately 33%, in proportion
to the rate of loading. By comparing two different loading rates (19 and 50 mm/min), Sholar et al.
(2002) found that the faster rate causes 55% increment in shear strength than the slower rate.
However, Tayebali et al. (2004) reported that the loading rate is more critical in tension mode than
in shear mode. They reported that the tensile strength measured at a 2.5 mm/min load rate is about
two to four times the tensile strength measured at a 1.0 mm/min load rate. The difference in
strength between the 1.0- and 2.5-mm load rates was minimal when a direct shear test was used.
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2.2 Review of Testing

Past studies show that interfacial delamination hinders the pavement’s load transfer mechanism
and results in other pavement distress and premature failure. Giving importance to this fact, several
researchers have attempted to develop their own test methods and apparatuses for evaluating
interfacial delamination. It is worth mentioning that no standard test method or protocol has yet
been established despite these attempts. The tests mentioned in the literature can be categorized

into three major groups based on the applied loading modes: shear, torque, and tension tests, as
shown in FIGURE 2.1.
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FIGURE 2.1: Types of test methods for evaluation of interfacial delamination
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2.2.1 Direct Shear Tests

The direct shear tests are the most commonly used tests to evaluate interfacial delamination
because of their ease of use and suitability. The shear test is performed by applying shear load on
a two-layered (or three-layered) specimen with or without the presence of normal load. The test is
also conducted in two different modes: monotonic and cyclic loadings. Descriptions of a few direct
shear tests are summarized in this section.

The simplest direct shear test is the Leutner test, as shown in FIGURE 2.2, developed in Germany
in 1979 (Sangiorgi et al., 2002). The test is done by applying a constant rate of shear displacement
to a 150 mm diameter layered cylindrical specimen until interface failure occurs without the
presence of any normal load. The loading rate is 50 mm/min to make the test compatible with any
ordinary Marshal or California bearing ratio (CBR) devices, which are widely available. It uses
the maximum shear strength as the delamination performance parameter. The limitation of this test
is that the mounting molds put extra pressure on the specimen (Sholar et al., 2002), which can
affect the results.

50mm/min

67.5mm'|*
- e Specimen
70mm 50mm
Photograph Cross Section Shearing Insert

FIGURE 2.2: Leutner simple direct shear test (Sangiorgi et al., 2002)

Many researchers later adopted and modified the Leutner test to make it more suited for their
objectives due to its relatively basic configuration and easy operation. For example, Raab et al.
(2010) developed the layered parallel direct shear (LPDS) test in Switzerland to examine
delamination of the asphalt pavement’s interface. The LPDS test uses 150 mm diameter layered
specimens with a standard displacement rate of 50 mm/min, just like the Leutner test. The LPDS
device is seen schematically in FIGURE 2.3. Like the Leutner test, the mounting molds also put
extra pressure on the specimen.
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FIGURE 2.3: Layered parallel direct shear (LPDS) test (Raab & Partl, 2004)

Sholar et al. (2002) reported that the loading arms of the original Leutner test put additional load
on the specimen, and this load can affect the test results. They designed a simple shear test device
for the Florida Department of Transportation (FDOT) that holds a layered specimen with two ring-
shaped arms (as shown in FIGURE 2.4), where one arm is fixed, and another can move to apply
load. The device is designed in such a way that the gap between the two arms can be adjusted. In
addition, other test configurations, such as temperature, loading mode (stress or strain), loading
rate, etc., are also configurable. However, in this test, the normal load cannot be applied to the
specimen, and there is a great chance of flexural stress on the interface if the interface is not
completely vertical (Diakhate, 2007).

FIGURE 2.4: Florida Department of Transportation (FDOT) shear test (Sholar et al., 2002)

To accommodate the facility for applying normal load to the specimen, the Louisiana Interlayer
Shear Strength Tester (LISST) was developed to characterize pavement’s interfacial delamination
(Mohammad et al., 2012). It uses a custom-made mold with two shearing platens (one of which is
a stable response frame and the other a mobile shearing frame) separated by a 12.7 mm gap. The
device also facilitated applying a normal load to the specimen. The test is done at a constant
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displacement rate of 2.54 mm/min. FIGURE 2.5 shows the LISST device developed by
Mohammad et al. (2012). Like other direct shear tests, there is a chance of flexural stress on the
interface if the interface is not completely vertical.

Mormal Load

Actuator

Reaction Frame

FIGURE 2.5: Louisiana interlayer shear strength tester (LISST) (Mohammad et al., 2012)

The National Centre for Asphalt Technology (NCAT) also used a similar shear test device to
evaluate the interfacial delamination in the presence of normal stress (West et al., 2005). The
device (as shown in FIGURE 2.6) is similar to the FDOT shear tester, and likewise, this device
can be attached to a universal testing or Marshall loading frame for the loading of specimens. The
test applies a shear load at 50.8 mm/min on a 150 mm diameter specimen. A gap width of 6.35
mm + 0.8 mm is recommended between two shearing platens. The test can be performed in the
presence of a normal load. However, the applied load may produce a bending moment on the
interface due to the eccentricity effect.

ROLLER CLUSTER

FRONT PRESSURE PLATE

BREAKING HEAD MODIFIED
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FIGURE 2.6: National Centre for Asphalt Technology (NCAT) shear test (West et al., 2005)
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To remove the gravitational force from the mounting mold, some tests were developed where the
interface is kept parallel to the horizontal plane. An example of such a test is the Ancona Shear
Testing Research and Analysis (ASTRA) test developed by Santagata et al. (1994). One unique
feature of the test apparatus is that it can measure the displacements in both normal and shear
directions, which allows to determine the dilation (or volumetric expansion) at the interface. The
apparatus can also test both prismatic and cylindrical specimens. The test is carried out at a
constant displacement rate of 2.5 mm/min with a constant normal load perpendicular to the plane
of the tested interface. The ASTRA equipment is depicted schematically in FIGURE 2.7.
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FIGURE 2.7: Ancona Shear Testing Research and Analysis (ASTRA) test

In real conditions, the pavements are subjected to repeated traffic loading; therefore, many
researchers urged that the cyclic or dynamic test would be a better choice than the monotonic
testing. As a consequence, there are some tests that have been proposed by the researcher to
investigate the interface delamination in cyclic loading. Donovan et al. (2000) developed
another direct shear test fixture, as shown in FIGURE 2.8, to apply cyclic shear load at the interface
of a layered specimen in the vertical direction with the presence of a normal load, which is
applied in the horizontal direction. The test aims to track the degradation of interface delamination
due to cyclic loading. Al-Qadi et al. (2012) later used a modified version of the apparatus.
However, they performed the test in monotonic mode instead of cyclic mode to reduce the effect
of the bending moment caused by the eccentricity of the shear force.
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FIGURE 2.8: Donovan et al. dynamic shear test (Donovan et al., 2000)

Another dynamic shear test was used in Germany in 2007 to investigate the interface delamination
between AC layers (Wellner et al., 2015). This dynamic shear testing equipment is designed to
assess the degradation of the dynamic shear reaction modulus at interfaces of 100 mm diameter
layered specimens due to repeated shear displacement in the presence of normal load. The dynamic
shear testing apparatus is depicted in FIGURE 2.9.

FIGURE 2.9: Ascher et al. dynamic shear test (Wellner et al., 2015)

Isailovic et al. (2018) also used a dynamic shear test to track the delamination at the interface due
to cyclic loading. They performed the test on the 150 mm cylindrical specimen at three different
normal stress levels (0 to 0.5 MPa) and five temperature levels (-10 to 50 °C). However, they
recommend using the test without applying the normal load for practical purposes. FIGURE 2.10
shows the cyclic test used by Isailovic et al.
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FIGURE 2.10: Isailovic et al. dynamic shear test; (Isailovic et al., 2018)

In a simple direct shear test on a two-layered specimen, the applied load may produce a bending
moment on the interface due to the eccentricity effect. This situation can alter the measured shear
stress value, and the reliability of the test result becomes questionable. To avoid the bending effect,
Diakhate (2007) developed a double shear test to determine the interfacial delamination
performance in pure shear mode. FIGURE 2.11 shows the double shear test apparatus used by
Diakhate (2007). In this test, the outside layers are fixed while the central part is subjected to
displacement, resulting in (near) pure shearing forces at the two interfaces. The original test can
be done in both monotonic and dynamic loadings without the presence of normal load (Canestrari
et al., 2013).
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FIGURE 2.11: Double shear test (Diakhate et al., 2011)

Rotating the interface plane and applying a vertical load on the inclined interface is another
approach to evaluate delamination at the interface in the presence of normal stress. In this method,
the applied vertical load transforms into two resultant forces: one acts normal to the interface and
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the other acts parallel to the interface. Based on this principle, Romanoschi & Mercalf (2002)
developed a shear fatigue test in which the shear plane is set at a 25.50 angle to the horizontal
plane, allowing both normal and shear force to be applied to the interface at the same time.
However, the researchers concluded that further analysis is required to capture the ratio between
shear stress and normal stress for more accurate predictions. FIGURE 2.12 depicts a schematic
illustration of the test.
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FIGURE 2.12: Inclined shear test (Romanoschi & Metcalf, 2002)

Another inclined shear test device is the Spienza inclined shear test machine (SISTM), as shown
in FIGURE 2.13. The uniqueness of this device is that it can run the test in both monotonic and
cyclic loading modes (Tozzo et al., 2014). In this test, the inclination angle is 60° in the
longitudinal direction of the specimen. The angle was chosen such that the normal and shear stress
response measured would relate to 30.0 mm from the edge of a tire wheel load.

F
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FIGURE 2.13: Spienza inclined shear test machine (SISTM) (Tozzo et al., 2014)

The three-point bending beam configuration is also being used to evaluate delamination of asphalt
layers. A three-point bending shear test was proposed by Laboratorio de Caminos de Barcelona
(LCB) in Spain (Canestrari et al., 2013), as shown in FIGURE 2.14, where the interface of two-
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layered specimens is located just outside of one support, and a vertical load is applied at the middle
of the beam. Due to this configuration, it is hypothesized that the bending moment at the interface
is nearly zero, and it is under pure shear stress. The vertical load increases until the specimen fails.
Shear strength, shear modulus, and breaking energy are all measured in this test. However, this
test needs a longer specimen, which is not practically feasible.

FIGURE 2.14: Three-point bending shear test (Canestrari et al., 2013)

2.2.2 Torque Tests

The torque (or torsional shear) test is done by applying a twisting moment on a two-layered
specimen. While most of the torque tests are in-situ tests that are performed in the field, a few
torque tests are available, which are done in the laboratory in a controlled environment.
Descriptions of a few torque tests are summarized in this section:

An in-situ torque bond test, as shown in FIGURE 2.15, was developed in Sweden for investigating
in-situ interfacial delamination of asphalt pavement layers (Tashman et al., 2008). This test
requires a core up to 20mm below the interface. Then, the top surface of the core is attached to the
device's metal plate and connected to a torque wrench. After that, a torque is supplied manually to
the specimen at a consistent rate until the adhesion between the specimen surface and the metal
plates has grown to the point where no failure is expected at this interface. When the maximum
torque is reached, or the recorded torque exceeds 300 N - m, the torque stress is turned off. The
test can be done on specimens either 100mm or 150mm in diameter. In a practical scenario, it is
difficult to maintain the torque rate steady using manual operation. It is known that the strength is
directly related to the loading rate. Thus, it is very likely to get erroneous test results from the in-
situ tests.
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FIGURE 2.15: Swedish in-situ torque bond test (Tashman et al., 2008)

Another in-situ torque test for the evaluation of delamination of asphalt layers is the ATacker test
(West, 2005). The uniqueness of this apparatus is that it can perform both a torque and a tensile
test (FIGURE 2.16). It was developed by the Mississippi Transportation Research Centre. A
smooth, round aluminum contact plate, a torque and force gauge, and a force-driven lever are the
main components of this apparatus. The diameters of the contact plates can be varied from 12.7
mm to 127.0 mm, depending on the tack coat materials employed. To maximize the contact surface
area of the contact plate, a typical normal force of 178N is applied for 60 seconds after the tack
coat material is put in the correct amount on the plate, which breaks and sets. Torsion or tensile
force is applied until the tack coat materials fail, depending on the type of test required.

FIGURE 2.16: ATacker in-situ torque bond test (West, 2005)

In the aforementioned in-situ tests, the load is applied manually to rotate the shaft. In a practical
scenario, it is difficult to maintain the torque rate steady using manual operation. It is known that
the strength is directly related to the loading rate. Thus, it is very likely to get erroneous test results
from the in-situ tests. Therefore, an automatic laboratory torque test was developed that can apply
a constant torque to delaminate the specimen, as shown in FIGURE 2.17. Therefore, it is possible
to get the load-displacement results from the test. The test is done by gluing the two-layered
specimen to two metal plates. In this configuration, one plate is fixed, and torque is applied to the
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other plate until the specimen fails. The peak load is considered the torque bond strength of the
interface. The test can be done in both monotonic and cyclic loading modes. Sutanto (2011) found
higher bond strength values compared to the manual torque bond test when operated at a contact
rate of 600 Nm/min. The main disadvantage of this test is that it is difficult to execute the test.

o gapes

FIGURE 2.17: Automatic torsional shear test (Sutanto, 2011)

2.2.3 Tension Tests

The tension test is conducted by applying tension load on two-layered specimens until the
specimens fail. Like the torque tests, most of the tension tests are also performed mainly in the
field. There are some fracture-based tensile tests that are done in the presence of notches, and the
objective of these tests is to determine the delamination propagation properties. Descriptions of
some tension tests are summarized in this section:

An in-situ pull-off test equipment (FIGURE 2.18) was developed by the Swiss Federal
Laboratories in 1999 to investigate delamination between asphalt layers (Canestrari et al., 2013).
This test is done by attaching the top layer of the pavement to the device, and then, a tensile force
is applied manually to delaminate the top layer (Mohammad et al., 2012). Though this test is easy
to execute, human subjectivity is an issue for this test.
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FIGURE 2.18: Swiss in-situ pull-off test (Canestrari et al., 2013)

Another in-situ pull-off test for investigating delamination was developed by the University of
Texas at El Paso (UTEP) (White, 2015). In this test, the test device, as shown in FIGURE 2.19, is
leveled on the pavement surface where the tack coat has just been applied. Then, the contact plate
is lowered until it touches the tack coat. A 40-pound load is placed on top of the contact plate, and
the plate is then allowed to set for 10 minutes. After that, the torque wrench of the device is turned
counterclockwise to pull out the contact plate until it separates from the tack coat material. The
force required to separate the contact plate from the tack substance is tracked. The torque wrench
reading is then translated to the tack material's strength using a calibration factor.

FIGURE 2.19: University of Texas at El Paso (UTEP) in-situ pull-off test (Hakimzadeh, 2015)

Besides the in-situ tests, laboratory tests are also available to evaluate the interfacial delamination
of asphalt layers in the laboratory environment. For example, a direct tension (pull-off) test, as
shown in FIGURE 2.20, was developed at Kansas State University to determine optimum
application rates of tack coat materials at the pavement interface (Chang et al., 2014). In this test,
a constant pulling rate is applied on a two-layer specimen until the specimen fails, and the peak
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load in load displace curve is referred to as the tensile strength. The specified pulling rate is
25mm/min, and the diameter of the coring specimen is 50 mm. The main disadvantage of this test
is that if the specimen is not aligned vertically, the results will be erroneous.

FIGURE 2.20: KDOT direct tension test (Chang et al., 2014)

Hakimzadeh et al. (2012) urged that peak tensile strength data are not sufficient for FEM modeling.
They proposed a new fracture-based test, called the interface bond test (IBT), for evaluating
interfacial delamination of asphalt pavement layers. In this test, a notch is created at the interface,
and a tensile load is applied to open the crack at a rate of 0.5 mm/min (FIGURE 2.21). Hence, the
fracture parameters can be calculated from the load-displacement curve. They reported that
fracture energy can be a promising indicator for characterizing delamination performance. The test
can be successfully applied to the thin-layer systems.

CMOD gauges

FIGURE 2.21: Interface bond test (IBT) (Hakimzadeh et al., 2012)
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In the IBT, the thin layers need to be glued with aluminum platens to apply the tensile load. This
step is difficult, and an improper bond between the layer and platen can give erroneous results. To
avoid these circumstances, Hakimzadeh (2015) proposed another new test that determines fracture
properties at the pavement interface in a bending beam configuration, as shown in FIGURE 2.22.
In this case, a two-layered beam is prepared in such a way that the interface is at the middle of the
beam. Then, a notch is introduced at the interface, and load is applied to break the specimen. The
test can be done in both tensile loading mode and mixed loading mode. However, preparing
specimens with thicker layers is difficult and practically not feasible.

Roller

FIGURE 2.22: Three-point bending fracture test (Hakimzadeh, 2015)

Another fracture-based test for investigating delamination between asphalt layers is the wedge
splitting fracture test. This test was developed by Tschegg et al. (1995) in Austria to investigate
the fracture parameters of the AC interface. In this test, a vertical compressive force is applied to
a metal wedge, and the wedge converts it to horizontal forces to break a layer at the interface. The
maximum load and fracture energy are derived from the load-displacement curve. FIGURE 2.23
is a schematic illustration of the wedge splitting test. Though the test is easier to execute, it does
not provide the actual load versus crack opening curve (Hakimzadeh, 2015).
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FIGURE 2.23 Indirect wedge splitting fracture test (Tschegg et al., 1995)
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2.2.4  Summary

TABLE 2.1 summarizes the advantages and limitations of each test that is used to investigate
interfacial delamination between asphalt concrete layers. For example, some tests, specifically the
direct shear tests in vertical loading conditions, are affected by load eccentricity if the interfaces
are not perpendicular to the applied loads and/or the gap widths between the mounting molds are
wider. In these circumstances, failure can be affected by a flexural stress in addition to the applied
shear stress. The direct tension test’s results can be erroneous if the alignment of the specimen is
not properly vertical. Results of these tests can also be affected by the glue materials, which are
required to attach specimens to the devices. Similarly, results from manually operated (in-situ
torque or tension) tests are subjected to human bias. The dynamic tests are difficult to execute, and
complicated loading frames are required that may not be available elsewhere. Some tests offer
very little information about bonding properties that can be further used for modeling purposes.
Past literature also reported that the variability of results from these tests is quite high.

TABLE 2.1: Advantages and disadvantages of different tests for evaluation of delamination

Test method

Advantages

Disadvantages

Direct shear tests
(monotonic with
and without
normal load)

® Quick and simple (Sutanto, 2011).

e Repeatable (Sutanto, 2011).

e Can be conducted using common
laboratory equipment

e Mounting mold can put additional
pressure (Sholar et al., 2004)

¢ Possible load eccentricity causes a
bending moment. (Diakhate, 2007)

o Complexity associated with the
application of normal stress (Sutanto,
2011).

e Cannot separate friction from the
bond.

e Loading condition is not field
representable (Donoval et al., 2000)

Direct shear tests
(dynamic)

o The loading condition is field
representable. (Donoval et al., 2000)

¢ Very difficult to execute (Al-Qadi,
2012)

e Time consuming

Double shear tests

® No possibility of load eccentricity
that causes a bending moment.
(Diakhate, 2007)

e Preparing specimens is difficult.

Inclined shear
tests

o Allows the application of both
normal and shear forces to the
interface at the same time.
(Romanoschi & Metcalf, 2002)

o Further analysis is required to capture
the ratio between shear stress and
normal stress for more accurate
prediction (Tozzo et al., 2014)

Three-point shear
test

e Reduced bending moment at the

interface (‘pure shear’ configuration).

(Canestrari et al., 2013)

o Difficult to prepare the specimen

Torque test (in-
situ)

e Portable can be performed in situ or

in the laboratory (Chang et al., 2014).

o Quick.

e Poor repeatability (Sutanto, 2011).

e Temperature cannot be controlled.

o The adhesive property between the
metal plate and the upper surface can
affect the results.
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Torque test e Controlled environment o Difficult to execute
(laboratory) e Repeatable

TABLE 2.1: (continued): Advantages and disadvantages of different tests for evaluation of

delamination
Test method Advantages Disadvantages
Direct tension (in- | e Portable, can be performed in situ or | e Poor repeatability (Chang et al.,
situ) in the laboratory (Chang et al., 2014). | 2014).
® Quick. e Temperature cannot be controlled

(Tschegg et al., 1995)

o The adhesive property between the
metal plate and the upper surface can
affect the results

e Can give only the tensile strength
(Hakimzadeh et al., 2012)

Direct tension e Temperature controllable e Can give only the tensile strength

(lab) (Hakimzadeh et al., 2012)

o The adhesive property between the
metal plate and the upper surface can
affect the results

e Difficult to align the specimen

Fracture-based e Can give fracture properties o Difficult to prepare the specimen

tension tests (Hakimzadeh, 2015)

Indirect tensile e Can give fracture properties e Computational difficulty.

test (Tschegg et al., 1995) o A proper load versus crack opening
e Easier to execute curve cannot be achieved

(Hakimzadeh, 2015).

2.3 Tack Coat Practices in DOTs

In the United States, a survey by Paul and Scherocman collected responses from 42 state DOTs
and the District of Columbia. The findings indicated that most agencies use slow-setting
emulsions. The commonly used types are SS-1, SS-1h, CSS-1, and CSS-1h. Only one state
reported regular use of hot asphalt binders for tack coat (Paul & Scherocman, 2012). Another
survey of midwestern and western states reported similar trends. Slow-setting emulsions were the
primary materials in most states. California was an exception, where AR-4000 was widely used.
In some cases, SS-1 or CSS-1 was also used. Limited use of cutback asphalt was reported in
Kansas. New Mexico and Texas indicated occasional use of performance-grade asphalt binders
(Cross & Shrestha, 2012). Guidelines from the Unified Facilities Guide Specification (UFGS) state
that slow-setting emulsions can be diluted. Dilution increases the application volume and improves
spray control at low application rates. It also helps achieve more uniform coverage during
placement (UFGS, 2012). However, diluted emulsions require more time to break and set. This
process may take several hours or longer. During this period, the interface may be weak. Early
traffic can cause slippage if the other layer is placed too soon (UFGS, 2012).
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This subsection presents detailed information on specifications and guidelines regarding the tack
coat of some DOTs. The states considered in this comparison are New Mexico, Arizona, California,
Colorado, Oklahoma, and Texas. These agencies were selected because their specifications are
commonly referenced in projects within the southwestern and southern United States and are
relevant to pavement construction conditions in New Mexico.

2.3.1 New Mexico

The NMDOT outlines the requirements for applying a thin layer of asphalt material, known as tack
coat, to an existing hot mix asphalt (HMA), warm mix asphalt (WMA), or portland cement
concrete pavement surface before placing new pavement. The Contractor must select one of the
following approved emulsified asphalts for the tack coat: CSS-1, CSS-1H, SS-1, or SS-1H.
Alternatively, performance-graded asphalt binder or other products from the Department’s
Approved Products List may be used. The surface must be dry, clean, patched, free of dirt,
moisture, vegetation, and irregularities. Tack coat should be applied uniformly using a pressure
distributor at a rate determined by the Project Manager, typically targeting a residual asphalt
content of 0.04 to 0.06 gallons per square yard. Application is prohibited on wet surfaces or when
air temperatures fall below the manufacturer’s recommended level. Traffic must generally be kept
off the tack coat, though it may be placed up to 24 hours ahead if the roadway is closed; limited
traffic is allowed only if approved by the Project Manager.

2.3.2 Arizona

The ADOT standard specifications outline requirements for applying tack coat before placing a
bituminous mixture on an existing bituminous surface or an existing Portland cement concrete
pavement. A light coat of bituminous material is also applied to edges or vertical surfaces against
which a bituminous mixture is placed. The Contractor selects the bituminous material, subject to
approval by the Engineer, who specifies the application rate for the specific use. Approximate tack
coat application rates are provided:

o Emulsified Asphalt (Special Type): 0.08 to 0.12 gallons/square yard for all tack coats;
e Asphalt Cement — 0.06 to 0.08 gallons/square yard.

The Engineer may adjust the application rate. If emulsified asphalt is used, it must break before
the bituminous mixture is placed. Tack coat is applied only as far in advance as necessary to
achieve proper bonding; no more material is applied in one day than can be covered by the
bituminous mixture that same day. Traffic is not permitted on the tack coat until covered.

2.3.3 California

The California Department of Transportation (Caltrans) provide detailed recommendations for
applying tack coat, a light layer of asphaltic emulsion or asphalt binder, to ensure bonding between
existing pavement surfaces (including planed ones) and new hot mix asphalt (HMA) overlays,
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between HMA layers, or against vertical surfaces like curbs and gutters; it is not required for chip
seals (though flush coats may be needed) or typically for slurry seals/micro-surfacing unless the
surface is dry/raveled or concrete. Approved materials include slow-setting emulsions (SS-1, SS-
1h, CSS-1, CSS-1h), rapid-setting (RS-1, RS-2, CRS-1, CRS-2, PMRS-2, PMRS-2h, PMCRS-2,
PMCRS-2h), quick-setting (QS-1, QS-1h, CQS-1, CQS-1h), or any grade of asphalt binder with
selection based on local experience, weather (e.g., rapid/quick-setting for cool/night work), and
compatibility (cationic/anionic not mixed). Estimating quantity considers paving layers (e.g., 1-4
based on HMA thickness), application rates, and area, using minimum rates like 0.05-0.11 gal/sq
yd for HMA Type A/RHMA-G overlays and 0.07-0.12 gal/sq yd for OGFC for estimation.
Slow/quick-setting emulsions may be diluted by the supplier up to a 1:1 water: emulsion ratio to
aid uniform coverage, but not rapid-setting; diluted rates are higher to achieve residual asphalt
(e.g., 0.08-0.22 gal/sq yd for 1:1 diluted on HMA). Application must use a calibrated distributor
for uniform coverage at specified minimum residual rates on clean/dry surfaces free of dust/dirt
(swept/washed if needed), with spray bar at proper height/angle for double/triple overlap, avoiding
puddling/streaking; apply only what can be covered same day, keep traffic off until broken/set
(brown to black color change), blot excess with sand/roller if needed, and repair tracking/damage
at contractor's expense.

2.3.4 Colorado

The CDOT specifications outline the requirements for preparing and treating an existing pavement
surface with asphalt material to ensure proper adhesion before placing new layers. The surface
preparation includes all necessary work such as patching, brooming, shaping to the required grade
and section, compaction, and removal of unstable corrugated areas to provide a smooth, dry,
uniform base; edges of adjacent pavements must be cleaned for adhesion. Asphalt material for tack
coat is specified by type and grade in the contract. Application is prohibited when the surface is
wet or when weather conditions would prevent proper construction. The Contractor must provide
equipment for heating and uniformly applying the asphalt material, including a distributor capable
of variable widths up to 15 feet at rates from 0.05 to 2.0 gallons per square yard with specified
tolerances, equipped with a tachometer, pressure gauges, volume measuring devices, thermometer,
and adjustable full circulation spray bars. Asphalt material is applied uniformly via pressure
distributor in continuous spreads, limited to half the section width when maintaining traffic, with
care to avoid excess at spread junctions (which must be removed or redistributed); skipped or
deficient areas are corrected, and material is not placed where traffic will travel on the fresh
application—rates, temperatures, and areas require pre-approval by the Engineer.

2.3.5 Oklahoma

The ODOT specifications detail the preparation and treatment of existing bituminous or concrete
surfaces with bituminous material, defined as an original emulsion (mixture of asphalt, water, and
emulsifying agent for a uniform blend) or diluted emulsion (further watered to reduce viscosity for
easier spraying), with residual asphalt content being the amount remaining on the pavement after
all water evaporation. Construction methods require cleaning the existing roadbed surface before
placing tack coat, painting a thin, uniform tack coat on all contact surfaces, such as curbs, gutters,
manholes, and other structures that will come in contact with hot mix asphalt to minimize damage
and inconvenience to traffic while allowing one-way traffic without pickup or tracking of the
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bituminous material. Application is prohibited during wet or cold weather, in windy conditions
that would cause the tack coat emulsion to drift, or on damp surfaces with free-standing water; the
Department will allow tack coat application to damp surfaces. The Resident Engineer must
approve the quantity, rate of application, temperature, and areas to be treated before application.
Tack coat or NT (non-tracking) tack material is applied with rates altered by the Resident Engineer
based on weather and surface type or layer, such as 0.060 gal/yd? original emulsion (0.035 gal/yd?
residual); ensure the tack breaks before application of the next surfacing layer. Reapply tack at a
rate that ensures proper bonding if the tack loses its adhesive properties or is damaged by traffic
before being covered by the next surfacing layer, as directed by the Resident Engineer. The
Resident Engineer will measure the volume of emulsion for Tack Coat and NT Tack Material as
delivered, before dilution. Bituminous material will be measured by the gallon [liter] or ton [metric
ton].

2.3.6 Texas

Tack Coat Specifications from the TxDOT require using CSS-1H, SS-1H, EBL, or a PG binder
with a minimum high-temperature grade of PG 58 for tack coat binder; specialized tack coat
materials listed on the Department’s MPL for Tracking Resistant Asphalt Interlayer (TRAIL) will
be allowed or required when shown on the plans. The contractor should not dilute emulsified
asphalts at the terminal, in the field, or at any other location before use, unless in conformance
with the manufacturer’s recommendation for approved TRAIL product use or when shown on the
plans. Tack coat and mixture may be placed only when the roadway surface temperature is 45°F
or higher, unless otherwise approved, measured using a handheld infrared thermometer, and only
when the Engineer determines that general weather conditions of the road surface are suitable. The
Engineer may waive the requirement to place tack coat. For application, clean the surface before
placing the tack coat; the Engineer will set the rate between 0.04 and 0.10 gal. of residual asphalt
per square yard of surface area, applying a uniform tack coat at the specified rate unless otherwise
directed in a uniform manner to avoid streaks and other irregular patterns. Apply the tack coat to
all surfaces that will come in contact with the subsequent material placement, allowing adequate
time for the emulsion to break completely before placing any material, and prevent splattering
when placed adjacent to curb, gutter, and structures. The Engineer will notify the Contractor when
the sampling will occur and will witness the collection of the sample from the asphalt distributor
immediately before use, labeling the can with the producer name, producer facility location, grade,
district, date sampled, all applicable bills of lading (if available), and project information, including
highway and control number. For emulsions, the Engineer may test as often as necessary to ensure
the residual of the emulsion is greater than or equal to the specification requirement.

2.3.7 Summary

State departments of transportation establish specifications for the application of tack coat to
ensure proper bonding between asphalt pavement layers. Although the purpose of tack coat is
consistent among agencies, the detailed requirements differ from state to state. These differences
occur in material types, application rates, construction procedures, and measurement methods.
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Such variations are often related to regional construction practices, environmental conditions, and
agency standards.
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CHAPTER 3
EVALUATION OF TACK COAT PARAMETERS

Previous chapters discussed the role of interlayer bonding in asphalt pavements. They also
reviewed previous research on interfacial delamination and tack coat performance. The literature
shows that bonding between asphalt layers is affected by several factors. These factors include
tack coat type, application rate, surface texture, curing condition, temperature, moisture, loading
rate, and normal stress. The individual and combined interaction among these variables has not
been studied in detail. Their relative contribution to interface shear strength has also not been
clearly quantified.

This chapter evaluates tack coat parameters that influence bonding between asphalt pavement
layers. The investigation focuses on parameters that can be controlled during pavement
construction. These include tack coat type, application rate, curing condition, and surface
characteristics. These parameters affect both adhesion and mechanical interaction at the interface
between asphalt layers.

This chapter concentrates on variables associated with tack coat materials and construction
practices. This separation allows the present chapter to focus on parameters directly related to tack
coat application, while later chapters address mechanical and environmental influences on
interface performance.

The results presented in this chapter provide experimental information on the influence of tack
coat materials and application conditions on bonding between asphalt layers. The findings also
support the development of laboratory procedures capable of producing consistent measurements
of interface shear strength. Such information can assist transportation agencies in improving
construction practices and reducing the risk of interfacial delamination in asphalt pavements.

3.1 Tack Coat Materials

According to ASTM International (ASTM D8), a tack coat (or bond coat) is a thin application of
bituminous material placed on an existing, relatively non-absorptive surface. Its purpose is to
ensure proper bonding between the existing layer and a new asphalt layer. Several materials have
been used for tack coats, including hot asphalt cement, cutback asphalt, and emulsified asphalt.
Cutback asphalt, which contains solvents such as kerosene or diesel, is no longer commonly used.
This is mainly due to environmental and safety concerns. Emulsified asphalt is now the most
widely used tack coat material. It is a nonflammable liquid made by blending asphalt with water
and an emulsifying agent, such as soap or fine clay particles.

Common emulsions for tack coat applications include slow-setting types (SS-1, SS-1h, CSS-1,
CSS-1h) and rapid-setting types (RS-1, RS-2, CRS-1, CRS-2). Modified versions, such as CRS-
2P (polymer-modified) and CRS-2L (latex-modified), are also used in practice.

Several key terms related to tack coat application are given below:
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e Diluted Emulsion: An emulsion to which water has been added in an amount permitted by
the specification.

e Emulsion: A mixture of asphalt binder, water, and emulsifying agent.

e Residual Asphalt Content: The amount of asphalt binder remaining on the pavement
surface after the water has evaporated from the emulsion.

o Application Rate: The quantity of tack coat material applied to a unit area of pavement
surface.

e Residual Application Rate: The quantity of residual asphalt binder remaining on a unit
area of pavement surface after breaking and curing.

e Tack Coat Break: The stage at which water begins to separate from the emulsion and the
color changes from brown to black.

e Tack Coat Cure: The stage at which all water has evaporated, and the tack coat is ready to
receive the next asphalt layer.

Several tack coat materials commonly used in pavement construction were evaluated in this study.
The materials included both conventional emulsified tack coats and modified products.

Two primary types of tack coat emulsions used in pavement construction are anionic (e.g., SS-1H)
and cationic (e.g., CSS-1H) emulsions. If the emulsifying agent is cationic, the droplets bear a
positive charge, and vice versa (Al-Qadi, Hasiba et al., 2012). Cationic emulsions carry the "C"
suffix. Slow-setting versions have SS. The "H" ending—for instance, in CSS-1H—indicates a
harder asphalt base. Polymers have expanded emulsion options. The P suffix marks polymer-
modified types. These emulsions differ in their chemical composition and breaking mechanisms,
which can affect their performance under various environmental conditions. These emulsions
differ in their chemical composition and breaking mechanisms, which can affect their performance
under various environmental conditions.

To investigate the performance of conventional tacks modified by nanopolymers, a silane-based
nanopolymer additive was added to SS-1H and CSS-1H tack coats. For convenience, these
polymer-modified tack coats will be mentioned as SS-1HP and CSS-1HP in this article. This
additive works as a “molecular bridge” and can enhance the interface strength by forming a
covalent bond. This additive is typically mixed in the emulsion at a volume of 1.5% to 3%. This
study uses a 2% additive.

Trackless/non-tracking tack has recently been introduced to the paving industry. They set rapidly

after application. This process eliminates tackiness. Wilson et al. (2016) explained that tracking
potential can be defined by a few strength ratios as shown below:
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0-ATack—AC layer

Anionic slow setting

GATire—Tack

GATire—Tack

Tracking condition: and/or > 1 Eq.1
0—CTack GATack—AC layer
Py OApiro_ OATire_
Trackless condition: —Lfre=Tack  apnd  ——TiresTack o 1 Eq.2
0-CTack GATack—AC layer
Where,
04 = Adhesive strength between tire and tack ;
Tire—-Tack

Ocrqa — Cohesive strength of tack coat;

The following tack coat materials were used in the study:

SS-1H emulsified asphalt

CSS-1H emulsified asphalt

SS-1HP polymer-modified emulsified asphalt
Trackless tack coat

FIGURE 3.1 shows different parts of these tack coats:

Polymer

modified
SS-1hp

Low viscosity Hard asphalt

= Adhesive strength between tack and ac layer.

These equations (Eq. 1 and Eq. 2) define when a tack coat tends to track or remain stable. Tracking
happens if the bond between the tire and tack is stronger than the tack’s own strength or its bond
to the asphalt layer. A trackless condition occurs when the tire-tack bond is weaker than both.
These strength ratios provide a simple way to judge the likelihood of tack tracking during paving.

Cationic slow setting

CSS-1h

Low viscosity Hard asphalt

FIGURE 3.1: Types of Tack Coat Emulsions and Their Properties

3.1.1 Residual Binder Content Measurement
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TABLE 3.1 shows the residual binder content determination of SS-1H. The residue asphalt content
of the tack coat emulsion was measured using the evaporation method. In this procedure, the
weight of a breaker with a stirring rod was measured. Next, the tack coat emulsion was poured
into the beaker, and the total weight was measured, as shown in FIGURE 3.1. After that, the
breaker with stirrer rod and tack coat was placed in an oven at 163°C for 2 hours, as shown in
FIGURE 3.2. During the two-hour-long heating period, the tack coat was manually stirred
thoroughly using a stirrer rod. After 2 hrs, the beaker was removed from the oven and allowed to
cool down. When the beaker was cooled at room temperature, the final weight was measured
(FIGURE 3.3). From the initial and final weights, the residual asphalt content was determined. In
this study, three replicate tests were done, and the results are presented in TABLE 3.1. It shows
that the average residual asphalt content is 62.13% and the standard deviation is 0.02%. TABLE
3.1 shows the residual binder content determination of SS-1H. A similar way was followed to
measure the residual binder content of other tack coats.

FIGURE 3.2: Weight of beaker, stirrer rod, and emulsion before heating phase
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FIGURE 3.4: Weight of breaker, stirrer rod, and emulsion after heating phase
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TABLE 3.1: Determination of residual asphalt content

Descriptions Weights (gm)
Replicate 1
Beaker + stirrer rod 282.9
Beaker + stirrer rod + emulsion (before evaporation) 337.2
Emulsion (before evaporation) 543
Beaker + stirrer rod + emulsion (after evaporation) 316.8
Emulsion (after evaporation) 33.9
% residual content 62.43%
Replicate 2
Beaker + stirrer rod 283.4
Beaker + stirrer rod + emulsion (before evaporation) 340.1
Emulsion (before evaporation) 56.7
Beaker + stirrer rod + emulsion (after evaporation) 317.2
Emulsion (after evaporation) 33.8
% residual content 59.61%
Replicate 3
Beaker + stirrer rod 284.0
Beaker + stirrer rod + emulsion (before evaporation) 3359
Emulsion (before evaporation) 51.9
Beaker + stirrer rod + emulsion (after evaporation) 317.4
Emulsion (after evaporation) 334
% residual content 64.35%
Average % residual content 62.13%
Standard deviation 0.02%

3.1.2

Tack Coat Rheological Properties

The rheological properties of the tack coat materials were evaluated. Binder rheology influences
the deformation and recovery response of asphalt materials under loading. Standard binder tests
were used to measure the rheological properties of the tack coats. The measured parameters
included high-temperature performance grade, elastic recovery, and non-recoverable creep
compliance.

The high-temperature performance grade indicates the temperature range over which the binder
can resist permanent deformation. Elastic recovery represents the ability of the binder to recover
after deformation. Non-recoverable creep compliance describes the amount of permanent
deformation that remains after repeated loading. These properties provide information about the
stiffness and elastic behavior of the tack coat binders. Differences in rheological properties
influence the adhesive characteristics of the tack coat and the shear resistance developed at the AC
interface.
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3.1.3  Residual Asphalt and Rheological Tests with SS-1H

To get the rheological properties of the residual asphalt of the tack coat emulsion, it is required to
separate the water from the emulsion. In this study, water from tack coat emulsion was separated
using a filtration method.

In the filtration method, the tack coat emulsion was first properly stirred in the collected pail to
make the mixture homogenous. Then, tack coat emulsion was collected in a small beaker. In the
next step, the weights of a break, a filter paper, and a funnel were measured. After that, the filter
paper was folded and placed inside the funnel. A small amount of water was applied to wet the
filter paper to ensure that it stuck to the funnel. The funnel with the filter paper was placed on a
beaker. Then, tack coat emulsion was poured into the funnel and left for a sufficient amount of
time (at least 24 hours) to drain the water. After 24 hrs., it was found that the water had drained
out through the filter, and residual asphalt remained on the filter paper. Finally, the residual asphalt
was removed from the filter, as shown in FIGURE 3.5. The final weights of residual asphalt, filter
paper with asphalt, and the beaker with water were measured.

TABLE 3.2 shows the measured weights for different conditions for a tack coat. A similar way
was followed for other tack coats. It can be found that the residual asphalt content is 67.49%. The
percentage of drained water is 27.27%. Some portions of water may be evaporated, and the
remaining may be trapped inside the asphalt.

FIGURE 3.5: Residual Asphalt Removed from Filter
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TABLE 3.2: Filtration Results

Descriptions Weights (gm)
Beaker 200.83
Filter 2.56
Funnel 322
Beaker + Filter + Funnel 234.76
Beaker + Filter + Funnel + Tack coat emulsion 301.85
Tack coat emulsion 67.10
Residual asphalt removed 42.12
Left over + filter 5.72
Leftover residual asphalt 3.16
Total residual asphalt 45.28
% residual asphalt 67.49%
Beaker + water 219.125
Drained water 18.299
% water 27.27%

3.1.4 Dynamic Shear Rheometer (DSR) Test

The dynamic shear rheometer (DSR) test was used to determine the high-temperature grade of the
asphalt residue of the collected tack coat. FIGURE 3.6 shows a DSR device.
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FIGURE 3.6: Dynamic Shear Rheometer (DSR)

It measures the complex modulus, G*, and phase angle, 9, at different temperatures. Hence, the
high temperature grade is determined based on the rutting parameter, G*/sind requirement
(minimum 1.0 kPa). The test is performed on a cylindrical binder sample with a 25 mm diameter
and 1 mm height by applying a constant oscillating strain at 10 rad/s. To prepare the cylindrical
samples, a sufficient amount of diluted tack coat was drawn down on the 25-mm silicone mat
(FIGURE 3.7) in such a way that a minimum of 1 mm-thick asphalt residue film was left on the
mat after evaporation of water. When the sample was completely dry, it was peeled and loaded
onto the 25-mm DSR plate to perform the DSR test.
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FIGURE 3.7: Prepared Sample for DSR Test

This study performed the DSR test on 4 replicate specimens. FIGURE 3.8 shows the DSR results
for the tested tack coat residue. It shows that the G*/sind value decreases as the temperature
increases for all replicates. It can also be seen that the G*/sind values of all replicate specimens
are close to each other at each temperature. FIGURE 1 presents the high-temperature performance
grades (PG) of the tack coats determined from the DSR test results. The SS-1H and CSS-1H tack
coats exhibit a high-temperature grade of 64°C, while the SS-1HP tack coat shows an improved
grade of 70°C, indicating enhanced resistance to permanent deformation at elevated temperatures.
In contrast, the trackless tack coat demonstrates the highest performance grade of 82°C. Based on
the DSR test results, this higher grade indicates superior stiffness and improved resistance to
permanent deformation under high-temperature loading conditions. Overall, the results suggest
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that the trackless tack coat provides the best high-temperature performance among the evaluated
materials.
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FIGURE 3.8: DSR Test Results

TABLE 3.3 shows the high-temperature PG of tack coats used in this study.

TABLE 3.3: High Temperature PG of Tack Coats Used in This Study

Tack Coats High Temperature PG
SS-1H Tack 64 °C
SS-1HP Tack 70 °C
CSS-1H Tack 64 °C
Trackless Tack 82 °C
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3.1.5 Multiple Stress Creep Recovery (MSCR) Test

The multiple stress creep recovery (MSCR) test is used to determine the creep-recovery
performance of the asphalt binder. In this test, a one-second creep load is applied to the binder
sample using the DSR device. After one second, the load is removed to allow the sample to recover
for 9 seconds. After the recovery period, the total, recoverable, and non-recoverable strains are
measured, as shown in FIGURE 3.9.

Next, two different test parameters are determined: percentage of recovery and non-recoverable
creep compliance using Eq. 3 and 4, respectively. To evaluate stress dependency, the test is
performed at two different stress levels: 0.1 kPa and 3.2 kPa. For better repeatability, several cycles
of load recovery are used at each stress level.
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FIGURE 3.9: Strain Behavior During MSCR Testing

R = Srecoverable . 100 (o) Eqn.3
Etotal
]n‘r — gnon—reac:)w erable (l/kPa) Eqn 4

In this study, the MSCR test was performed on the tack coat residue at 50°C. 4 replicate samples
were tested in this study, and the results are shown in FIGURE 3.10. FIGURE 3.10 presents the
MSCR test results of all tack coats in terms of percent recovery (%R) and non-recoverable creep
compliance (Jir) at 0.1 and 3.2 kPa stress levels. For the SS-1H tack coat (FIGURES 3.10a and
3.10b), the replicate results are closely grouped, indicating good repeatability. The average %
recovery decreases from 38.11% at 0.1 kPa to 25.23% at 3.2 kPa, while the corresponding Jur
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values increase from 0.34 to 0.45 kPa™', reflecting reduced elastic response and increased
susceptibility to permanent deformation at higher stress levels. A similar trend is observed for the
SS-1HP tack coat (FIGURES 3.10c and 3.10d), where higher % recovery values of 56.05% and
36.48% are obtained at 0.1 and 3.2 kPa, respectively, along with lower Jnr values of 0.25 and 0.39
kPa™, indicating improved elastic behavior compared to SS-1H.

In contrast, the CSS-1H tack coat (FIGURES 3.10e and 3.10f) exhibits significantly lower %
recovery values of 21.81% and 8.11% and higher J,: values of 0.56 and 0.62 kPa™ at 0.1 and 3.2
kPa, respectively, indicating a predominantly viscous response and poor resistance to permanent
deformation. The trackless tack coat (FIGURES 9g and 9h) demonstrates the best overall
performance, with the highest % recovery values of 87.76% and 65.42% and the lowest J,: values
of 0.13 and 0.27 kPa™" at the respective stress levels. Overall, all materials show consistent replicate
behavior, and the results (Tables 3.4 and 3.5) clearly indicate that the trackless tack coat provides
superior elastic recovery and lower non-recoverable creep compliance, followed by SS-1HP, SS-
1H, and CSS-1H.
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FIGURE 3.10: MSCR Test Results

TABLE 3.4: MSCR Summary

MSCR

SS-1H Tack

SS-1HP Tack

CSS-1H Tack

% Rat0.1,3.2 kPa

Jnrat0.1,3.2 kPa

38, 25

0.34, 0.45

56,36

0.25, 0.39

21,8 87,65

0.56, 0.62 0.13, 0.27

62

Trackless Tack



TABLE 3.5: Significance among different tack coats

Tack Coat %R at %R at Jur at Jur at
0.1 kPa 3.2kPa | 0.1 kPa | 3.2 kPa
SS-1H 38.11 25.23 0.34 0.45
SS-1HP 56.05 36.48 0.25 0.39
CSS-1H 21.81 8.11 0.56 0.62
Trackless 87.86 65.42 0.13 0.27
P<0.05 Yes Yes Yes Yes

3.2 Double Layer AC Sample Preparation

Double-layer AC specimens were prepared for the interface shear tests. The samples were prepared
using a Superpave gyratory compactor (as shown in FIGURE 3.11).

FIGURE 3.11 Superpave Gyratory Compactor
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The interface between the two layers was located at the mid-height of the specimen. This
configuration allowed the shear load to act directly along the interface during testing. In this study,
a laboratory-produced AC mixture was used to create AC specimens with two layers. As shown
in FIGURE 3.12, an SP-1V aggregate gradation was used to prepare the AC mixture. The binder's
grade is PG 64-22. The asphalt content and the desired air void are, respectively, 6.5% and 7 + 0.3
%.
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FIGURE 3.12: Aggregate gradation

This study has prepared double-layered asphalt concrete (AC) specimens using a Superpave
gyratory compactor. The procedure consists of three main steps: compaction of the bottom layer,
application and curing of the tack coat, and compaction of the top layer (see FIGURE 3.13).

A preliminary step is also carried out for each layer to determine the mass of loose mix required
to achieve the target height and design air void level.

First, the loose mix is compacted in the Superpave gyratory compactor to form a cylindrical
specimen with a height of 75 mm and a diameter of 150 mm at the design air void level. After
compaction, the specimen is removed from the mold and allowed to cool for at least 24 hours.
Because the diameter of the compacted specimen becomes slightly larger than the mold diameter,
the sides of the specimen are sanded so that it can be reinserted into the mold. A belt sander is used
for this step, and a paintbrush removes sanding dust from the specimen surface.

Next, the required quantity of tack coat is measured and applied evenly on the top surface of the
bottom layer using a paintbrush. The amount is calculated from the specimen surface area, the
residual asphalt content of the tack coat, and the planned application rate. The tack coat is applied
only when the ambient temperature is above 15.5°C, which is the minimum recommended
application temperature. After application, the specimen is cured until the coating changes from
brown to black, indicating that the emulsion has broken and set.

Meanwhile, the loose mix for the top layer is conditioned in the oven at compaction temperature
for two hours. The bottom specimen is then reinserted into the mold with the tack-coated surface
facing upward. The conditioned loose mix is placed on top in a quantity sufficient to produce a 75
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mm thick layer at the design air void level. Finally, the compaction mold is placed in the gyratory
compactor to produce the combined double-layer specimen at the desired total height.

The compacted double-layer specimen is removed from the mold and left to cool at room
temperature for at least 24 hours. The prepared specimens are then available for further
conditioning or direct shear testing.

[

top layer

interface

bottom layer

(e)
FIGURE 3.13: Preparation of Double-Layered AC Specimen Using Gyratory Compactor: (a)

Bottom Layer; (b) Sanding the Bottom Layer's Peripheral Side; (c) Tack Coat Apply with a
Paintbrush; (d) Tack Coat Curing; (e) Placing the Bottom Layer into the Mold; and (f) The Double-
Layered Specimen
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3.3 Experimental Program

The experimental program examines variables that can be controlled during pavement
construction. These variables include tack coat type, application rate, surface condition, and curing
time. Laboratory testing was conducted using layered asphalt specimens prepared under controlled
conditions. Direct shear testing was used to measure the resistance of the interface to horizontal
shear loading. The results provide information on how construction-related parameters influence
the development of interlayer bonding. Variables related to environmental effects, such as
moisture, temperature, including surface texture, loading rate, and applied normal stress, are
examined in a later chapter.

Four tack coat materials were evaluated in this study. Different application rates were also
examined. Application rate determines the amount of residual asphalt present between asphalt
layers. A low application rate may not provide sufficient binder to develop adequate bonding. A
high application rate may create a slip plane between layers. After application, the emulsified tack
coat requires time to break and develop adhesive properties. The curing period may influence the
bond formed between the asphalt layers.

3.4 Direct Shear Test

Laboratory investigations provide a practical method for examining the influence of tack coat
parameters on bonding performance. Laboratory testing allows variables to be controlled during
specimen preparation and testing. This approach makes it possible to evaluate the influence of
individual parameters under defined conditions. It also helps identify the conditions that produce
adequate bonding between asphalt layers.

The literature shows that there is no widely accepted laboratory procedure for evaluating interlayer
bonding in asphalt pavements. Several experimental methods have been proposed to investigate
interfacial delamination. These methods include direct shear tests, torsional tests, and tensile pull-
off tests. Each method provides useful information about bond performance. However, the test
configurations often differ. Differences in specimen geometry, loading conditions, and testing
procedures make direct comparison of results difficult. A consistent experimental approach is
therefore needed to better understand the factors that control interlayer bond behavior. Direct shear
testing has gained preference because it is straightforward, easy to interpret, and sensitive to
changes in tack coat type, application rate, and test conditions. Research across multiple states has
shown that shear testing clearly distinguishes the effects of materials, application rates, and
conditioning factors.

Direct shear tests rarely produce equal results under similar settings. Even if experimentalists are
trying to standardize methods, random errors still happen. Some variables can't be fully controlled;
thus, analysts have to take into consideration the accepted differences in how data is interpreted.
Inter-laboratory comparisons are useful for checking the general uniformity and accuracy of tests.
When one technician does repeated tests in the same facility, repeatability is required to check for
uniformity. This statistic shows how accurate a laboratory is within itself, which is usually
measured by combining the variance or the root mean square. Reproducibility looks at
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discrepancies between facilities that use different experimentalists and the same specimens. Strong
repeatability means that repeated measurements will be quite similar to each other. Inter-laboratory
results, on the other hand, can have wider ranges. Standard deviation is the main measure for both;
however, the coefficient of variation (COV) can be used in some cases. According to NCHRP
Report 712, a COV of less than 10% means that the measurement is accurate enough.

Outliers are values that are very different from the rest of the group. They can be thrown out if an
experimentalist can show that there are problems with the process. If tests go wrong, they need to
be retested. However, unfavorable data must persist unless proven invalid. Statistical consistency
tests and other tools can help to find unusual results in an objective way.

The tests were conducted using a Geotechnical Consulting and Testing System (GCTS) servo-
hydraulic testing machine SDS-150 (FIGURE 3.14). The system features automated electro-
hydraulic closed-loop digital servo control of the shear and normal loads. The normal and shear
displacements are measured by a linear variable differential transducer (LVDT). Experimental
data, including normal and shear stresses, shear displacement, and normal displacement, are
acquired automatically by the data collection software.

FIGURE 3.14: GCTS SDS-150 closed-loop servo-controlled direct shear machine

The direct shear test was done as shown in FIGURE 3.15 to determine the interface shear strength
of the tested specimens. FIGURE 3.15a shows the shear actuator, the normal actuator, and the
sample chamber. FIGURE 3.15b shows a tested specimen after failure. The sample failed at the
interface, and the shear load direction is also shown in FIGURE 3.15b.
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(a) (b)

FIGURE 3.15: Direct shear test setup

3.5 Determination of Curing Time

The curing time of emulsified asphalt is crucial for achieving the desired performance and
durability of the pavement. In the field, the curing time of emulsified asphalt is influenced by
various factors, such as the action of rolling equipment, traffic, temperature, humidity, and wind
(Estakhri, Saylak et al. 1991). Wind speed can accelerate the curing process, resulting in shorter
curing times compared to laboratory conditions (Estakhri, Saylak et al. 1991). The curing process
of emulsified asphalt involves the evaporation of water from the emulsion. Evaporation is the
transformation of liquid water into a gaseous state and its diffusion into the atmosphere (Li 2016).

The saturation vapor pressure, which represents the maximum amount of water vapor that a given
volume of air can carry, can be calculated using Boyle's law (Banerjee, Prozzi et al. 2010):
T+17.27
e; = 0.6108 x eT+237.3 Eqn.
5

es = saturation vapor pressure in psi, and
T = ambient temperature in °F.

To accurately quantify and predict evaporative behavior, it is essential to understand the concept
of the vapor pressure deficit (VPD).

VPD is influenced by various environmental factors, including temperature, relative humidity, and
atmospheric pressure. As temperature increases, the saturation vapor pressure rises, potentially
increasing the VPD if the ambient vapor pressure remains constant. Conversely, an increase in
relative humidity leads to a higher ambient vapor pressure, reducing the VPD and consequently
the evaporative potential. The VPD represents the difference between the saturation vapor pressure
and the ambient vapor pressure. The saturation vapor pressure is the maximum amount of water
vapor that the air can hold at a given temperature, while the ambient vapor pressure is the actual
amount of water vapor present in the air (Banerjee, Prozzi et al. 2010).
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RH
VPD = egx (1 — E) Eqn.6

Where,
VPD = vapor pressure deficit, and
RH = relative humidity (%)

Meyer’s empirical formula has shown a positive correlation between wind speed and evaporation
(Banerjee 2012). Therefore, to understand the combined effect of wind speed and VPD, this study
conducted a variable transformation, which is a common advanced statistical approach. This study
has multiplied wind speed and VPD.

Before investigating the effect of curing time on shear strength, the curing time or time for
complete evaporation of water from the tack coat emulsion (without any additional heating) was
determined. To do that, this study monitored the change in water content with time from a thin
layer of tack coat filed in a metal pan placed under the natural sun. First, the weight of a flat metal
pan was measured. Next, about 20 g of asphalt emulsion was poured into the pan and spread over
the pan (FIGURE 3.16a). The color of the emulsion at this time was brown. The total weight was
measured. After that, the pan with the emulsion was kept in the sun to evaporate the water, as
illustrated in FIGURE 3.16b. During this time, their weight was measured at designated intervals,
and this continued until the weight did not change with time. FIGURE 3.16c¢ shows the final status
of the emulsion after complete evaporation of water. It can be seen that the color of the emulsion
became black, and there are several break lines across the specimen.

(a) Initial status (b) Under the sun (c) Final status

FIGURE 3.16: Steps associated with determining curing time

3.5.1 Curing Time of CSS-1H

FIGURE 16 presents the evaporation status at different times. It can be seen that the evaporation
initially increases rapidly with time, followed by a phase where the evaporation slowly increases
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with time. It can also be observed that after 100 minutes, the evaporation becomes stable. This
indicates that after 100 minutes, naturally possible evaporation was completed. Thus, it can be said
that the curing time of CSS-1H tack emulsion is 100 minutes.

The behavior as shown in FIGURE 3.17 can also be represented as an exponential function, as
presented in Eq. 7.

E =98.85 % (1 — e~0:07785+t) Eq. 7

Where: E is the percentage of material (water) evaporated from the emulsion, and ¢ represents the
time in minutes.
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FIGURE 3.17: Determination of curing time of CSS-1H

TABLE 3.6 presents meteorological data from the National Weather Service database of
Albuquerque International Airport (the nearest station to the place of test samples) and derived
parameters that influence evaporation rates for three different dates. More data from different days
of different months are needed to reach a concrete conclusion. The key parameters included are
temperature, wind speed, relative humidity, saturation vapor pressure (SVP), vapor pressure deficit
(VPD), and a combined factor of wind speed and VPD. Additionally, the TABLE includes a
column for evaporation percentage, which likely represents the relationship between VPD and
evaporation rate.
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TABLE 3.6: Evaporation rates and influencing meteorological factors

Temperature Wind Rela.tlYe SVP VPD Wmd* E\ofaporatlon
Date CF) Speed | humidity (psi) (psi) speed (%) at 100
(mph) (%) P P VPD minutes
Mar-11 50 5 24 0.258 | 0.120 0.59 100
Mar-12 52 5 29 0.181 | 0.130 0.65 100

3.5.2 Curing Time of SS-1H

For SS-1H, the same days of CSS-1H were chosen. TABLE 3.7 presents meteorological data for
SS-1H.

TABLE 3.7: Evaporation rates and influencing meteorological factors

Temperature Wind Rela.tlye SVP | VPD Wmd* E\ofaporatlon
Date CF) Speed | humidity (psi) (psi) speed (%) at 120
(mph) (%) P P VPD | minutes
Mar-11 50 5 24 0.258 | 0.120 0.59 100
Mar-12 52 5 290 0.181 | 0.130 0.65 100

The behavior as shown in FIGURE 3.18 can also be represented as an exponential function, as
presented in Eq. 8.

E (%) ~ 38.76 * [1 —exp (— L)] Eqn.8

14.96

Where: E is the percentage of material (water) evaporated from the emulsion, and ¢ represents the
time in minutes.
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FIGURE 3.18: Determination of curing time of SS-1H

3.5.3 Curing Time Determination of SS-1HP
TABLE 3.8 presents meteorological data for SS-1HP.

TABLE 3.8: Evaporation Rates and Influencing Meteorological Factors

Temperature Wind Rela.ti?'e SVP VPD Wind | Evaporation
Date °F) Speed | humidity (psi) (psi) speed® | (%) at 40
(mph) (%) VPD min
Aug-17 82 6 28 0.099 | 0.072 0.43 100
Aug-18 79 8 44 0.098 | 0.055 0.44 100
Aug-22 80 3 29 0.099 | 0.070 0.21 100
Aug-30 77 3 43 0.098 | 0.056 0.17 100

A nonlinear logistic model was fitted to the data, and the estimated parameters along with their
statistical metrics are presented in TABLE 3.9.
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TABLE 3.9: Nonlinear Logistic Model Parameter

Std.
Parameter | Estimate | Error | tvalue Pr(>|t|)
a 100.25 3.13 32.07 5.64e-06
b 0.153 0.021 7.22 0.001951
c 16.23 1.31 12.35 0.000247
*Number of iterations to convergence: 8
The fitted model is shown in Eq. 9:
E (%) ~ 100.25 Eq. 9

Where: E is the percentage of material (water) evaporated from the emulsion, and T represents the

time in minutes.

FIGURE 3.19 shows evaporation vs. time for the four dates when the curing time determination

test was conducted.
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FIGURE 3.19: Determination of Curing Time of SS-1HP
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3.5.4 Curing Time Determination of Trackless Tack
TABLE 3.10 presents meteorological data for trackless tack.

TABLE 3.10: Evaporation Rates and Influencing Meteorological Factors

Temperature Wind Rela.ti?'e Svp VPD Wind Evaporation
Date °F) Speed humidity (psi) (psi) speed* (%) at 0.5 hr
(mph) (%) VPD
May-25 78 9 8 0.0978 | 0.089 | 0.81 100
May-28 80 13 18 0.0982 | 0.078 1.05 100
June-01 77 8 30 0.0975 | 0.068 | 0.55 100
June-03 78 7 29 0.0978 | 0.070 | 0.49 100

A nonlinear logistic model was fitted to the data, and the estimated parameters along with their
statistical metrics are presented in TABLE 3.11.

TABLE 3.11: Nonlinear Logistic Model Parameter

Std.
Parameter | Estimate | Error | tvalue Pr(>|t|)
a 96.97362 | 5.86065 | 16.547 7.81E-05
b 0.26988 | 0.07726 | 3.493 0.02505
C 7.09752 | 1.18087 | 6.01 0.00386

*Number of iterations to convergence: 13
The fitted model is shown in Eq. 10:

96.97362
1+ exp(—0.26988 - (T — 7.09752))

E (%) ~ Eq.10

Where: E is the percentage of material (water) evaporated from the emulsion, and 7 represents the
time in minutes.

FIGURE 3.20 shows evaporation vs time for the four dates when the curing time determination
test was conducted.
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FIGURE 3.20: Determination of Curing Time of Trackless Tack

3.6 Effect of Curing Time

To investigate the effect of curing time, laboratory-produced double-layered specimens were used.
The application rate was selected as 0.08 gal/yd®. The specimens were produced at different curing
times. The effect of curing time on the interface shear strength has been discussed below.

3.6.1 Curing Effect on Trackless Tack

The specimens were produced at four different curing times: 0 (no curing), 15 min, 25 min, and
30 min. FIGURE 3.21 shows the status of the interface at different curing times. It can be observed
that the interface looks completely wet at 0 minutes, and it still looks slightly wet at 15 minutes.
However, at 25 minutes and 30 minutes, it becomes dry.

FIGURE 3.21(a) - 3.21(d) shows that the average shear strength for the specimens prepared with
no curing time is 201.21 psi. On the other hand, the average shear strengths of specimens prepared
with 15 min, 25 min, and 30 min are 289.74, 303.64, and 301.58 psi, respectively.
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FIGURE 3.21: Direct Shear Test Results for Different Curing Times of Trackless Tack

FIGURE 3.22 shows the relationship between shear strength (psi) and percentage of evaporation.
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FIGURE 3.22: Relationship between Shear Strength and Curing Time of Trackless Tack
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3.6.2 Curing Effect on SS-1HP

FIGURE 3.23 (a) - 3.23 (d) shows that the average shear strength for the specimens prepared with
no curing time is 204.48 psi. The loading rate was 1.97 inches/min. On the other hand, the average
shear strengths of specimens prepared with 10 min, 50 min, and 60 min are 231.29, 270.08, and
269.45 psi, respectively.
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FIGURE 3.23: Direct Shear Test Results for Different Curing Times of SS-1HP
FIGURE 3.24 shows the relationship between shear strength (psi) and percentage of evaporation.
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FIGURE 3.24: Relationship between Shear Strength and Curing Time of SS-1HP
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3.6.3 Curing Effect on SS-1H

FIGURE 3.25 shows the results found from the direct shear test results for specimens prepared at
different curing times. FIGURE 3.25 (a) shows the direct shear test results of two specimens
prepared with no curing time. In both cases, the specimens failed at a lower stress level than the
specimens prepared with some curing times, as shown in FIGURES 3.25 (b)- 3.25 (e). It can also
be noticeable that the strength initially increases rapidly with an increment of curing time, but
becomes asymptotic or reaches a plateau after 2 hrs. The average shear strength for the specimens
prepared with no curing time is 173.19 psi. On the other hand, the average shear strengths of
specimens prepared with 15 min, 30 min, 60 min, and 120 min are 196, 200.01, 215, and 218 psi,
respectively. FIGURE 3.26 presents the relationship between shear strength and curing time.
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FIGURE 3.25: Direct shear test results for different curing times of SS-1H
FIGURE 3.26 presents the relationship between shear strength and percentage of material (water)

evaporated from the emulsion. It can be observed that shear strength linearly increases as the
evaporation increases. This relationship indicates that the highest shear strength can only be
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achieved if the tack coat is fully cured, or in other words, all water needs to be evaporated from
the emulsion to get the maximum bonding.
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FIGURE 3.26: Relationship between Shear Strength and Curing Time of SS-1H

3.6.4 Curing Effect on CSS-1H

FIGURE 3.27 shows the results found from the direct shear test results for specimens prepared at
different curing times. FIGURE 3.27(a) shows the direct shear test results of two specimens
prepared with no curing time. In both cases, the specimens failed at a lower stress level than the
specimens prepared with some curing times, as shown in FIGURES 3.27 (b)- 3.27 (e). It can also
be noticeable that the strength initially increases rapidly with an increment of curing time, but
becomes asymptotic or reaches a plateau after 2 hrs. The average shear strength for the specimens
prepared with no curing time is 145 psi. On the other hand, the average shear strengths of
specimens prepared with 15 min, 30 min, 60 min, and 120 min are 160, 180, 183, and 194 psi,
respectively. FIGURE 3.28 presents the relationship between shear strength and curing time.
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FIGURE 3.27: Direct shear test results for different curing times of CSS-1H

FIGURE 3.28 presents the relationship between shear strength and percentage of material (water)
evaporated from the emulsion. It can be observed that shear strength linearly increases as the
evaporation increases. This relationship indicates that the highest shear strength can only be

achieved if the tack coat is fully cured, or in other words, all water needs to be evaporated from
the emulsion to get the maximum bonding.
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FIGURE 3.28: Relationship between Shear Strength and Curing Time of CSS-1H
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3.7 Effect of Tack Coat Type and Application Rate

Differences in interface strength were observed among the evaluated materials. Conventional
emulsified tack coats produced measurable bonding between asphalt layers. However, the
magnitude of the interface shear strength varied among the materials. Polymer-modified tack coats
generally produced higher interface strength than conventional emulsions. The modified binders
showed greater resistance to shear displacement at the interface. The trackless tack coat also
showed strong bonding performance. In several cases, the measured interface strength was
comparable to or greater than that obtained with conventional emulsions. These results indicate
that the rheological properties of the tack coat influence bonding behavior at the pavement
interface.

The effect of tack coat application rate was examined as part of the experimental program.
Application rate controls the amount of residual asphalt available at the interface. Several
application rates were evaluated during testing. The objective was to determine how the amount
of tack coat influences interface shear strength.

Low application rates produced relatively low interface strength. In these cases, the amount of
binder present at the interface was limited. Increasing the application rate generally increased
interface shear strength. An additional binder improved adhesion between the asphalt layers.
However, excessive application rates did not always produce additional improvement. When the
binder layer became too thick, the interface tended to behave as a slip plane under shear loading.

These observations suggest that an optimum application rate exists. Within this range, the tack coat
provides sufficient adhesion without creating excessive lubrication between layers. The interface
shear strength of different tack coat types at different application rates is discussed below.

3.7.1 Trackless Tack Application Rate Effect

This study prepared double-layered AC specimens at four different residual asphalt contents: 0 (no
tack coat), 0.04, 0.06, 0.08, and 0.10 gal/yd? to evaluate the effect of tack coat application rate on
the interfacial bond performance. After applying the tack coat, all specimens were cured under the
natural sun for 0.5 hr.

FIGURE 28 shows the results found from the direct shear test results for tested specimens prepared
with different amounts of tack coat emulsion. FIGURE 3.29(a) shows the direct shear test results
of two specimens prepared with no tack coating. For both cases, there are two different phases in
the load-displacement curves. In the first phase, the load initially increases as the displacement
increases until it reaches a maximum value. This load increment is attributed to bonding between
two layers due to adhesion from tack coating and interlocking from aggregate embedment. The
maximum value of load is related to the bonding strength of the interface material. After reaching
the peak point, the bonding between the interface materials starts to fail (second phase), when the
load decreases rapidly as the displacement increases. Finally, the load becomes zero or negligible,
which indicates the complete deterioration in interface bonding. It should be mentioned that the
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load-displacement curves of two replicate specimens are close to each other, which confirms the
repeatability of the direct shear test. The average shear strength for the specimens prepared with
no tack coat is 215.67 psi. Similarly, direct shear test results for specimens prepared with 0.04,
0.06, 0.08, and 0.10 gal/yd? tack coat are presented in FIGURES 3.29 (b)- 3.29 (e). The average
shear strengths of specimens prepared with 0.04, 0.06, 0.08, and 0.10 gal/yd? tack coat are 241.54,
271.85, 290.92, and 298.02 psi, respectively. Therefore, it can be said that the interface shear
strength increases for trackless tack coat with increasing application rates.
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FIGURE 3.29: Direct Shear Test Results for Different Application Rates of Trackless Tack
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FIGURE 3.30 shows the relationship between residual application rate and shear strength. It can
be seen that the shear strength increases with increasing application rates.
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FIGURE 3.30: Shear Strength Versus Residual Application Rate Plot of Trackless Tack

3.7.2 8S-1HP Application Rate Effect

FIGURE 3.31 shows the results found from the direct shear test results for tested specimens
prepared with different amounts of tack coat emulsion. FIGURE 3.31 (a) shows the direct shear
test results of two specimens prepared with no tack coating. The average shear strength for the
specimens prepared with no tack coat is 202.85 psi. Similarly, direct shear test results for
specimens prepared with 0.04, 0.06, and 0.08 gal/yd? tack coat are presented in FIGURES 3.31
(b)- 3.31 (e). The average shear strengths of specimens prepared with 0.04, 0.06, and 0.08 gal/yd>
tack coat are 264.22, 275.29, and 253.61 psi, respectively. Therefore, it can be said that the
optimum application rate of SS-1HP is 0.06 gal/yd®.
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FIGURE 3.31 Direct Shear Test Results for Different Application Rates of SS-1HP

FIGURE 3.32 shows the relationship between residual application rate and shear strength. It can
be seen that the shear strength increases with increasing application rates.
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FIGURE 3.32 Shear Strength Versus Residual Application Rate Plot of SS-1HP

3.7.3 SS-1H Application Rate Effect

FIGURE 3.33 shows the results found from the direct shear test results for tested specimens
prepared with different amounts of tack coat emulsion. FIGURE 3.33 (a) shows the direct shear
test results of two specimens prepared with no tack coating. The average shear strength for the
specimens prepared with no tack coat is 231 psi. Similarly, direct shear test results for specimens
prepared with 0.04, 0.06, and 0.08 gal/yd? tack coat are presented in FIGURES 3.33 (b)- 3.33 (d).
The average shear strengths of specimens prepared with 0.04, 0.06, and 0.08 gal/yd?® tack coat are
252,250, and 223 psi, respectively. Therefore, it can be said that the application of a lower amount
of tack coat can increase the shear strength compared to not applying tack coat. But applying too
much tack coat can decrease the shear strength.
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FIGURE 3.33: Direct Shear Test Results for Different Application Rates of SS-1H

FIGURE 3.34 shows the relationship between residual application rate and shear strength. It
can be seen that the shear strength initially increases until a peak point, then it decreases as
the residual application rate increases.
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FIGURE 3.34: Shear Strength Versus Residual Application Rate Plot of SS-1H

3.7.4 CSS-1H Application Rate Effect

FIGURE 34 shows the results found from the direct shear test results for tested specimens prepared
with different amounts of tack coat emulsion. FIGURE 3.35(a) shows the direct shear test results
of two specimens prepared with no tack coating. The average shear strength for the specimens
prepared with no tack coat is 145 psi. Similarly, direct shear test results for specimens prepared
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with 0.04, 0.06, and 0.08 gal/yd? tack coats are presented in FIGURES 3.35 (b)- 3.35 (d). The
average shear strengths of specimens prepared with 0.04, 0.06, and 0.08 gal/yd? tack coats are 234
psi, 223 psi, and 186 psi, respectively. Therefore, it can be said that the application of a lower
amount of tack coat can increase the shear strength compared to not applying tack coat. However,
applying too much tack coat can decrease the shear strength.
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FIGURE 3.35: Direct shear test results for different tack coat application rates of CSS-1H

FIGURE 3.36 shows the relationship between residual application rate and shear strength. It can
be seen that the shear strength initially increases until a peak point, then it decreases as the residual
application rate increases.
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3.8 Summary

This chapter evaluates the effects of selected construction parameters on interlayer bonding in
asphalt pavements. Laboratory testing was performed on double-layer asphalt concrete specimens
prepared under controlled conditions. Interface behavior was quantified using direct shear testing.
The study focused on controllable variables, including tack coat type, application rate, surface
condition, and curing time.

The results show that tack coat material significantly influences interface shear strength.
Differences in binder composition and rheological properties affect adhesion and resistance to
shear displacement at the interface. Modified emulsions generally exhibited improved
performance compared to conventional materials.

Application rate was identified as a key factor governing bond development. Increasing the rate
improved interface strength up to a threshold. Beyond this level, additional binder reduced
performance, likely due to the formation of a lubricating layer at the interface.

The curing condition also played a critical role. Insufficient curing resulted in low interface

strength due to incomplete emulsion break. Strength increased with curing time and approached a
plateau after adequate curing.
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The principal findings are summarized as follows:

Finding 1: The optimum residual application rate for emulsified tack coats (SS-1HP, SS-1H, and
CSS-1H) was 0.04—0.06 gal/yd?, while the trackless tack coat showed better performance at 0.08—
0.10 gal/yd>.

Finding 2: The optimum curing time varied by material. It was approximately 25 min for trackless
tack, 50 min for SS-1HP, and 120 min for SS-1H and CSS-1H.

Finding 3: Tack coat type influences bond strength. Polymer-modified and trackless emulsions
produced higher interface shear strength than conventional emulsions.

Finding 4: Excessive application reduces bonding efficiency. It can cause a slip plane under shear
loading.

Overall, the results demonstrate that interlayer bonding is governed by material selection,
application rate, and curing conditions. Proper control of these parameters is required to achieve
reliable interface bond performance.
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CHAPTER 4
DETERMINATION OF MECHANICS OF DELAMINATION

Flexible pavement analysis treats asphalt concrete (AC) layers as a composite system. Under this
assumption, all layers act together as a single structural unit. This simplification is necessary for
mechanistic design calculations. It also reduces the complexity of modeling stress and strain
distributions within the pavement.

Field conditions are less ideal. The bond at every AC layer interface can vary. Construction
practice, surface preparation quality, tack coat type, curing condition, traffic loading history, and
long-term climate exposure all influence the actual level of bonding achieved. None of these
factors operates independently. Their interaction determines how well adjacent asphalt lifts
transfer load across the interface.

When the interface bond is intact, load transfer across the interface is efficient. The pavement
layers deflect together. Shear and tensile strains remain within acceptable limits at every depth.
When the bond degrades, the layers begin to move relative to each other. Shear stress concentrates
at the interface. Critical strain locations shift. The pavement accumulates damage faster than
predicted by fully bonded design models.

This analysis evaluates three interface bond factors: 1.0 for full bonding, 0.8 for a partially bonded
condition, and 0.5 for a weaker interface. These values span the realistic range of interlayer contact
that may develop in a constructed pavement. The chapter uses these three levels to examine how
changes in bond continuity affect predicted pavement distress across multiple combinations of
binder grade, traffic level, and climate input.

4.1 Mechanics of Interface Debonding

Asphalt pavement functions as a multi-layer elastic structure. Each layer has its own stiffness,
thickness, and material properties. The layers interact through their interfaces. The quality of that
interaction governs how the load is distributed through the structure.

Under full bonding, the strain at the bottom of one AC lift equals the strain at the top of the layer
immediately below it. Displacement continuity is maintained across the interface. No relative
movement occurs between layers. The structure responds as a monolithic composite under traffic
loading.

When bonding is partial or absent, this displacement continuity breaks down. The layers can slip
relative to each other. The strain is no longer continuous across the interface. Each layer behaves
more like a separate beam. Tensile and shear stresses concentrate at the interface rather than
distributing through the full depth of the asphalt structure.

The consequences are significant. Tensile strains near the bottom of the upper lift increase. Rutting
resistance drops because the layers no longer act together to resist shear deformation. Top-down
cracking can initiate from stress concentrations at the surface. Bottom-up cracking develops faster
because the lower layers carry greater tensile demand.
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Three failure modes are associated with interface debonding. Adhesive failure occurs when the
bond between the tack coat and the AC surface is broken. Cohesive failure occurs within the tack
coat material itself. Mixed failure involves both surface and bulk material fracture.

The interface bond factor used in this analysis represents the mechanical continuity between
adjacent asphalt layers. A factor of 1.0 means full composite action. The layers transfer strain
completely. A factor below 1.0 means the interface allows some slip. The layers transfer only a
fraction of the strain demand. As the factor decreases, the pavement responds progressively more
like an unbound layered system than a composite structure.

4.2 Analysis Framework

The analysis was structured as a factorial comparison. Each binder grade was paired with each
annual average daily truck traffic (AADTT) level. Each case was evaluated at three interface bond
factors. The climate inputs were selected from nearby weather station data sources using latitude
and longitude coordinates. Two climate data points were used in the analysis: 35.000, —106.875
and 35.000, —105.625. These coordinates represent the weather station locations used to define the
local climatic conditions for the pavement performance simulations. This arrangement allows
direct comparison of bonding effects across a consistent range of design variables.

The interface bond factor is the primary variable. It represents the mechanical continuity between
asphalt layers at the interface. Reducing the factor limits the shear and tensile strain transfer across
the interface. A weak interface changes the location and magnitude of critical pavement response.
The analysis uses this variable to determine which distress types are most sensitive to the bonding
condition.

The pavement structure modeled in this study consists of an AC surface course placed over a
granular base and natural subgrade. The AC layer thickness and mixture properties are held
constant across all cases. Changes in the interface bond factor, binder grade, traffic level, and
weather input are the only sources of variation between runs. This design ensures that observed
differences in predicted distress are attributable to those specific variables.

The Mechanistic Empirical Pavement Design Guide (MEPDGQG) software is used to generate
distress predictions. The MEPDG is a comprehensive design and analysis tool based on
mechanistic-empirical principles. It models the pavement as a multi-layer elastic structure
subjected to realistic traffic loading and climate inputs. The software predicts pavement
performance over a defined design life using transfer functions calibrated to field observations.

Level 3 inputs are used throughout this analysis. These inputs represent nationally calibrated
default values and locally available material characterization data. They are appropriate for a
comparative study where the objective is to assess relative differences in response rather than
absolute performance predictions for a specific project.
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TABLE 4.1. Analysis Matrix for Interface Bond Factor Study

Variable Levels Used in This Chapter
Interface bond factor 0.5,0.8,1.0
PG binder grade PG 58-22, PG 64-22, PG 76-22
Traffic level (AADTT) 5,000, 10,000, 12,000
Weather station Station 1: Elv: 5613 ft, Temperature: 57 °F; Station 2: Elv:
6948 ft, Temperature: 52 °F
Distress outputs AC rutting; IRI; top-down cracking; bottom-up cracking

4.3 Pavement Distress Measurement

Four distress measures are used to interpret pavement response. Each represents a different failure
mechanism. Together, they provide a complete picture of how the interface condition influences
structural and functional performance.

4.3.1 Asphalt Concrete Rutting

AC rutting is the predicted permanent deformation accumulated within the asphalt layer. It
develops through repeated loading and shear flow of the asphalt material. Rutting is sensitive to
binder stiffness, temperature, traffic volume, and the layer's ability to resist shear deformation
under load.

The interface condition directly affects rutting. When layers are fully bonded, they share the shear
demand imposed by traffic. When layers slip, the upper layer carries more of the shear stress alone.
This concentrated loading accelerates permanent deformation. The result is higher rutting in
partially or weakly bonded pavements.

A higher PG binder grade provides better resistance to rutting because it remains stiffer at high
pavement temperatures. PG 76-22 is expected to outperform PG 58-22 in rutting resistance under
otherwise identical conditions. This relationship holds for both bonded and partially bonded cases,
but the benefit of a higher PG grade diminishes when the interface is weak.
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4.3.2 International Roughness Index

IRI is a measure of pavement surface roughness. It reflects accumulated functional deterioration
over time. A higher IRI indicates reduced ride quality. The index is sensitive to all sources of
surface deformation, including rutting, cracking, and differential settlement.

IRI is an important service measure because it directly affects user perception and vehicle
operating cost. A pavement that fails on IRI criteria may still appear structurally adequate by other
measures. Including IRI as a separate output ensures that the serviceability impacts of the bonding
condition are captured explicitly.

4.3.3 Top-Down Fatigue Cracking

Top-down fatigue cracking initiates near the pavement surface. It is associated with tensile and
shear stresses generated by tire contact. These stresses are affected by tire pressure, tire contact
geometry, AC stiffness, temperature, and surface aging. Near-surface tensile strains cause the
asphalt to crack. The cracks then propagate downward under repeated loading.

Top-down cracking is primarily controlled by near-surface material properties. The binder grade
and the traffic volume determine the magnitude of the tensile response at the surface. A softer
binder grade or a higher traffic level produces greater tensile demand. The interface condition has
limited influence on top-down cracking because this failure mode is governed by the behavior of
the surface layer rather than the interaction between layers.

This behavior has a direct implication for design. The selection of a higher PG grade is the most
effective tool for managing top-down cracking risk. Improving the interface bond alone is not
expected to substantially reduce top-down fatigue cracking. The two interventions address
different structural mechanisms.

4.3.4 Bottom-Up Fatigue Cracking

Bottom-up fatigue cracking initiates at the base of the asphalt structure. It is driven by tensile strain
at the bottom of the AC layer under repeated traffic loading. The crack propagates upward through
the layer. Eventually, it reaches the surface and becomes visible as alligator cracking.

This distress mode is the most sensitive to the interface bond factor. When the interface is weak,
the asphalt layers no longer act as a composite beam. Each lift deflects independently under load.
The tensile strain at the bottom of the structure increases dramatically. The predicted fatigue life
shortens.

The relationship between interface bonding and bottom-up cracking has been documented in
previous mechanistic studies. Willis and Timm (2006) provided strain gauge data from the
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National Center of Asphalt Technology (NCAT) test track showing that measured strains in de-
bonded sections exceeded strains in fully bonded sections. Those elevated strains directly
shortened fatigue life. The current analysis confirms this relationship through predicted distress
outputs.

Rich binder layers (RBL) are sometimes incorporated at the base of perpetual pavement designs.
Their purpose is to absorb tensile strain and resist bottom-up fatigue cracking. However, when the
interface above the RBL is debonded, the fatigue cracking initiates at the debonded interface rather
than at the bottom of the structure. The RBL no longer provides its intended protective function.

AC Rutting Results

AC rutting decreased when the interface bond factor increased from 0.5 or 0.8 to 1.0. This trend
held for all binder grades and all traffic levels tested. The reduction was large enough to shift
several cases from failed or marginal performance to acceptable performance.

The 0.5 and 0.8 bond factor cases produced nearly the same rutting depth in most combinations.
The pavement gained little rutting benefit from a modest improvement in bonding. The main
performance gain occurred when the interface reached full bond. This suggests a threshold
behavior. Below a critical level of bonding, improvements in interface quality do not translate into
proportional improvements in performance.

Binder grade had a clear effect on rutting. PG 76-22 produced the lowest rutting values. PG 58-22
produced the highest values. This result is expected. A stiffer binder at high temperature provides
better resistance to shear deformation within the asphalt layer. Traffic also increased rutting. The
effect was most pronounced when AADTT increased from 5,000 to 10,000. A further increase to
12,000 AADTT produced additional rutting, though the rate of increase slowed.

Weather Station 2 generally produced lower rutting than Weather Station 1. The difference was
consistent but smaller than the difference caused by shifting from partial bond to full bond. This
indicates that interface condition and binder grade are more influential than climate input for
rutting prediction in these cases.

The plots are organized by distress type. Each plot compares the two weather stations for one PG
grade and one AADTT level. The horizontal axis shows the interface bond factor. The vertical axis
shows the predicted distress. The same vertical scale is used within each distress category to allow
direct visual comparison across plots.
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FIGURE 4.1. Interface bond factor versus AC rutting for all PG grades and AADTT combinations

International Roughness Index Results

IRI followed the same direction as the AC rutting. Lower bond factors produced higher roughness.
Full bonding reduced the predicted IRI for every PG group and both weather stations.

The IRI plots show a sharp improvement at the 1.0 bond factor. This supports the interpretation
that serviceability improves substantially when asphalt layers achieve full composite action. The
roughness values at 0.5 and 0.8 were close. Again, the most important change was not a small
improvement in a weak interface, but a transition to a fully bonded condition.

PG 76-22 produced the lowest IRI values. PG 58-22 produced the highest values. IRI also
increased with AADTT. The highest values occurred at higher traffic levels and softer binder
grades. This confirms that a weak interface accelerates serviceability loss. The pavement loses its
functional adequacy faster under combined conditions of weak bonding and high traffic demand.

The IRI results reinforce the rutting findings. Both measures respond to the same underlying
mechanism: reduced composite action causes larger deformations, which accumulate into surface
roughness over time. Managing interface bonding is therefore relevant not only to structural
performance but also to functional pavement life.
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FIGURE 4.2. Interface bond factor versus IRI for all PG grades and AADTT combinations

Top-Down Fatigue Cracking Results

Top-down fatigue cracking behaved differently from rutting and IRI. The three interface bond
factors produced nearly identical cracking values for a given PG grade and AADTT level. This
shows that top-down cracking was not controlled by the interface bond condition in this set of
model outputs.

The primary driver for top-down cracking was the combination of PG grade and traffic. For PG
58-22, cracking increased sharply when AADTT rose from 5,000 to 10,000. It remained high at
12,000 AADTT. This pattern shows that a softer binder is more vulnerable at higher traffic levels.
The near-surface tensile demand exceeds the material's resistance, and cracking accumulates
rapidly.

PG 64-22 produced intermediate top-down cracking values. PG 76-22 produced the lowest values.
These results confirm that high-temperature binder grade controls near-surface cracking response.
The higher stiffness at service temperature limits the tensile strain that drives crack initiation at
the surface.
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The weather station effect was small for top-down fatigue cracking. Both stations produced similar
cracking trends under the same PG and AADTT conditions. This suggests that the selected climate
inputs did not produce sufficient difference in pavement temperature or thermal gradient to
significantly alter the near-surface stress state.

The insensitivity of top-down cracking to the interface bond factor has a practical implication.
Engineers addressing top-down cracking should focus on binder grade selection and traffic
characterization rather than on interface bonding. In contrast, engineers addressing bottom-up
cracking or rutting should consider interface bonding as a primary design variable.
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FIGURE 4.4. Top-down fatigue cracking versus AADTT using the average of both weather
stations

Bottom-Up Fatigue Cracking Results

Bottom-up fatigue cracking was the most sensitive to the interface bond factor. At bond factors of
0.5 and 0.8, bottom-up cracking reached 100 percent in nearly every case. This indicates severe
structural deterioration when the asphalt layers were not fully bonded.

The behavior at bond factors of 0.5 and 0.8 was similar in magnitude. Both conditions produced
critical cracking. This pattern matches the rutting and IRI findings. A modest improvement in a
weak interface does not substantially change predicted performance. The critical transition is from
partial bond to full bond.

At the 1.0 bond factor, bottom-up cracking dropped sharply. The reduction was strong for all PG
grades. However, several full-bond cases still exceeded a 25 percent cracking threshold. This
finding is important. Full bonding improved structural performance, but it did not eliminate failure
risk under high traffic or softer binder grades. Both conditions must be addressed together.

PG 76-22 showed the best bottom-up fatigue performance. The lowest cracking values occurred
for PG 76-22 at 5,000 AADTT. PG 58-22 showed the most critical behavior at high traffic. These
results confirm that bottom-up cracking is controlled by both interface condition and the structural
response of the asphalt layer. Improving only one factor is not always sufficient to bring
performance within acceptable limits.

This finding has direct implications for design. Bottom-up fatigue cracking is the distress mode
most likely to be underestimated when a fully bonded assumption is used in design. If the
constructed interface delivers partial bonding, the predicted fatigue life will be substantially shorter
than the design target. The consequence is premature structural failure.
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FIGURE 4.5. Interface bond factor versus bottom-up fatigue cracking for all PG grades and
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4.4 Comparative Sensitivity of Distress Qutputs

The four distress types did not respond equally to changes in the interface bond factor. Bottom-up
fatigue cracking showed the strongest sensitivity. AC rutting and IRI showed moderate sensitivity.
Top-down cracking showed very low sensitivity to bond factor across the cases studied.

This hierarchy of sensitivity has a practical interpretation. Engineers should prioritize interface
condition as a design input for rutting and bottom-up fatigue prediction. For top-down cracking,
binder grade selection and traffic characterization are more critical inputs. Each distress mode is
governed by different structural mechanisms, and each responds to different design variables.

The following TABLE 4.2 summarizes the relative sensitivity of each distress output to the
interface bond factor and identifies the controlling variables for each mode.

TABLE 4.2. Relative Sensitivity of Distress Outputs to Interface Bond Factor

Distress Type Sensitivity to Bond Primary Controlling Variables
Factor
AC Rutting Moderate to High Interface bond, PG grade, AADTT
IRI Moderate to High Interface bond, PG grade, AADTT
Top-Down Fatigue Cracking Low PG grade, AADTT
Bottom-Up Fatigue Very High Interface bond, PG grade, AADTT
Cracking
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The strong response of bottom-up cracking to interface conditions reflects the structural role of
composite action in pavement response. When the layers act as a unit, they distribute tensile strain
efficiently across the full depth of the AC structure. When they slip, the base of the upper lift
experiences concentrated tensile demand. The MEPDG transfer function for bottom-up cracking
is highly sensitive to this concentration, which explains the sharp prediction difference between
partial and full bond cases.

4.5 Effect of Weather Station

The analysis used two nearby New Mexico weather stations. Station 1 was Pajarito Mesa, NM,
located at 35.0000° latitude and —106.8750° longitude, with an elevation of 5,613 ft. This station
had a mean annual air temperature of 57.04°F, mean annual precipitation of 12.70 in, freezing
index of 41.14°F-days, average annual freeze—thaw cycles of 105.27, and water table depth of 10
ft.

Station 2 was Clines Corners, NM, located at 35.0000° latitude and —105.6250° longitude, with an
elevation of 6,948 ft. This station was cooler and wetter than Station 1. It had a mean annual air
temperature of 52.39°F, mean annual precipitation of 16.70 in, freezing index of 146.29°F-days,
average annual freeze—thaw cycles of 126.73, and water table depth of 10 ft.

The two weather stations produced consistent trends. Station 2 generally yielded slightly lower
rutting and IRI than Station 1. This may be related to its lower mean annual air temperature and
higher elevation. The difference was visible, but it was smaller than the difference caused by the
transition from partial bond to full bond.

For fatigue cracking, the weather station effect was minor. Top-down cracking showed almost no
difference between the two stations. Bottom-up cracking showed a modest station effect at the full
bond level. Under partial bond conditions, both stations produced similarly critical results.

The consistent direction of results across both climate inputs provides confidence in the
interpretation. The interface bond factor changed pavement response in the same way for both
weather stations. This consistency supports treating the interface condition as a primary design
variable rather than only a site-specific adjustment factor.

The limited influence of the weather station on the overall conclusions does not mean climate is
unimportant. It means that, for the climate difference represented by Pajarito Mesa and Clines
Corners, interface condition and binder grade were more influential. Larger climate contrasts may
produce stronger effects, especially for top-down cracking, where temperature strongly affects
near-surface binder behavior.
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4.6 Interaction Between Bond Factor, Binder Grade, and Traffic

The three design variables — interface bond factor, PG binder grade, and AADTT — do not act
independently. Their interaction determines the severity of pavement distress. Understanding these
interactions is necessary for correct design decisions.

For rutting and IRI, the benefit of a higher PG grade was most visible at full bond. When the
interface was weak, the rutting benefit of PG 76-22 over PG 58-22 was reduced. The interface
condition limited the extent to which improved binder stiffness could improve performance. This
is because a weak interface introduces shear deformation that binder stiffness alone cannot prevent.

For bottom-up cracking, the interaction was even more pronounced. PG 76-22 at full bond
produced the lowest cracking values. PG 58-22 at partial bond produced the highest. However,
even PG 76-22 at partial bond produced critical cracking in most cases. This indicates that
achieving full bond is a prerequisite for binder grade improvements to deliver their full structural
benefit.

Traffic level amplified the differences between bond conditions. At 5,000 AADTT, some partial
bond cases produced acceptable performance. At 10,000 and 12,000 AADTT, partial bond cases
consistently failed regardless of binder grade. Higher traffic removes the tolerance that might
otherwise exist for a moderately weak interface. Under high-volume conditions, the demands
placed on the interface exceed what partial bonding can sustain.

These interactions support a design principle: bond quality and binder selection are linked
decisions. Selecting a higher PG grade without ensuring adequate bonding provides less benefit
than expected. Ensuring adequate bonding while using a lower PG grade may also be insufficient
under high traffic. Both conditions must meet their respective targets to achieve the intended
design performance.

4.7 Interpretation for Design and Implementation

The results support a practical design conclusion. Interface bonding should not be treated as a
construction detail alone. It has a direct effect on structural performance and functional service
life. Weak bonding can increase distress even when a stronger binder grade is used. The two factors
are not interchangeable.

The greatest performance benefit occurred when the bond factor reached 1.0. The difference
between bond factors of 0.5 and 0.8 was small for rutting, IRI, and bottom-up cracking in most
cases. This does not mean a bond factor of 0.8 is acceptable. It means the pavement response
remained critical until full composite action was achieved. Any target that falls short of full bond
should be considered a risk factor.

For design and construction practice, the interface must be controlled through deliberate attention
to multiple factors. Tack coat type, application rate, and coverage uniformity all influence the
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achievable bond level. Surface cleanliness before paving is equally important. Dust, debris, or
standing water at the interface reduces adhesion and lowers the effective bond factor.

Curing time also matters. The NMDOT research report documents that curing conditions affect
shear strength across all tack coat types studied. Paving before adequate curing can trap moisture
at the interface and reduce the bond developed between layers. Construction scheduling should
account for curing requirements, particularly in humid conditions or when moisture-sensitive
emulsions are used.

Surface texture affects the bond through mechanical interlocking. Milled surfaces consistently
produce higher interface shear strength than non-milled surfaces. Where practical, milling the
existing surface before overlay placement provides both improved texture and improved adhesion.
This finding from the NMDOT laboratory program is consistent with the broader literature on
interlayer bonding.

Only three interface bond factors were evaluated: 0.5, 0.8, and 1.0. The response between 0.8 and
1.0 may not be linear. A threshold likely exists somewhere in this range where pavement response
begins to improve substantially. Additional bond factor levels would be needed to locate this
threshold precisely. Future work should fill this gap.

The top-down fatigue cracking output showed little variation with the interface bond factor across
all cases. This may reflect a genuine structural behavior or a model sensitivity limitation. The
MEPDG top-down cracking model is primarily driven by the near-surface stress state, which is
controlled by binder stiffness and tire contact. Different layer thicknesses, tire pressures, or
interface locations might produce a different sensitivity pattern. This possibility should be
examined in future analyses.

The analysis used two weather stations. These inputs were useful for comparison, but they do not
represent all climate regions. The conclusions regarding climate effects are limited to the
conditions represented by these stations. Regional recommendations should be supported by a
wider range of climate inputs.

The interface bond factor as implemented in this analysis represents a global reduction in layer
interaction. In practice, debonding occurs progressively and may be localized rather than uniform
across the interface. The model does not capture spatial variability in bond condition. Future finite
element modeling with cohesive zone elements could represent localized debonding more
realistically.

4.8 Summary

The following conclusions follow from the distress plots and performance comparisons presented
in this chapter.

The interface bond factor had a clear and consistent effect on AC rutting. Rutting was highest at
bond factors of 0.5 and 0.8. It was lowest at full bond. The difference between 0.5 and 0.8 was
small. The most significant reduction occurred at the transition to full bond.
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IRI followed the same pattern as rutting. Full bonding improved ride-related performance in every
PG grade and AADTT combination tested. Both measures confirm that interface quality is a
functional serviceability factor as well as a structural one.

Top-down fatigue cracking was controlled mainly by PG grade and AADTT. It showed little
sensitivity to the interface bond factor in the available results. Addressing top-down cracking
requires appropriate binder grade selection. Interface bonding is not an effective lever for this
distress mode.

Bottom-up fatigue cracking was the most critical distress in this study. Partial bond cases produced
severe cracking across nearly all combinations. Full bonding reduced cracking substantially but
did not eliminate failure risk under high traffic or softer binder grades. Both bond quality and
binder selection must be addressed together.

PG 76-22 gave the best overall performance across all four distress measures. PG 58-22 gave the
most critical response, particularly at higher traffic levels. The binder grade benefit was fully
realized only when the interface bond was adequate.

Weather Station 2 generally produced slightly lower rutting and IRI than Station 1. Trends were
consistent across both stations. Interface condition and binder grade were more influential than the
weather station for all four distress outputs in these cases.

A recommended next step is to calibrate the interface bond factor using laboratory shear test data
and field core measurements. This calibration would link the factor to measurable construction
properties. It would allow the model to translate tack coat type, application rate, and surface texture
into a predicted bond quality that can be used directly in mechanistic design.
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CHAPTER 5
SELECTION OF DELAMINATION DESIGN PARAMETERS AND LIMITING
VALUES

Previous chapters evaluated the effects of tack coat type, application rate, and curing condition on
interface shear strength. These parameters play an important role in the development of interlayer
bonding. However, the behavior of the asphalt interface during pavement service depends not only
on construction practices but also on the mechanical and environmental conditions acting on the
pavement structure.

Interfacial delamination occurs when the shear resistance of the interface is exceeded by stresses
generated within the pavement system. Traffic loading produces shear stresses along the interface
between asphalt layers. The magnitude of these stresses depends on the structural characteristics
of the pavement, the loading conditions applied to the pavement surface, and the environmental
state. If the interface cannot resist these stresses, relative movement may occur between asphalt
layers. Continued loading may then lead to progressive separation of the layers and the
development of interfacial delamination.

The resistance of an asphalt interface is controlled by several mechanisms. Adhesion provided by
the tack coat residue contributes to bonding between the layers. Friction generated by normal stress
acting across the interface also contributes to shear resistance. In addition, surface roughness can
provide mechanical interlocking between the two asphalt layers. The combined contribution of
these mechanisms determines the overall shear resistance of the pavement interface.

Normal stress plays an important role in the development of frictional resistance at the interface.
When normal stress increases, the contact pressure between the two asphalt layers also increases.
This increase in contact pressure improves frictional resistance and allows the interface to sustain
greater shear stress before failure occurs. Shear loading rate can also influence interface behavior.
Asphalt materials exhibit time-dependent mechanical properties, and the resistance of the interface
changes depending on the rate at which shear is applied.

Environmental conditions further influence the behavior of asphalt interfaces. Temperature affects
the stiffness and viscosity of asphalt binders. At higher temperatures, the binder becomes softer
and more susceptible to deformation. This condition may reduce the resistance of the interface to
shear loading. Moisture also weakens the bond between asphalt layers by reducing cohesion within
the tack and adhesion between the coating and the aggregate surface. Exposure to moisture can
therefore contribute to a reduction in interface shear strength.

A proper understanding of interfacial delamination requires evaluation of these mechanical and
environmental factors. Measuring interface strength under a single test condition does not fully
describe the behavior of the interface in service. The interface must be examined under different
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stress states and conditioning conditions in order to understand how shear resistance develops and
how failure may occur.

The chapter first examines the influence of normal stress on interface shear strength. The effect of
shear loading rate is then evaluated. The Mohr—Coulomb framework is used to determine cohesion
and friction angle parameters that describe interface resistance. The influence of temperature and
moisture conditioning on interface shear strength is also investigated. Surface condition of the
interface also influences bonding behavior. Milled surfaces introduce higher macrotexture, which
increases mechanical interlocking between layers. This additional roughness can improve shear
resistance, especially under higher normal stress.

Controlled surface texturing was also considered in this study. Notched or grooved surfaces were
prepared to isolate the effect of texture from other variables. These controlled patterns provide a
consistent geometry for mechanical interlock. The results allow a clearer comparison with
conventional milled surfaces, where texture is more variable. This approach helps to better
understand the role of surface texture in interfacial delamination. In addition to surface condition,
the effect of aging on interface behavior is examined in this study. Aged and unaged surfaces may
respond differently due to changes in binder properties and bonding potential. The orientation of
controlled surface texture relative to the direction of shear is also considered, as it can influence
the degree of mechanical interlocking and resistance to shear. These factors are evaluated to better
understand their role in interfacial shear performance.

The results provide a mechanistic understanding of how asphalt interfaces respond to loading and
environmental conditions that may contribute to delamination during pavement service.

5.1 Design Parameters

The resistance of an asphalt interface to shear loading is governed by several mechanisms. These
mechanisms include adhesive bonding, frictional resistance, and mechanical interlocking between
AC layers. The relative contribution of each mechanism depends on the material properties of the
tack coat, the surface condition of the asphalt layers, and the loading conditions applied to the
interface.

Adhesion is provided by the residual asphalt binder present in the tack coat. After the emulsion
breaks and cures, the asphalt residue forms a thin bonding layer between the two AC layers. This
layer provides adhesive resistance that helps prevent relative movement between layers. The
magnitude of this adhesive bond depends on the chemical and rheological properties of the binder
and the condition of the surfaces in contact.

Friction also contributes to the resistance of the interface. Friction develops when normal stress
acts across the interface between asphalt layers. Traffic loads applied to the pavement structure
produce both vertical and horizontal stresses. The vertical component generates normal stress at
the interface, while the horizontal component produces shear stress. The interaction of these
stresses creates frictional resistance that helps prevent sliding between the layers.
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Surface texture can also influence interface resistance. Rough surfaces increase mechanical
interaction between asphalt layers. This mechanical interaction improves the resistance to relative
movement and contributes to the overall shear strength of the interface. Smooth surfaces provide
less mechanical interaction and therefore depend more strongly on adhesive bonding.

The combined effect of adhesion and friction is commonly represented using the Mohr—Coulomb
failure criterion. In this approach, the shear strength of the interface is expressed as a function of
normal stress. The relationship can be written as

T=c+otang Eq .1
where,
T = interface shear stress;
¢ = cohesion;
o = normal stress;
¢ = angle of internal friction.

The cohesion parameter is associated with the bonding provided by the asphalt material. The
friction angle represents the frictional component of the interface resistance that develops under
normal load.

The Mohr—Coulomb framework provides a convenient method for interpreting interface shear test
results. By measuring shear strength at different levels of normal stress, the cohesion and friction
angle of the interface can be determined. These parameters provide a mechanistic description of
the interface behavior.

The experimental setup used in this chapter is the same direct shear testing system described in
Chapter 3. The GCTS servo-controlled direct shear device was used to apply controlled shear and
normal loads to the double-layer AC specimens. Details of the specimen preparation procedure,
test configuration, and instrumentation are provided in the previous chapter and are not repeated
here.

The objective of the present chapter is to evaluate the mechanical and environmental factors that
influence interfacial delamination. For this purpose, the direct shear test was conducted under
different levels of normal stress and shear loading rate. Additional tests were also performed under
different environmental conditions. The specimens were tested at several temperature levels to
evaluate the influence of temperature on interface shear strength. Moisture-conditioned specimens
were also tested to examine the influence of moisture exposure on bonding performance.

The combination of these testing conditions allowed the interface behavior to be examined under
a range of mechanical and environmental states. The resulting data were used to evaluate the shear
strength characteristics of the asphalt interface and to determine the cohesion and friction angle
using the Mohr—Coulomb failure relationship.
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5.2 Effect of Normal Stress and Shear Rate

Normal stress plays an important role in the development of interfacial shear resistance between
asphalt concrete layers. When normal stress increases, the contact pressure between the two asphalt
layers increases, which enhances frictional resistance at the interface. As a result, the interface can
sustain higher shear stresses before failure occurs. This behavior is commonly described using the
Mohr—Coulomb failure framework, where shear strength increases linearly with normal stress due
to the combined effects of cohesion and friction.

To evaluate the influence of normal stress on interface shear strength, direct shear tests were
conducted on double-layer asphalt concrete specimens bonded with SS-1H tack coat. Tests were
performed under three normal stress levels: 72.5 psi, 108.8 psi, and 145 psi (equivalent to 500 kPa,
750 kPa, and 1000 kPa, respectively). For each normal stress level, tests were conducted at several
shear displacement rates, and three replicate specimens were used for each test condition.

FIGURE 5.1 shows the results found from the direct shear tests for shear rates of 1 mm/min, 2.54
mm/min, and 5 mm/min. To get a lower coefficient of variance, some sets (at specific shear rate
and normal stress) were conducted more than three times to eliminate outliers. For all cases, there
are two different phases in the load-displacement curves. In the first phase, the load initially
increases as the displacement increases until it reaches a maximum value. This load increment is
attributed to bonding between two layers due to adhesion from tack coating and interlocking from
aggregate embedment. The maximum value of load is related to the bonding strength of the
interface material. After reaching the peak point, the bonding between the interface materials starts
to fail (second phase), when the load decreases as the displacement increases. Finally, the load
decreases after the complete deterioration in interface bonding. Frictional resistance was present
between the two surfaces. It should be mentioned that the load-displacement curves of three
replicate specimens are close to each other, which confirms the repeatability of the direct shear
test.
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FIGURE 5.1: Direct shear test results for different displacement rates at 72 psi normal load

TABLE 5.1 summarizes the results as shown in FIGURE 5.1, where the tests were performed at a
normal stress of 72 psi with displacement rates of 1 mm/min, 2.54 mm/min, and 5 mm/min.
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TABLE 5.1: Conducted direct shear tests at 72 psi normal load on double-layered AC specimens

Normal stress (psi) 72 psi
Loading rate (mm/min) =1 n=2.54 =5
Shear strength (psi), 129.04 134.12 157.99
Replicate 1
Shear strength (psi), 129.51 136.51 158.73
Replicate 2
Shear strength (psi), 129.37 138.43 161.69
Replicate 3
Coefficient of Variance (%) 0.209 1.95 1.12
Average shear strength (psi) 129.25 136.28 159.27
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FIGURE 5.2: Direct shear test results for different displacement rates at 108 psi normal load
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TABLE 5.2 summarizes the results as shown in FIGURE 5.2, where the tests were performed at a
normal stress of 108 psi with displacement rates of 1 mm/min, 2.54 mm/min, and 5 mm/min.

TABLE 5.2: Conducted direct shear tests at 108 psi Normal Load

Normal stress (psi) 108 psi
Loading rate (mm/min) r=1 n=2.54 =5
Shear strength (psi) 155.45 177.50 201.32
Replicate 1
Shear strength Rep 2 (psi) 158.84 182.04 193.87
Replicate 2
Shear strength (psi) 159.84 183.98 195.78
Replicate 3
Coefficient of Variance (%) 119 1.50 1.62
Average shear strength (psi) 157 180 192
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FIGURE 5.3: Direct shear test results for different displacement rates at 145 psi normal load
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TABLE 5.3 summarizes the results as shown in FIGURE 5.3, where the tests were performed at
a normal stress of 145 psi with displacement rates of 1 mm/min, 2.54 mm/min, and 5 mm/min.

TABLE 5.3: Direct shear tests on double-layered AC specimens at 145 psi Normal Load

Normal stress (psi) 145 psi
Loading rate (mm/min) r=1 n=2.54 =5
Shear strength (psi) 198.54 223.77 261.12
Replicate 1
Shear strength Rep 2 (psi) 201.64 218.50 257.10
Replicate 2
Shear strength (psi) 191.64 220.90 264.76
Replicate 3
Coefficient of Variance (%) 2.12 0.97 1.2
Average shear strength (psi) 199 220 259

To analyze the Mohr-Coulomb principle, the average interface shear stress values obtained at 1
mm/min, 2.54 mm/min, and 5 mm/min displacement rates were plotted against the corresponding
normal stress values. This resulted in a linear relationship, indicating that the interface shear
strength increased with an increase in the normal stress.

TABLE 5.4 summarizes the mean interface shear stress values at a | mm/min displacement rate

TABLE 5.4: Summary of the mean interface shear stress at I mm/min displacement rate

Normal Stress ¢ (psi) Shear Stress T (psi)
72 129
108 136
145 199

FIGURE 5.4 illustrates the Mohr-Coulomb principle at a 1 mm/min displacement rate, based on
the data presented in TABLE 5.4. The plot shows a linear relationship between shear stress and
normal stress, with the corresponding angle of internal friction and cohesion values calculated
from the linear equation.
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FIGURE 5.4: Mohr-Coulomb principle at 1 mm/min, based on the data in TABLE 5.4

TABLE 5.5 presents the interpreted shear strength parameters (angle of internal friction and

cohesion) derived from FIGURE 5.4.

TABLE 5.5: The interpreted shear strength parameters

Friction Angle ¢°

Cohesion C (psi)

43.62

59.138

TABLE 5.6 summarizes the mean interface shear stress values at a 2.54 mm/min displacement

rate.

TABLE 5.6: Summary of the mean interface shear stress at 2.54 mm/min displacement rate

Normal Stress o (psi) Shear Stress T (psi)
72 139
108 180
145 220

FIGURE 5.5 illustrates the Mohr-Coulomb principle at a 2.54 mm/min displacement rate, based
on the data presented in TABLE 5.6. The plot also shows a linear relationship between shear stress
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and normal stress, with the corresponding angle of internal friction and cohesion values calculated
from the linear equation.
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FIGURE 5.5: Mohr-Coulomb principle at 2.54 mm/min, based on the data in TABLE 5.6

TABLE 5.7 presents the interpreted shear strength parameters (angle of internal friction and
cohesion) derived from FIGURE 5.5.

TABLE 5.7: The interpreted shear strength parameters

Friction Angle ¢° Cohesion C (psi)

48.21 58.719

TABLE 5.8 summarizes the mean interface shear stress values at a 5 mm/min displacement rate.

TABLE 5.8: Summary of the mean interface shear stress at 5 mm/min displacement rate

Shear Stress T
Normal Stress o (psi) .
(psi)
72 162
108 193
145 259

FIGURE 5.6 illustrates the Mohr-Coulomb principle at a 5 mm/min displacement rate, based on
the data presented in TABLE 5.8.
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FIGURE 5.6: Mohr-Coulomb principle at 5 mm/min, based on the data in TABLE 5.8

TABLE 5.9 presents the interpreted shear strength parameters (angle of internal friction and
cohesion) derived from FIGURE 5.6.

TABLE 5.9: The interpreted shear strength parameters

Friction Angle ¢° Cohesion C (psi)

53.65 57.291

At higher shear rates (1-5 mm/min), the friction angle increased with loading rate. The cohesion
values did not change consistently. To examine this behavior further, additional tests were carried
out at lower shear rates (0.1-0.5 mm/min). This was done to check whether the same trend holds
for both friction and cohesion. The results from direct shear tests performed at shear rates of 0.1
mm/min, 0.25 mm/min, and 0.5 mm/min under normal stresses of 72 psi, 108 psi, and 145 psi,
respectively, are shown in FIGURES 5.7 to 5.9.
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FIGURE 5.7: Direct shear test results for different displacement rates at 72 psi normal load

TABLE 5.10 summarizes the results as shown in FIGURE 5.7, where the tests were performed at
a normal stress of 72 psi with displacement rates of 1 mm/min, 2.54 mm/min, and 5 mm/min.

TABLE 5.10: Conducted direct shear tests at 72 psi normal load on double-layered AC specimens

Normal stress (psi) 72 psi
Loading rate (mm/min) r1=0.1 n=0.25 r3=0.5
Shear strength (psi) 92.84 101.33 113.80

Replicate 1
Shear strength Rep 2 (psi)

Replicate 2 98.53 103.36 121.40
Shear strength (psi) 91.44 102.93 114.62
Replicate 3 ) ) )
Coefficient of Variance (%) 3.98 1.04 3.58
Average shear strength (psi) 94.27 102.94 116.61
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FIGURE 5.8: Direct shear test results for different displacement rates at 108 psi normal load

TABLE 5.11 summarizes the results as shown in FIGURE 4.8a to 4.8c, where the tests were
performed at a normal stress of 108 psi with displacement rates of 0.1 mm/min, 0.25 mm/min, and
0.5 mm/min.
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TABLE 5.11: Conducted direct shear tests on double-layered AC specimens at 108 psi Normal

Load
Normal stress (psi) 108 psi
Loading rate (mm/min) r1=0.1 rn=0.25 13=0.5
Shear strength (psi) 119.17 122.53 139.58
Replicate 1 ' ) '
Shear strength Rep 2 (psi) 115.61 123.20 143.42
Replicate 2 ' ) '
Shear strength (psi) 117.57 126.45 131.58
Replicate 3 ' ) '
Coefficient of Variance (%) 1.52 1.69 4.37
Average shear strength (psi) 117 124 137
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FIGURE 5.9: Direct shear test results for different displacement rates at 145 psi normal load
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TABLE 5.12 summarizes the results as shown in FIGURE 5.9a to 5.9c, where the tests were

performed at a normal stress of 145 psi with displacement rates of 0.1 mm/min, 0.25 mm/min, and
0.5 mm/min.

TABLE 5.12: Direct shear tests on double-layered AC specimens at 145 psi Normal Load

Normal stress (psi) 145 psi
Loading rate (mm/min) r1=0.1 1=0.25 13=0.5
Shear strength (psi) 124.83 139.18 163.57

Replicate 1
Shear strength Rep 2 (psi)

Replicate 2 127.42 142.46 164.06
Shear strength (psi) 130.50 144.45 152.05
Replicate 3 ] ] ]
Coefficient of Variance (%) 2.22 1.87 4.25
Average shear strength (psi) 127 142 159

To analyze by the Mohr-Coulomb principles, the average interface shear stress values obtained at
0.1 mm/min, 0.25 mm/min, and 0.5 mm/min displacement rates were plotted against the
corresponding normal stress values. This resulted in a linear relationship, indicating that the
interface shear strength increased with an increase in the normal stress.

TABLE 5.13 summarizes the mean interface shear stress values at a 0.1 mm/min displacement
rate.

TABLE 5.13: Summary of the mean interface shear stress at 0.1 mm/min displacement rate

Normal Stress o (psi) Shear Stress T (psi)
72 94.27
108 117.45
145 127.48

FIGURE 5.10 illustrates the Mohr-Coulomb principle at a 0.1 mm/min displacement rate, based
on the data presented in TABLE 5.13. The plot shows a linear relationship between shear stress
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and normal stress, with the corresponding angle of internal friction and cohesion values calculated
from the linear equation.
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FIGURE 5.10: Mohr-Coulomb principle at 0.1 mm/min, based on the data in TABLE 5.13

TABLE 5.14 presents the interpreted shear strength parameters (angle of internal friction and
cohesion) derived from FIGURE 5.10.

TABLE 5.14: The interpreted shear strength parameters

Friction Angle ¢° Cohesion C (psi)
24.42 63.52

TABLE 5.15 summarizes the mean interface shear stress values at a 0.25 mm/min displacement
rate.

TABLE 5.15: Summary of the mean interface shear stress at 0.25 mm/min displacement rate

Normal Stress o (kPa) Shear Stress 1 (psi)
72 102.94
108 124.08
145 142.03
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FIGURE 5.11 illustrates the Mohr-Coulomb principle at a 0.25 mm/min displacement rate, based
on the data presented in TABLE 5.15. The plot also shows a linear relationship between shear
stress and normal stress, with the corresponding angle of internal friction and cohesion values
calculated from the linear equation.
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FIGURE 5.11: Mohr-Coulomb principle at 0.25 mm/min, based on the data in TABLE 5.15

TABLE 5.16 presents the interpreted shear strength parameters (angle of internal friction and
cohesion) derived from FIGURE 4.11.

TABLE 5.16: The interpreted shear strength parameters

Friction Angle ¢° Cohesion C (psi)
27.15 66.61

TABLE 5.17 summarizes the mean interface shear stress values at a 0.5 mm/min displacement
rate.

TABLE 5.17: Summary of the mean interface shear stress at 0.5 mm/min displacement rate

Normal Stress o (kPa) Shear Stress T (psi)
72 116.61
108 137.45
145 159.64
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FIGURE 5.12 illustrates the Mohr-Coulomb principle at a 0.5 mm/min displacement rate, based
on the data presented in TABLE 5.17.
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FIGURE 5.12: Mohr-Coulomb principle at 0.5 mm/min, based on the data in TABLE 5.17

TABLE 5.18 presents the interpreted shear strength parameters (angle of internal friction and
cohesion) derived from FIGURE 5.12.

TABLE 5.18: The interpreted shear strength parameters

Friction Angle ¢° Cohesion C (psi)
30.52 73.82

5.2.1 Statistical Influence of Shear Rate on Shear Strength Parameters

The interpreted shear strength parameters obtained from the Mohr—Coulomb envelopes are
summarized in TABLE 5.19.

121



TABLE 5.19: Summary of interpreted shear strength parameters at different shear rates

Shear Rate Friction Cohesion
(mm/min) Angle (°) (psi)
0.1 24.42 63.52
0.25 27.15 66.61
0.5 30.52 73.82
1 43.58 406.95
2.54 48.23 402.71
5 53.59 395.07

The results show that the angle of internal friction increased as the shear rate increased. At lower
displacement rates (0.1-0.5 mm/min), the friction angle ranged from 24.42° to 30.52°. At higher
displacement rates (1-5 mm/min), the friction angle increased further, reaching 53.59° at 5
mm/min. This trend indicates that the frictional resistance at the asphalt interface becomes more
dominant at higher shear rates.

In contrast, the cohesion parameter did not show a consistent increasing trend across the entire
shear rate range. Cohesion values remained relatively stable within each testing group, although
differences were observed between the lower and higher shear rate ranges.

To determine whether shear rate significantly influences the interpreted shear strength parameters,
a one-way analysis of variance (ANOVA) was performed. The ANOVA results are summarized

in TABLE 5.20.

TABLE 5.20: ANOVA results for the influence of shear rate on shear strength parameters

Parameter p-value
Friction Angle 0.0527
Cohesion 0.0831

The ANOVA results indicate that the friction angle shows a near-significant dependence on shear
rate. The p-value of 0.0527 is close to the commonly accepted significance level of 0.05. This
suggests that shear rate may influence the frictional component of interface resistance.
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In contrast, the cohesion parameter does not show a statistically significant dependence on shear
rate. The p-value of 0.0831 indicates that variations in cohesion among the shear rate groups are
not statistically significant.

These findings suggest that shear rate primarily affects the frictional component of interface shear
resistance, while the adhesive bonding component, represented by cohesion, remains relatively
stable.

5.3 Bending Stress of Beam-Shaped Samples

The bending test of an asphalt concrete beam was conducted to evaluate its mechanical properties
when subjected to bending failure at loading rates of 1 mm/min. The beam used in this test had a
length of 150 £ 2.0 mm and a cross-sectional area of 50 + 2.0 mm in both width and height. During
the test, the load was applied to the center of the beam until it fractured. The data collected from
this test were used to determine the bending strength at the point of maximum load. FIGURE
5.13a-5.13d shows the test sample, sample schematic, test set-up, and some tested samples:

Load

50 mm

120 mm

1 150 mm 1

(a) Beam sample (b) Test schematic (c) Actual test set-up

(d) Tested samples

FIGURE 5.13: Beam bending test

FIGURES 5.14(a) — 5.14(d) show the average bending stress for the specimens with different tack
coat application rates. The average bending stress for the specimens prepared with no tack coat is

8.25 psf. The bending stress is calculated from the formula:

o = bending stress (psf)
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M = the internal bending moment about the section’s neutral axis (kip-ft)
c = the perpendicular distance from the neutral axis to the farthest point of the section (ft)
I = the moment of inertia of the section area about the neutral axis (ft*)

Similarly, test results for specimens prepared with 0.04, 0.06, and 0.08 gal/yd® tack coats are
presented in FIGURES 4.14(b)-4.14(d). The average bending stress of specimens prepared with
0.04, 0.06, and 0.08 gal/yd? tack coats is 8.57, 8.42, and 8.31 psf, respectively. A one-way ANOVA
analysis showed that the differences in bending stress with application rates are not significant.
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FIGURE 5.14: Beam Bending Test Results for Different Application Rates

5.4 Effect of Moisture Damage

To simulate the moisture damage, this study utilized the moisture-induced stress test (MIST) on
the double-layered specimens. The MIST test (FIGURE 5.15) is used to simulate moisture damage
by applying a cyclic hydrostatic pressure at an elevated temperature. The specimen was subjected
to 3500 cycles of 39.9 psi pore pressure at 140°F to simulate moisture damage using a hydraulic
pump and piston system.
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FIGURE 5.15: Moisture-induced stress test: (a) MIST chamber, and (b) test schematic

FIGURE 5.16 shows the results found from the direct shear test results for specimens prepared
with different amounts of tack coat emulsion. The average shear strength for the unconditioned
specimens prepared with SS-1H tack coat is 242.98 psi. Similarly, direct shear test results for
specimens prepared with SS-1HP, CSS-1H, CSS-1HP, and trackless tack coats are presented in
FIGURES 4.16(b)- 4.16(e). The average interface shear strengths of specimens prepared with SS-
1HP, CSS-1H, CSS-1HP, and trackless tack coats are 264.22 psi, 228.75 psi, 253.97 psi, and
241.94 psi, respectively.
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FIGURE 5.16: Direct Shear Test Results for unconditioned Samples

The average shear strength for the MIST conditioned specimens prepared with SS-1H tack coat is
195.47psi (FIGURE 4.17a). Similarly, direct shear test results for specimens prepared with SS-
1HP, CSS-1H, CSS-1HP, and trackless tack coats are presented in FIGURES 5.17(b)-5.17(e). The
average interface shear strengths of specimens prepared with SS-1HP, CSS-1H, CSS-1HP, and
trackless tack coats are 219.91psi, 172.09 psi, 214.21 psi, and 227.03 psi, respectively.
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Direct Shear Test Results for MIST Conditioned Samples

TABLE 5.21 shows the interface shear strengths of the unconditioned specimens and MIST-
conditioned specimens.

TABLE 5.21: Interface shear strength with different tacks for unconditioned and conditioned

specimens
Conditioning ISS with ISS with ISS with ISS with ;f:cm'z?s
states SS-1H (psi) | SS-1HP (psi) | CSS-1H (psi) | CSS-1HP (psi) Tack (psi)
Unconditioned 242.94 264.22 228.75 252.36 241.54
MIST conditioned 195.47 219.91 172.09 21421 227.03
Difference 20% 16% 24% 15% 6%

FIGURE 5.18 shows the reduction in interface shear strength due to MIST conditioning. The largest
reduction was observed for CSS-1H, and the smallest reduction was observed for trackless tack.
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(a) (b)

FIGURE 5.18: Comparison between unconditioned MIST conditioned states (a) Interface shear
strength of different tack types at both states (b) Percentage reduction in interface shear strength
due to MIST conditioning for the corresponding tack types

A paired t-test (TABLE 5.22) was conducted to determine whether there is a statistically
significant difference between the paired measurements from the unconditioned and MIST-
conditioned groups. The results indicate a significant difference (p < 0.01), with the MIST-
conditioned group exhibiting a substantially lower mean value by approximately 40.22 psi. The
95% confidence interval shows that the true mean difference lies between 20.54 and 59.90 psi.

TABLE 5.22: Results of paired t-test comparing unconditioned and MIST-conditioned states

Parameter Values
Test Statistic (7) 5.6742
Degrees of Freedom (df) 4
95% Confidence Interval (CI) | 20.54 to 59.90
Significance (p) 0.004759

5.5 Temperature Effect

5.5.1 Temperature effect on CSS-1H

FIGURE 5.19 shows the results found from the direct shear test for specimens prepared with
different amounts of tack coat emulsion. FIGURE 5.19(a) shows the direct shear test results of two
specimens prepared with no tack coating. The average shear strength for the specimens prepared
with no tack coat is 47.56 psi. Similarly, direct shear test results for specimens prepared with 0.04,
0.06, and 0.08 gal/yd? tack coats are presented in FIGURES 5.19(b)-5.19(d). The average shear
strengths of specimens prepared with 0.04, 0.06, and 0.08 gal/yd? tack coats are 43.83, 40.76, and
33.49 psi, respectively.
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FIGURE 5.19: Direct Shear Test Results for Different Application Rates of CSS-1H at 131°F

FIGURE 5.20 shows an inverse relationship between the tack coat application rate and the shear
strength of the interface. As the tack coat application rate increases, the shear strength decreases.
The shear strength value decreases from 47.56 to 33.49 psi as the tack coat application rate
increases from 0 to 0.08 gal/yd.
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FIGURE 5.20: Shear strength at 131°F for different application rate of CSS-1H

FIGURE 5.21 shows the distribution of interfacial shear strength values obtained from direct shear
tests conducted at two different temperatures.
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FIGURE 5.21: Shear strength at 68°F versus 131°F at different application rate

5.5.2 Temperature effect on SS-1H

FIGURE 5.22 shows the results found from the direct shear test results for tested specimens
prepared with different amounts of tack coat emulsion. FIGURE 5.22 (a) shows the direct shear
test results of two specimens prepared with no tack coating. The average shear strength for the
specimens prepared with no tack coat is 47.56 psi. Similarly, direct shear test results for specimens
prepared with 0.04, 0.06, and 0.08 gal/yd? tack coats are presented in FIGURES 5.22 (b)- 5.22 (d).
The average shear strengths of specimens prepared with 0.04, 0.06, and 0.08 gal/yd? tack coats are
44.34,42.59, and 34.57 psi, respectively.
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FIGURE 5.22: Direct Shear Test Results for Different Application Rates of SS-1H at 131°F

FIGURE 5.23 shows an inverse relationship between the tack coat application rate and the shear
strength of the interface. As the tack coat application rate increases, the shear strength decreases.

The shear strength value decreases from 48 psi to 35 psi as the tack coat application rate increases
from 0 to 0.08 gal/yd?.
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FIGURE 5.23: Shear strength of SS-1H samples at 131°F

FIGURE 5.24 shows the distribution of interfacial shear strength values obtained for SS-1H
specimens from direct shear tests conducted at two different temperatures.
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FIGURE 5.24: Shear strength at 68°F versus 131°F at different application rates for SS-1H

5.6  Effect of Surface Roughness

Surface texture plays an important role in interface behavior. Rougher surfaces promote
mechanical interlocking between layers. This interaction increases resistance to shear loading
along with friction and cohesion. As a result, higher interface shear strength is generally observed
for rougher interfaces.

Field Core as Bottom Layer
Field cores were taken at various locations throughout the westbound lanes of 1-40. The bottom

end of the cored specimens was trimmed to 3" height (75 mm) with a saw machine, as shown in
FIGURE 5.25.
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FIGURE 5.25: Saw Machine for Specimen Cutting

The diameter of the field cores was slightly larger than the inside diameter of the compaction mold.
Therefore, the side of the specimen must be sanded so that it can be reinserted into the compaction
mold. FIGURE 5.26 shows the belt sander used in this study.

(a) 6.11-Inch Dia Field Core (b) Sand Grinding Field Core's Peripheral Side

FIGURE 5.26: Field Core’s Dia Measurement and Sand Grinding
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Binder Content and Aggregate Gradation

The ignition method by the NCAT oven, standardized by AASHTO T 308, was used for
determining the asphalt binder content in the field cores. In this process, an HMA sample is heated
in a high-temperature oven to burn off the asphalt binder completely, leaving only the aggregate
behind. The binder content is then calculated by comparing the sample’s weight before and after
ignition.

The formula used in this method:

Asphalt content = s Ta Eq.3

N

Where,

w; = Initial weight of aggregates with binder

w, = weights of the aggregate after the method.

The correction factor (CF) was calculated by averaging two known HMA specimens. The formula
for calculating the correction factor:

CF = (knownvalue of binder content — binder content from ignition oven) Eqn. 4

The binder content from the NCAT oven later matched with the binder content determined by the
solvent extraction method as specified in AASHTO T 164. The calculated asphalt content was:
(a) Ignition method’s asphalt content = 4.8%, and (b) Solvent Extraction method’s asphalt content
=4.3%.

FIGURE 5.27 shows the aggregates gradation found from these two methods:
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FIGURE 5.27: 0.45 Power Gradation Curve

Texture Roughness Determination

The sample roughness was measured with a sand-patch test with a modification of ASTM E965

for a lab experiment. The sand patch test involves filling the spaces between particles with sand,
as shown in FIGURE 5.28.

Diameter

Profile Sand L

FIGURE 5.28: A Sand-Filled Milled Surface
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The graduated cylinder and an ice hockey puck (according to ASTM E965), which is considered
suitable for use as the hard rubber material in this test method to spread the sand, are shown in
FIGURE 5.29.

FIGURE 5.29: Determination of Macrotexture Depth of Milled Surface Using the Sand Patch

Test

Eq. 5 provides the formula for determining average texture depth. In millimeters cubed, V' is the
volume of sand utilized. D is the sand patch circle's average diameter, measured in millimeters
(inches).

Texture depth = :—V Eq.5

D2

TABLE 5.23 shows the sand patch test results calculated by Equation 5.
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TABLE 5.23: Milled Cores Macrotexture Depth

Sample # | Diameter | Volume Texture Texture
(mm) of sand depth (mm) Depth
(mm?3) (inch)
sample 1 150 17945.10 1.02 0.04
Sample 2 150 31403.93 1.78 0.07
Sample 3 150 44862.75 2.54 0.10
Sample 4 150 26917.65 1.52 0.06
Sample 5 150 62807.85 3.56 0.14
Sample 6 150 26917.65 1.52 0.06
Sample 7 150 40376.48 2.29 0.09
Sample 8 150 98698.05 5.59 0.22
Sample 9 150 49349.03 2.79 0.11
Sample 10 150 53835.30 3.05 0.12
Sample 11 150 31403.93 1.78 0.07
Sample 12 150 49349.03 2.79 0.11
Sample 13 150 53835.30 3.05 0.12
Sample 14 150 76266.68 4.32 0.17
Sample 15 150 62807.85 3.56 0.14
Sample 16 150 31403.93 1.78 0.07
Sample 17 150 80752.95 4.57 0.18
Sample 18 150 62807.85 3.56 0.14
Sample 19 150 26917.65 1.52 0.06
Sample 20 150 89725.50 5.08 0.20

The sand patch test results were subsequently validated using a digital caliper (see FIGURE 5.30)
to measure 20 prominent data points across three sections of the top surface, from which the RMS
roughness was calculated. This method is established for assessing the texture depth of
geomaterials. The coefficient of variance was found to be between 8 to 12%.
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(a)

(b)

FIGURE 5.30: sand patch test results validation (a)Set Up a Reference Plane (b) Texture Depth

FIGURE 5.31 shows the results found from the direct shear tests. Mechanical interlocking was
present between the two surfaces.
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FIGURE 5.31: Direct Shear Test Results for 0.08 gal/yd?> Application Rate

TABLE 5.24 summarizes the results as shown in FIGURE 30a to 30c, where the tests were
performed at a normal stress of 200 kPa with displacement rates of 2.54 mm/min. The tack coat
application rate at the interface is 0.08 gal/yd>.

TABLE 5.24: Conducted Direct Shear Tests at 0.08 gal/yd* Application Rate

Roughness (inch) Shear Strength (psi)
0.0712 102.4431
0.1124 108.4790
0.1654 119.2537

FIGURE 5.32 shows the results found from the direct shear tests with a 0.06 gal/yd* application

rate.
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FIGURE 5.32: Direct Shear Test Results For 0.06 gal/yd*> Application Rate

TABLE 5.25 summarizes the results as shown in FIGURE 5.32, where the tests were performed
at a normal stress of 29 psi with displacement rates of 2.54 mm/min. The tack coat application rate
at the interface is 0.06 gal/yd>.
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TABLE 5.25: Conducted Direct Shear Tests at 0.06 gal/yd? Application Rate

Roughness (inch) Shear Strength (psi)
0.074 107.6233
0.1235 115.6646
0.1952 127.3975

FIGURE 5.33 shows the results found from the direct shear tests with a 0.04 gal/yd? application

rate.
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FIGURE 5.33: Direct Shear Test Results For 0.04 gal/yd* Application Rate

TABLE 5.26 summarizes the results as shown in FIGURE 4.33, where the tests were performed
at a normal stress of 29 psi with displacement rates of 2.54 mm/min. The tack coat application rate
at the interface is 0.04 gal/yd>.
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TABLE 5.26: Conducted Direct Shear Tests at 0.04 gal/yd* Application Rate

Roughness (Inch) Shear Strength (Psi)
0.1823 121.2658
0.0984 113.2516
0.0635 98.2453

FIGURE 5.34 shows the results found from the direct shear tests with a 0 gal/yd? application rate.
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FIGURE 5.34: Direct Shear Test Results For 0 gal/yd* Application Rate
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TABLE 5.27 summarizes the results as shown in FIGURE 4.34, where the tests were performed
at a normal stress of 29 psi with displacement rates of 2.54 mm/min. The tack coat application rate
at the interface is 0.04 gal/yd>.

TABLE 5.27: Conducted Direct Shear Tests at 0 gal/yd® Application Rate

Roughness (Inch) Shear Strength (Psi)
0.2157 125.4837
0.0446 108.0555
0.1097 114.2512

FIGURE 5.35 presents a detailed analysis of the relationship between tack coat application rate,
surface roughness, and interface shear strength, derived from direct shear tests conducted under a
normal stress of 29 psi and a shear rate of 2.54 mm/min. The data, from TABLES 5.24-5.27, are
represented with surface roughness (measured in inches) plotted along the x-axis and interface
shear strength (expressed in psi) along the y-axis. Four distinct trendlines were observed
corresponding to tack coat application rates of 0.00 gal/yd* (untreated control), 0.04 gal/yd?, 0.06
gal/yd?, and 0.08 gal/yd>. A consistent positive correlation between surface roughness and shear
strength is observed across all tack coat application rates. For the untreated condition (0.00
gal/yd?), shear strength increases from approximately 108 psi at a roughness of 0.0446 inch to 125
psi at 0.2157 inch. Similarly, at the highest application rate of 0.08 gal/yd?, shear strength rises
from 102 psi at 0.0712 inch to 119 psi at 0.1654 inches. This trend highlights the critical influence
of surface texture in enhancing mechanical interlock between the AC layer and the milled surface.
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FIGURE 5.35: Effect of Tack Coat Rate and Surface Roughness on Interface Shear Strength

The shear stress vs. roughness slopes for 0.06 gal/yd? and 0.08 gal/yd? are specifically steeper than
those for lower rates, suggesting a more evident increment of shear strength with increasing
roughness at higher tack coat levels.
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A linear regression equation (Shear Strength = 145.365 x Roughness — 43.748 x Rate + 97.783)
was developed. It was used to normalize shear strength at a constant application rate of 0.08 gal/yd?
to isolate the effect of surface roughness. FIGURE 4.36 shows the effect of roughness on interface

shear strength.
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FIGURE 5.36: Surface roughness effect on interface shear strength

This observation points to a synergistic interaction between surface roughness and tack coat
application on interface shear strength. To check the interaction significance, a two-way analysis
of variance test (ANOVA) was conducted.

ANOVA Test

The two-way ANOVA results (TABLE 5.28) revealed a statistically significant effect of surface
roughness on shear strength (p<0.05. In contrast, neither the main effect of tack coat rate (p=0.438)
nor the synergistic effect of “roughness*tack coat rate” interaction (p=0.991) reached statistical
significance. However, visual analysis from FIGURE 15 suggested a practical trend: higher tack
coat rates (0.06 and 0.08 gal/yd?) exhibited steeper shear strength gains with increasing roughness,
indicating a potential synergistic effect at elevated tack coat levels, which may not have been
detected statistically due to limited sample size or residual variability.

TABLE 5.28: Two-Way ANOVA Results for The Effects of Surface Roughness and Tack Coat
Rate on Shear Strength

Source Df Sum Sq Mean Sq F value p-value
Roughness 1 779.39 779.39 58.38 <0.05
Tack coat Rate 3 45.07 15.02 1.13 0.438
Roughness x
Tack coat Rate 3 1.29 0.43 0.03 0.991
Residuals 4 53.4 13.35
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Comparing Strength at 0.1 mm/min Shear Rate

Two types of specimens were tested to see how tack coat affects bond strength between asphalt
layers: a new asphalt concrete (AC)-new AC double-layer specimen (tack coat application rate
0.04 gal/yd?) and a milled AC-new AC specimen (tack coat application rate 0.06 gal/yd?). The tests
were conducted at a loading rate of 0.1 mm/min with a normal load of 78 psi. For a newly
compacted AC double-layer specimen (roughness: 0.03 inch), the optimum application rate is 0.04
gal/yd*. Compacted with a rougher (roughness: 0.12 inch) milled surface, 0.06 gal/yd* showed
better performance in terms of interface shear strength (FIGURE 5.37).

Stronger bonding was shown by the milled specimen at 0.06 gal/yd? compared to the new AC-new
AC specimen at the optimum application rate. At 0.06 gal/yd?, a higher peak stress of 116 psi was
achieved, which is a 26.09% increase compared to much less roughness (0.03 inch), and less tack
coat applied (0.04 gal/yd?) newly compacted double-layer specimen. Some researchers, like Lee
& Kim (2014), have claimed that tack coat doesn’t greatly affect milled surfaces, but these results
show otherwise—tack coat was found to improve bonding, especially with rougher surfaces like
the milled AC (0.12-inch roughness).
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FIGURE 5.37: Shear Strength Comparison Between compacted New AC- New AC vs. Milled
AC-New AC Specimens
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5.7 Controlled Surface Texture on Field Core

Controlled surface textures were introduced to better isolate the effect of mechanical interlocking.
The regular notches provide a uniform and repeatable geometry for interaction between layers.
This enhances mechanical interlocking and reduces variability compared to conventional milled
surfaces. The applied tack coat helps to understand its interaction effect with the controlled rough
texture by allowing evaluation of how adhesion and interlocking act together.

Controlled Surface Texture Preparation

Core samples with milled surfaces (see FIGURE 5.38c) were collected from the westbound
shoulder of [-40. The controlled surface textures were prepared from these samples. For controlled
texture, field cores were trimmed to a 3-inch height. A mold was created using “SolidWorks” as
shown in FIGURE 5.38a. It was placed over the samples (see FIGURE 5.38b), and the spacings
of notching were marked. Field cores were notched with a diamond saw (4 mm depth, 2 mm width,
12 mm spacing) to create controlled textures (FIGURE 5.38d). Finally, tack coat application and
top layer sample compaction were done.

/T

(e) Created a mold using SolidWorks (f) Mold over the specimen

(g) Milled surface (h) Notched surface of the field core

FIGURE 5.38: Controlled surface texture creation: (a) Created mold by SolidWorks, (b) Mold
over the specimen, (c) Milled surface, (d) Notched surface of the field core
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The mean texture depth (MTD) for the controlled texture and milled surfaces of field cores was
determined using a modified sand patch method (ASTM E965-15). FIGURE 4.39 shows the
distribution of measured mean texture depths (MTD) for typical milled and controlled textured
specimens.

FIGURE 5.39 a to FIGURE 5.39 d show the results found from the direct shear tests. The average
shear strength for the specimens prepared with no tack coat is 118 psi. Similarly, direct shear test
results for specimens prepared with 0.04, 0.06, and 0.08 gal/yd” tack coat are presented in
FIGURES 5.39 (b)- 5.39 (d). The average shear strengths of specimens prepared with 0.04, 0.06,
and 0.08 gal/yd? tack coat are 125, 131, and 121 psi, respectively.
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FIGURE 5.39: Direct Shear Test Results for Different Application Rates

TABLE 5.29 shows the corresponding values for controlled-textured (notched) laboratory-
compacted new hot-mix asphalt bottom layers. It was found that controlled grinding enhances
interlayer bonding and reduces tack coat dependence.
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TABLE 5.29: Interface Shear Strength of Controlled-Textured Specimens for Lab Notched Field

Core
Bottom Layer Surface Application Rate Mean Texture Depth Average ISS
Type (gal/yd?) (inch) (psi)

Lab Grooved/Notched

Field Core 0 0.092 118.24
Lab Grooved/Notched

Field Core 0.04 0.0928 125.88
Lab Grooved/Notched

Field Core 0.06 0.0958 131.05
Lab Grooved/Notched

Field Core 0.08 0.0899 121.86

To evaluate the effect of application rate on interface shear strength (ISS), the controlled-textured
specimens and conventional milled specimens cannot be compared directly using only the raw
measured ISS values. The reason is that the two surface preparation methods did not have the same
mean texture depth at each application rate. The controlled-textured specimens were intentionally
prepared so that the mean texture depth remained nearly constant across all application rates,
whereas the conventional milled specimens exhibited different texture depths at different
application rates.

For the controlled-textured specimens, the measured mean texture depths were approximately
0.0920, 0.0928, 0.0958, and 0.0899 in for application rates of 0.00, 0.04, 0.06, and 0.08 gal/yd?,
respectively. These values are very close to one another, indicating that the surface texture was
effectively controlled. In contrast, the conventional milled surfaces showed varying roughness
values at each application rate. Therefore, a direct comparison of raw ISS between the two surface
types would be influenced by both application rate and texture depth, making it difficult to isolate
the true effect of application rate.

To make a fair comparison (shown in TABLE 5.30), the ISS of the conventional milled surface
was estimated at the same texture depth as the corresponding controlled-textured specimen for
each application rate. This was done using linear interpolation between the measured roughness-
shear strength data points for the conventional milled specimens.
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TABLE 5.30: Comparison of controlled-textured and conventional milled interface shear strength

Avplication ISS for ISS for Difference

PP controlled conventional (Controlled —
rate . .

(gal/yd?) texture mlllfad Convent.lonal)
(psi) (psi)
0.00 118.24 112.57 5.67
0.04 125.88 110.84 15.04
0.06 131.05 111.16 19.89
0.08 121.86 105.18 16.68

ANOVA

A Type II analysis of variance (ANOVA) was performed to evaluate the effects of surface type
(conventional milled vs. controlled texture) and residual tack coat rate (0, 0.04, 0.06, and 0.08
gal/yd?) on interface shear strength (ISS). The results are shown in TABLE 5.31. The mean texture
depth (MTD) was treated as a continuous covariate in the Type II ANOVA model, resulting in 1
degree of freedom for its effect on interface shear strength.

TABLE 5.31: Type I ANOVA analysis with ISS Response

Significance
Level
Term Sum Sq Df F value Pr(>F) (p <0.05)

Surface type 3504 1 5.32 0.04136 Yes

Application Rate 22144.1 3 11.1996 | 0.003096 Yes

MTD 4615.9 1 7.0037 | 0.029418 Yes

Surface type: No
Application Rate 245.6 3 0.1242 | 0.943169

Surface type: MTD 215.8 1 0.3275 | 0.582881 No

Application Rate: No
MTD 398.4 3 0.2015 | 0.892481

Application Rate No
:MTD: Surface type 869.3 3 0.730917 | 0.93245

Residuals 5272.6

5.8 Controlled Surface Texture on New HMA

All tests were performed at 29 psi normal stress and a shear rate of 2.54 mm/min. For the smooth
specimens, the mean texture depth was approximately 0.0276 inches. For the controlled-textured
specimens, the bottom surface was notched, and the mean texture depth was approximately 0.0935
inches (see FIGURE 5.40).
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FIGURE 5.40: Prepared controlled notched/grooved specimens (used as bottom layer)

FIGURES 5.41a to 5.41d show the results found from the direct shear tests. The average shear
strength for the specimens prepared with no tack coat is 125.8 psi. Similarly, direct shear test
results for specimens prepared with 0.04, 0.06, and 0.08 gal/yd® tack coat are presented in
FIGURES 5.41 (b)- 5.41 (d). The average shear strengths of specimens prepared with 0.04, 0.06,
and 0.08 gal/yd? tack coat are 135.85, 138.65, and 123.93 psi, respectively.
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FIGURE 5.41: Direct Shear Test Results for Different Application Rates
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TABLE 5.32 compares interface shear strength results from direct shear tests on smooth-surface
and controlled-textured double-layer AC specimens.

TABLE 5.32: Comparison of ISS for smooth and notched double-layer AC specimens

Smooth Notched Notched Texture -
Application Rate Texture Avg. Texture Avg. Smooth Texture
(gal/yd?) ISS ISS (psi)
(psi) (psi)

0 83.01 125.8 42.79

0.04 99.10 135.85 36.75

0.06 107.68 138.65 30.97

0.08 83.79 123.93 40.14

ANOVA: Effects of Surface Type and Application Rate on ISS

A two-way ANOVA (see TABLE 5.33) was performed to evaluate the effects of surface type
(smooth vs. textured) and tack coat application rate (0, 0.04, 0.06, and 0.08 gal/yd?) on interface
shear strength (ISS), together with their interaction. The analysis shows that both main effects and
their interaction are statistically highly significant.

TABLE 5.33: Two-Way ANOVA Results

Sum Mean F Significance
Term Sq Sq value | Pr(>F) level
Surface Type 1 80504 | 80504 | 577.26 <0.05
Application Rate 3 79184 | 26395 | 189.27 <0.05
Surface Type: Application Rate 3 5386 1795 12.87 <0.05
Residuals 16 2231 139

5.9 Effect of Aging on Interface Shear Strength

To evaluate the effect of aging on interface shear strength, controlled-textured specimens prepared
with aged field-core bottom layers were compared with controlled-textured specimens prepared
with unaged new HMA bottom layers. In both cases, the bottom layer surface was notched to
provide a controlled texture and reduce variability in surface geometry. The comparison was made
at four tack coat application rates: 0, 0.04, 0.06, and 0.08 gal/yd>. The corresponding average
interface shear strength values for aged specimens were 118.24, 125.88, 131.05, and 121.86 psi,
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respectively, while those for unaged specimens were 125.80, 135.85, 138.65, and 123.93 psi,
respectively.

The results show that the unaged specimens consistently produced higher interface shear strength
than the aged specimens at all tack coat application rates. For both surface conditions, the interface
shear strength increased as the application rate increased from 0 to 0.06 gal/yd?, and then decreased
at 0.08 gal/yd?. This indicates that 0.06 gal/yd* was the optimum application rate for both aged and
unaged controlled-textured specimens.

The difference between unaged and aged specimens was 7.56 psi at 0 gal/yd?, 9.97 psi at 0.04
gal/yd?, 7.60 psi at 0.06 gal/yd?, and 2.07 psi at 0.08 gal/yd>. FIGURE 5.42 shows the comparison
between the unaged and aged samples’ interface shear strengths.
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FIGURE 5.42: Comparison between unaged and aged samples’ interface shear strengths

These results indicate that aging reduced the bonding capacity of the interface, even when a
controlled texture was provided. A likely reason is that aging stiffens and oxidizes the asphalt
surface, which reduces adhesive bonding with the tack coat. Although controlled texture improves
mechanical interlocking, the aged surface still appears to provide a less favorable condition for
interfacial bonding than the unaged surface. This suggests that both adhesion and mechanical
interlocking contribute to interface resistance, and that the benefit of controlled texture cannot
fully compensate for the effect of surface aging.

To statistically evaluate these observations, a two-way analysis of variance (TABLE 5.34) can be
performed using surface condition and tack coat application rate as the main factors, with interface
shear strength as the response variable. This analysis shows that aging has a significant effect on
interface shear strength, and the interaction effect of tack coat application rate is also significant.
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TABLE 5.34: Two-Way ANOVA Results for Aged vs Unaged Group

Source Df | Sum Sq Mean Sq F value Pr(>F)
Surface Condition 1 277.4 277.44 4.37e+31 <0.05
Application Rate 3 698.9 232.97 3.66e+31 <0.05
Surface Condition x 3 50.5 16.82 2.65e+30 <0.05
Application Rate

Residuals 16 0.0 0.00 - -

5.10 Effect of Surface Texture Orientation with Shear

During the direct shear test, these controlled textures are placed in three orientations: parallel,
perpendicular, and 45° to the shear direction, to study the effect of texture orientations with
shearing. In FIGURE 5.43a, the bottom controlled texture is parallel to the shear load. The bottom-
controlled texture is perpendicular to the shear load in FIGURE 5.43b, and the controlled surface
texture is 45° to the shear load in FIGURE 5.43c. It should be noted that the top layer is not shown
in FIGURE 5.43 to make the shear and texture orientation clear. For better understanding, a blue
line is created in FIGURE 5.43. This line indicates the texture direction, and the red mark indicates
the shear load.

Red line
indicates Shear

orientation

Blue line
indicates
Texture
orientation

wm

- Perpendicular éhee;riﬁg 45° sheaﬁng

Parallel shearing_

FIGURE 5.43: Shearing Direction During Direct Shear Test: (a) The Bottom Texture (blue
color) is Parallel to the Shear Load (red color). (b) The Bottom Texture (blue color) is
Perpendicular to the Shear Load (red color). (¢) The Bottom Texture (blue color) is 45° to the
Shear Load (red color).
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FIGURE 5.44 shows the distribution of ISS across surface texture orientations for the new HMA
group. The new HMA group uses a newly compacted bottom layer. Data vary by surface texture
orientation relative to shear. Perpendicular orientation had the highest ISS (155.8 psi), whereas
parallel orientation provided 135.9 psi, and 45° provided 143.2 psi. This indicates the best shear
performance when the shear load is perpendicular to the texture of the bottom layer of new double-
layer HMA specimens.
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FIGURE 5.44: Interface shear strength for different surface texture orientations

One-way ANOVA compared ISS means across three orientations. Orientation served as the key
factor. ISS was the dependent variable. Results showed a strong effect of orientation on ISS (F (2,
33) = 22.03, p < 0.001). Residuals were marginally normal (Shapiro-Wilk W = 0.93638, p =
0.03922). Variances were homogeneous (Levene's F' (2, 33) = 0.5701, p = 0.5709). These checks
support the ANOVA's validity.

5.11 Evaluating Factors that Affect Interface Shear Strength:

TABLE 5.35 presents ANOVA and Tukey HSD post-hoc results for factors affecting interface
shear strength of AC. Tukey HSD shows mean differences in MPa and adjusted p-values (p adj).
Partial eta-squared (#*) represents the proportion of total variance in interface shear strength
explained by each factor. In this highly controlled laboratory study, with low experimental
variability (coefficients of variation <7% across replicates), most factors produced very large effect
sizes (7* > 0.9), indicating that they account for the vast majority of the observed variation in ISS.
Effect sizes between 0.8 and 0.9 were classified as large and very large, while the single factor
with #? = 0.628 (curing time) was considered a medium effect. These descriptors are context-
specific to the present experimental design and reflect the dominant influence of the tested
variables under controlled conditions.
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To address potential concerns about the large partial #* values in TABLE 5.35, comprehensive
diagnostic checks were performed both on the full dataset and on the residuals of each of the
individual one-way ANOVAs. The experimental design is fully balanced. Residuals from all
models satisfied the ANOVA assumptions: normality (Shapiro—Wilk /¥ ranged from 0.94 to 0.97,
all p > 0.08), homogeneity of variance (Levene’s test p ranged from 0.12 to 0.31). The coefficient
of variation across the entire set of tests was low (overall CV = 4.8 %; range across factors 3.1-6.9
%). This experimental control produces large #* values that are statistically expected and desirable
rather than things of imbalance or overfitting. Supporting evidence includes narrow 95 %
confidence intervals for the largest effects (e.g., loading rate #> = 0.999, 95 % CI 0.997-1.000),
10-fold cross-validated R? = 0.961 (very close to adjusted R? = 0.978), and variance inflation
factors <2.1.

e Temperature has a strong effect on ISS. Its effect size is very large (7> = 0.993). Tukey
HSD finds a large drop in ISS at 131°F compared to 20°C (p adj < 0.001). This shows that
temperature reduces shear strength significantly.

e Mean texture depth (MTD) strongly correlates with ISS (#> = 0.991). Tukey HSD shows a
gradual increase. High vs. low MTD gives p adj < 0.001.

e Moisture conditioning is significant (> = 0.984). Tukey HSD measures ISS drops. MIST
vs. unconditioned difference was found significant: p adj < 0.001. A significant difference
was observed between MIST vs. AASHTO T283 (p adj = 0.004).

e Curing time is nearly significant (7> = 0.628). Tukey HSD picks one main comparison
between 120 min vs. 0 min (p adj = 0.043).

e Surface texture orientation with relation to shear has a significant effect on ISS. Effect size
is large (> = 0.894). Tukey HSD shows that perpendicular orientation yields the highest
shear strength. Key comparisons: Parallel vs. Perpendicular p adj < 0.003; 45° vs.
Perpendicular p adj < 0.002; 45° vs. Parallel p adj < 0.002. This confirms that aligning
surface texture perpendicular to the shear direction maximizes interface shear strength.

e Surface aging is highly significant (p = 7.84e-05, #* = 0.983). Tukey HSD shows aged
surfaces have lower ISS (p adj <0.001).

e Two-way ANOVA on tack coat type and rate shows strong main effects for application
type and application rate (type: p < 0.001; rate: p < 0.001). Their interaction is also
significant (p <0.001). Effect sizes are large for both (type: 0.845; rate: 0.995). Tukey HSD
shows differences between Trackless vs. SS-1h: p adj < 0.001. Higher rates reduce ISS
(0.08 vs. 0.04 gal/yd* p adj <0.001).

155



TABLE 5.35: ANOVA test/ Tukey HSD pairwise test between various factors and shear strength

Significance Level .
Factor from ANOVA Effect Size (%) Key g;key HSP Co.mparl.sons
P<0.05 (difference in psi, p adj)
Temperature yes 0.993 131°F-68°F: -153, <0.001
(very large)
Mean Texture 0.991 M.ld_LOW: 14.5, 0.002;
Depth yes (very large) Hl.gh—LO.WZ 29, <0.001;
High-Mid: 14.5, 0.002
Texture Parallel-Perpendigular: 30.5, 0<.003;
Orientation yes 0.894 (large) 45 degree-Perpendicular:: 18.9, <0.002;
45 degree- Parallel: 15.9, <0.002
- 0.984 T283-Uncondit.iqned: -34.1,<0.001;
Moisture yes (VCI'}./ large) MIST-Unconditioned: -47, <0.001;
MIST-AASHTO T283: -12.9, 0.004
120-0: 37.7, 0.043;
Curing Time yes 0.628 (medium) 60-0: 18.9, 0.319;
120-60: 18.9, 0.319
Surface Aging yes 0.983 Unaged-Aged: 39.2, <0.001
(very large) ’
T . Type: 0.845
Tack Coat p (Type): yes (large) Type: Trackless-SS-1h: 28.6, <0.001
Type and Rate p (Rate): yes Rate: 0.995 Rate: 0.08-0.04: -9.7, <0.001
p (Interaction): yes
(very large)

The effect sizes (partial #?) are summarized visually in FIGURE 4.45 as a ranked bar chart ordered
from largest to smallest. Tack coat rate (> = 0.995), temperature (> = 0.993), mean texture depth
(#*=0.991), moisture (> = 0.984), and surface aging (#*> = 0.983) all exert very large effects (> >
0.9) on interface shear strength.
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FIGURE 5.45: Ranked Effect Sizes (partial n?) of Factors Influencing Interface Shear Strength
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5.12 Finite Element Models and Limiting Values

Numerical modeling offers a useful approach for studying interfacial behavior in asphalt
pavements. Finite element analysis can be used to evaluate stress and deformation within AC
layers under controlled loading. It can also simulate the interaction between asphalt layers and
represent the mechanical response of the interface under shear.

There are primarily three interfacial delamination failure modes: mode I or opening, mode II or
sliding, and mode III or tearing. All three modes of failure are shown in FIGURE 5.1. The
delamination failure can occur in the form of either of these modes, or it can be due to a mixed

effect.
[ ; E ‘

|

a) Mode I: opening b) Mode II: sliding ¢) Mode III: tearing

FIGURE 5.46: Modes of delamination failures

Crack surfaces can move relative to each other in three distinct ways. Mode I, the most common,
involves the crack opening under tensile stresses, leading to its propagation. Mode II occurs when
in-plane shear stresses cause sliding between the crack faces. Mode III refers to a tearing, similar
to the action of pulling apart a piece of paper using both hands.

An interfacial crack grows only after a damage zone forms ahead of the crack tip. The size and
shape of this damage zone can vary significantly, depending on the material's toughness and the
applied stress state. For mode II and mode III loading, the damage zone is larger than that observed
for mode I loading. This is due to the slower decay of the stress field in the shear modes.
Additionally, the behavior differs between brittle and ductile materials. Brittle composites have a
smaller damage zone compared to ductile ones. In practice, modes II and III are often connected,
so computational analyses typically use the same interfacial strength and fracture energy for both.

Different models are available for numerical simulation of the delamination in a layered structure.
Some of them are summarized below:
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5.13 Linear Elastic Fracture Mechanics

Fracture mechanics is a key methodology for understanding interfacial delamination in materials
over the years. When the influence of other material nonlinearities is negligible, LEFM becomes
an effective approach to predict delamination growth. However, it is important to note that LEFM
assumes the presence of an initial crack as a prerequisite for its application. Once delamination
initiates, LEFM serves as a valuable tool for predicting its progression (Durix et al., 2012; Szeto
et al., 2000).

LEFM relies on two primary parameters to evaluate failure near an existing crack or defect: the
stress intensity factor (Irwin, 1948) and the strain energy release rate (Anderson, 2005). These
parameters have been successfully employed in the study of cracking and delamination. Among
these, recent studies mostly use the strain energy release rate approach due to its broader
applicability. In all cases, fracture mechanics presumes the existence of a pre-existing crack or
material defect.

Advanced techniques such as the Virtual Crack Closure Technique (VCCT) (Xie and Sitaraman,
2003), the J-integral method (Liu et al., 2013), the virtual crack extension method (Harries and
Sitaraman, 2001), and the stiffness derivative approach (Sundararaman and Sitaraman, 2001) are
widely applied to predict delamination growth. These methods are designed to compute the
components of the energy release rate, which is critical for understanding crack propagation.
Delamination occurs when the total energy release rate exceeds a critical value. However,
implementing these methods in finite element analysis presents challenges. Calculating fracture
parameters, such as stress intensity factors or energy release rates, requires detailed nodal and
topological data from the region near the crack front. While such computations are manageable
for stationary cracks, they become significantly more complex for cases involving progressive
crack growth.

5.13.1 Stress Intensity Factor

In homogeneous materials, extensive research has focused on analyzing stress fields near crack
tips. These studies have resulted in closed-form equations describing the stress distribution within
the material (Irwin, 1948; Orowan, 1948). Using a polar coordinate system centered at the crack
tip, subsequent research generalized these stress fields into a single parameter known as the stress
intensity factor (SIF), denoted as K.

When both shear and normal stresses act near the crack tip, the loading condition is referred to as
mixed-mode loading. For mode I loading, the stress field ahead of a crack tip can be expressed
using the following equations:

o, = Kr os (g) 1-sin (g] sin (ﬁJ Eq. 1
* 2rr 2 2 2

o, = S cos(gj 1+sin (QJ sin [ﬁj Eq.2
. 27 2 2 2
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T, = K, cos (fj sin (gj sin (ﬁj Eq. 3
b \2ar 2 2 2

In these equations, oxx, 0y, and 7y, are the normal stresses in the x and y directions and the shear
stress in the x-y plane, respectively. » and @ are polar coordinates, while K; represents the mode |
stress intensity factor.

For mode II loading, the stress field in front of the crack tip is described by the following equations:

awz—ﬁsin gj 2+cos 9 cos 39 Eq. 4
" 27r 2 2 2
o, = K, sin (gj cos (gj cos (ﬁj Eq.5
2zr 2 2 2
T, = EYS cos (ﬁj 1-sin (gj sin (ﬁj Eq. 6
) 2rr 2 2 2

Here, Ky represents the mode II stress intensity factor. For two-dimensional problems, the stress
field magnitudes are entirely determined by K; and K. The critical stress intensity factor, Kic,
signifies the threshold value at which crack propagation begins. This value, a material property, is
determined through fracture experiments. If the stress intensity factor K exceeds Kjc, a crack in the
material will propagate.

5.13.2 Strain Energy Release Rate

In energy-based fracture mechanics, the strain energy release rate (SERR) is a critical parameter
used to evaluate crack growth. When a crack propagates, it consumes energy to create two
additional surfaces in the material. The rate at which this energy changes with respect to the crack
area is denoted by G. Alternatively, G can be interpreted as the energy provided by applied loading
that is available to propagate the crack. Irwin (1948) described the energy release rate as a
modification of Griffith's energy balance, expressed as:

oo dall Eq.7
dA

Here, II represents the potential energy stored in an elastic body, and 4 is the crack area.

In the framework of LEFM, G is directly proportional to the square of the stress intensity factor,
K. The relationship is given by:
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KZ

—L (plane stress)
G= , E , Eq. 8
K;(d-v7)

lane strain
z (p )

In these equations, E is the elastic modulus, v is Poisson's ratio, and K;is the mode I stress intensity
factor.

Much like the stress intensity factor approach, crack propagation begins when G attains a critical
value, referred to as the critical strain energy release rate (G¢). Like Kic, Gc denotes a material-
specific property determined experimentally. When G exceeds Gc, crack propagation occurs
within the material.

5.13.3 Virtual Crack Closure Technique

Various computational methods are available in finite element modeling (FEM) software for
calculating the strain energy release rate (SERR). These include the virtual crack extension
method, the virtual crack closure technique (VCCT), and the J-integral method, each of which has
been demonstrated to produce similar outcomes (Tran et al., 2013). In this study, the VCCT is
applied to calculate SERR for interfacial fracture tests.

The VCCT, originally introduced by Rybicki and Kanninen (1977), incorporates the crack tip
directly into the FEM model. Unlike other methods, the VCCT approach does not require singular
elements at the crack tip. For two-dimensional analysis, crack tip nodes along the crack length a
are modeled as uncoupled. This method typically uses eight-node quadratic elements. As the crack
grows from a + Aa, where Aa indicates a small increment of a, the state of the crack tip is assumed
to remain unchanged (Krueger, 2004; William, 1959).

In this context, crack tip opening displacements and forces are considered identical for small
increments of Aa. Thus, the energy required to extend the crack by Aa is equivalent to the energy
necessary to close the crack over the same length Aa. The total SERR for a two-dimensional case
is given as G = G; + Gy The following equations describe G, calculated using eight-node elements:

1 : :
Gy == K= +Y, 0, =v,) | Eq.9

1 * *
GH:_ZAG[XI'(L‘I_“1)+X_/(um_”m)] Eq. 10

In these equations, u and v are horizontal and vertical displacements, while X; and Y; denote the
horizontal and vertical nodal forces at the crack tip. Only the forces from the upper surface are
considered in the summation.

Crack propagation is predicted when the computed energy release rate (Gr) equals the material's
fracture toughness, G.:

G, =G, Eq. 11
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An advantage of the VCCT is that it focuses on energy calculations rather than stress. However,
its primary limitation is its reliance on the assumption of similar crack extension. Consequently,
the method is best suited for short cracks, as it cannot accurately model long crack growth.

5.13.4 J-Integral Technique

The J-Integral is another method commonly used in FEM software to calculate the strain energy
release rate (SERR) (Matos et al., 1989). Initially introduced by Rice (1968), the J-Integral
provides a measure of the energy release rate for cracks in nonlinear elastic materials. For two-
dimensional problems, the J-Integral can be simplified into a path-independent line integral taken
around the crack tip, as expressed below:

J—integralzj(wdy— i%de Eq. 12
X

T

In this equation, J denotes the nonlinear energy release rate that remains independent of the path
and is evaluated along a contour I'. The term w refers to the strain energy density, 7; denotes the
components of the traction vector, and u; represents the displacement vector components.

Since the J-Integral accounts for nonlinear effects, it is particularly useful for analyzing cracks in
elastic-plastic materials. In cases where the material behavior is purely elastic, the J-Integral is
equivalent to G.

5.14 Cohesive Zone Model

The Cohesive Zone (CZ) model originates from the works of Dugdale (1960), who introduced the
concept of a plastic zone near the crack tip, and Barenblatt (1962), who focused on molecular-
scale cohesive forces. This model was later extended by Hillerborg et al. (1976) to incorporate
crack initiation and growth governed by tensile strength.

The CZ model describes interfacial separation as taking place within a designated cohesive damage
zone once material damage exceeds a certain threshold. Traction stresses within this zone engage
in interactions across the cohesive surfaces, and the behavior of these stresses is described by a
traction-separation law.

5.14.1 Traction-Separation Damage Model

This model applies to cohesive elements and assumes a linear relationship between traction and
separation until damage begins and evolves. The elastic behavior is defined by an elastic
constitutive matrix that establishes a relationship between nominal stresses and nominal strains at
the interface. Nominal stresses are evaluated as the ratio of force components to the initial area at
integration points, whereas nominal strains are calculated as the separation distances normalized
by the original element thickness at those points. The nominal traction stress vector, ¢, includes
three components, #,, t;, and ¢, corresponding to separations d,, Js, and o, , respectively. The initial
thickness of the cohesive element is represented by 7). The nominal strain components are
expressed as:
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o 1) )
g =", 8 =" 85=-" Eq. 13
T, T, T,
The elastic behavior of the system is described using the following matrix relationship:
tn Knn Kns Knt gn
t=<t =K, K, K, |i¢ =Ke Eq.14
t K K, K, 6 ||e&

t nt st 1t t

Here, K is the elasticity matrix, which defines a fully coupled relationship between the components
of traction and separation vectors. Uncoupled behavior is ensured by nullifying the off-diagonal
components of the matrix.

5.14.2 Damage Initiation

Damage initiation marks the beginning of material degradation. This process starts when stresses
or strains reach predefined criteria for damage initiation, as specified by the user. A variety of
criteria can be utilized for this purpose. Each criterion is linked to an output variable, which
indicates whether the specified condition has been met. An output value of 1 signifies that the
initiation condition has been satisfied.

5.15 Finite Element Model and Limiting Values

The geometry of the CZM was constructed based on a two-layer HMA system for testing interface
shear strength. The model consists of two rectangular HMA layers with an interface between them.
The interface is a thin layer spanning 6 inches in length. Each HMA layer also has a length of 6
inches. A 2D plane stress condition was assumed, as shown in FIGURE 5.47 (a). A combination
of 0.5 mm four-noded (CPS4R) and three-noded (CPS3) two-dimensional plane stress elements
was used for mesh generation of the HMA layers.

For the interface, a four-noded two-dimensional cohesive element (COH2D4) was placed between
the two HMA layers. A mesh size of 0.5 mm was selected for the interface. The interface contains
a total of 300 cohesive elements. FIGURE 5.47 (b) shows the selected mesh used in the model.

The boundary conditions were set up to model a direct shear test for the two-layer asphalt concrete
specimen, as shown in FIGURE 5.47 (a). The bottom edge of the bottom HMA layer was fixed in
the vertical direction (Y-axis) to stop it from moving up or down. The right edge of the bottom
layer was fixed in the horizontal direction (X-axis) to keep it from sliding side to side. A reference
point (RP-1) was used to apply a shear load. This point was moved to the right at the shear rates
of TABLE 5.37, creating shear between the layers, as indicated by the horizontal arrow at RP-1.
The reference point was also fixed in the vertical direction and rotation to ensure it only moved
sideways.
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(a) Model Geometry (b) Boundary Condition

FIGURE 5.47: Model Geometry and FEM Model

5.15.1 Determination of Continuum Material Property

To simulate the deformation and fracture response of asphalt concrete in the finite element model,
the undamaged continuum viscoelastic properties of the bulk material were determined. Because
asphalt concrete is a viscoelastic material, its mechanical response depends strongly on
temperature and loading rate. Therefore, characterization over a broad frequency range is required
so that the finite element model can represent the rate-dependent response observed in laboratory
testing.

In this study, the continuum material characterization was developed from binder rheological
mastercurves. The binder complex shear modulus mastercurve and phase angle mastercurve were
constructed at a reference temperature of 72°F using the time—temperature superposition principle
and sigmoidal fitting. The Witczak—Bari model was used to predict the HMA dynamic modulus
mastercurve, while the Hirsch model was used to estimate the HMA phase-angle mastercurve. The
predicted modulus and phase-angle mastercurves were then used to develop the continuum
viscoelastic representation for finite element analysis.

5.15.2 Binder Rheological Characterization

For the present study, the rheological behavior of the binder was characterized using a dynamic
shear rheometer over a temperature range of 39°F to 158°F at 11°F increments. The applied
frequency range was chosen from 1 to 100 rad/s with 6 record points per decade in log scale. The
measured data were shifted to a common reference temperature of 72°F using the time—
temperature superposition principle. A sigmoidal function was then used to fit the shifted complex
shear modulus mastercurve.
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The resulting mastercurve represents the undamaged binder response over a broad range of
reduced frequencies. In addition, a phase-angle mastercurve was also developed at the same
reference temperature. These binder mastercurves served as the rheological input for the predictive
mixture models.

For the damage modeling, it is required to have the undamaged material responses at different
loading rates (or frequencies). Mastercurve is a good way to express material responses for a wide
range of frequencies at a given temperature. To construct a mastercurve, material responses at any
temperature are transferred to a reference temperature by horizontally shifting the test data based
on the time-temperature superposition principle. Though there are several mathematical models
for the mastercurve, this study used the sigmoidal function, as shown in Eq. 15.

* (04
IOg(G )=5+W

Eq. 15
where G* is the complex modulus; a, f, J, and y are the fitting parameters; and o, is the reduced
frequency, which can be calculated from the tested angular frequency, w, and a shift factor, ar
using Eq. 16.

W, =o-a; Eq. 16

The purpose of aris to convert the @ of any temperature, 7, to the reference temperature, 7. There
are many different shift factor functions found in the literature. One of the widely used shift factor
functions is the Williams, Landel, and Ferry (WLF) equation, as shown in Eq. 17.

_Cl (T - T;’gf')

loca,. =
ST vt

Eq. 17

where C; and C> are the material fitting parameters that depend on 7. Another popular shift faction
equation is the Arrhenius equation, as shown in Eq. 18.

loga, = C(%—

1
— Eq. 18
Tr) q

where C is the material constant, and 7 and 7 are in the Kelvin scale. This study used the WLF
equation to develop the relationship between the shift factor, ar and temperature, 7. After
constructing the complex modulus mastercurve, phase angle mastreccurve, d» can be predicted
using the fitting parameters a, 3, and vy, as shown in Eq. 19.

eﬂ+7 log(w,)

(1 4 pPrron@) )2

517 =-90ay Eq 19

The time-temperature superposition was used to construct the mastercurves using the average test
data of 4 replicate samples. The developed complex modulus mastercurve at 72°F is shown in
FIGURE 5.48.
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FIGURE 5.48: Complex modulus mastercurve at 72 °F

The markers (except green circles) represent the test data at different test temperatures. The
complex shear modulus decreases as the temperature increases. Similarly, the complex shear
modulus increases as the frequency increases. However, complex shear modulus increasing rates
with frequency for all temperatures are not equal. The complex modulus increases with frequency
as the temperature increases because at higher temperatures, the material becomes more fluid and
loading rate sensitive. In this study, the time-temperature superposition principle was first used to
construct mastercurve (represented using a green circle marker) by shifting the test data. It can be
seen that the test data performed at lower temperatures than the reference temperature was moved
rightward, and the test data performed at higher temperatures than the reference temperature was
moved leftward. After constructing the mastercurve, it was fitted into the sigmoidal function
represented using the red line. FIGURE 5.49 shows the shift factor master curve. It shows that the
shift factor decreases as the temperature increases.
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FIGURE 5.49: Shift factor mastercurve at 72 °F

The phase angle mastercurve is illustrated in FIGURE 5.50.
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FIGURE 5.50: Phase angle mastercurve at 72 °F
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5.15.3 HMA Dynamic Modulus Mastercurve

The dynamic modulus of the asphalt mixture was estimated using the Witczak—Bari predictive
model. This model predicts the HMA dynamic modulus from binder rheological properties
together with the mixture volumetric properties. The parameters adopted in this study are: P,qy =
8%, P, =60%, P;;5=90%, Ps,=100%, V,=7.0%, VMA=142%. The model
incorporates the binder complex shear modulus and binder phase angle over a wide range of
loading frequencies. The Witczak-Bari model used in this study is expressed as:

log(E*) = —0.49 + 0.7544(G*)~0-0052 [6.65 — 0.032P,q + 0.0027P2%,, + 0.011P, —

0.0001P + 0.006P; 5 — 0.00014PZ5 — 0.08V, — 1.06 (—2—)| + l<2.56 +0.03V, +

VpetVa
Vbe ——0. -0. 1 *)+0. log(s
0.71 (Vbel-]I-Va)> /(1 4 g——0.7814-0.578510g(G*)+0.8834 log( b))l Eq.
20
Where,

E* = dynamic modulus of asphalt mixture
G* = binder dynamic shear modulus
0, = binder phase angle
V, = air void content
Ve = effective binder content
P,y0 = percent passing No. 200 sieve
P, = percent retained on No. 4 sieve

P3¢ = percent retained on 3/8 in sieve

P3,, = percent retained on 3/4 in sieve

In the present study, the binder complex shear modulus mastercurve and phase angle mastercurve
obtained at a reference temperature of 72°F were used as input rheological properties for the
model. The predicted dynamic modulus values were then used to construct the HMA dynamic
modulus mastercurve (FIGURE 5.51).
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FIGURE 5.51: HMA Dynamic Modulus Mastercurve

5.15.4 HMA Phase Angle Mastercurve

The phase angle of the asphalt concrete was estimated using the Hirsch model. In this study, the
Hirsch model was used to estimate the phase angle corresponding to each frequency obtained from
the binder mastercurve. The phase angle of the HMA can be estimated as:

¢ = —21(log P.)? — 55log P. Eq.21
Where,
¢ = Phase angle
P.=model parameter

The model parameter P. is calculated as

20 3|Gp|(VFA) 0.58
+( VMA )

P = 058 Eq.22
(3 G;; (VFA))
650+

VMA

For each frequency, the binder complex modulus obtained from the binder mastercurve was
substituted into the Hirsch model to compute the parameter Pc. The corresponding phase angle
was then determined using the above relationship. Repeating this procedure across the full
frequency range produced the HMA phase-angle mastercurve (FIGURE 5.52).
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FIGURE 5.52 HMA Phase Angle Mastercurve

5.15.5 Development of Prony Series

After the HMA dynamic modulus and phase angle mastercurves were obtained, the viscoelastic
response of the asphalt concrete was characterized in terms of storage modulus and loss modulus.
These parameters describe the elastic and viscous components of the material response and are
required for developing the time-domain viscoelastic representation used in finite element
modeling.

The storage modulus E’ and loss modulus E"” were computed from the predicted dynamic modulus
and phase angle using the following equations.

E' = |E*|cos¢ Eq.23

E" =|E*|sin¢ Eq.24
The storage modulus represents the recoverable elastic portion of the material response, while the
loss modulus represents the energy dissipated through viscous deformation. These parameters
collectively describe the frequency-dependent viscoelastic behavior of the asphalt concrete.
Because finite element programs such as Abaqus require viscoelastic material properties in the
time domain, the frequency-domain mastercurves were converted into a relaxation modulus

representation. The relaxation modulus E(t) was expressed using a generalized Maxwell model
(FIGURE 5.53) represented by a Prony series.
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FIGURE 5.53: Generalized Maxwell Model

To determine the stress in the GMM model, the following steps are used:
é=é +é, =242 Eq.25
E 7

It should be noted that the relaxation time is defined as the ratio of the viscosity and elasticity
modulus of a single Maxwell element. Here, it is denoted by 7 andz =7/ E . Now, Eq.25 becomes:

6=E:-Z2 Eq.26
T
Laplace transformation of Eq.26 leads to:
sarls) = sEels)- 7 5 o5) = o) Fq.27
4 S+ —
T

Now, the inverse Laplace transform of Eq.27 back to the time domain yields the following form:
t'=t ~(e=t")
o(t)= | Ee[ % L‘dt' Eq.28
t'=0
It is the most basic integral form of the Maxwell model for stress-strain calculation. This equation

is used later to derive a general integral form for the GMM.
Summing up the spring and the Maxwell elements using Eq.28, the generalized form is as follows:
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ols)=| E, +ZS—EI' &(s) Eq.29

=t n —(r=1")
o(t)= | {Ew+2Eie[ A}édt' Eq.30

The simplest form of Eq.30 is as follows:
t'=t
o(t)= [E(—1)edt’ Eq.31
t'=0
The Prony series representation of the relaxation modulus is given by,

E(t)=E, + Z Eie(_%") Eq.32

i=1

The storage modulus mastercurve can be obtained from the developed mastercurve for |[E*| and
the phase angle. The storage modulus as a function of angular frequency is fitted with the following
Prony series expression:

M wzrani

E'(w) =E» + 22, o, (Eq. 33)
1 mEi
E'(w) =T 5 (Eq. 34)

Where E'(®) and E"(w) = storage modulus and loss modulus, that is, the real part and imaginary
part of the complex modulus,

E = the longtime equilibrium modulus,

o = the angular frequency,
7; is the relaxation time
E;= spring constant in the generalized Maxwell model

For numerical implementation, the relaxation modulus is expressed in normalized form as:
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Where,

The Prony coefficients g; and relaxation times 7; were determined by fitting the predicted dynamic
modulus mastercurve over the reduced-frequency range. This procedure ensures that the time-

E@) _
Eo

1-%i, gi(l - e_t/Ti)

E, = instantaneous modulus

gi = dimensionless Pélya coefficients

domain viscoelastic representation reproduces the frequency-dependent stiffness.

The storage and loss modulus equations were established over the selected frequency range. The
Prony series parameters were obtained by solving the overdetermined system with nonnegative
least squares. The fitted terms were then normalized to define the Abaqus Prony coefficients and
relaxation times. The instantaneous and long-term moduli were calculated and verified before
preparing the final Abaqus input TABLE. The Prony coefficients and relaxation times derived
from the HMA mastercurves are summarized in TABLE 5.36. The long-term elastic modulus in

the viscoelastic formulation was 33,935.82 psi with a Poisson’s ratio of 0.30.

TABLE 5.36: Prony Series Parameters

Eq.35

Term (i) Prony coefficient (gi) Relaxation time 7;
1 0.264012 1.0E-04
2 0.189143 1.0E-03
3 0.220686 1.0E-02
4 0.160220 1.0E-01
5 0.090821 1.0E+00
6 0.041258 1.0E+01
7 0.016821 1.0E+02
8 0.012297 1.0E+03

5.15.6 Determination of Fracture Properties

Direct shear tests were conducted at loading rates of 0.197, 0.394, 1.181, 1.969, and 3.937
inch/min. The stress—displacement responses obtained from these tests were used to determine the
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peak stress and fracture energy. Representative stress—displacement curves are shown in FIGURE

5.54. The curves show an initial increase in stress with displacement, followed by a gradual
reduction after the peak.

Loading Rate == avag. 0.157 in/min avg. 0.394 infmin == avg. 1.181 in/min === avg. 1.969 in/min === avg. 3.937 in/min

Stress (psi)

il \

0.0 0.2 0.4 0.6
Displacement (in)

FIGURE 5.54 Shear stress—displacement curves obtained from direct shear tests at different
loading rates.

Peak stress was defined as the maximum shear stress observed during each test. Fracture energy
was calculated from the area under the load—displacement curve up to the point of failure. This
approach is commonly used to quantify the energy required for interfacial fracture.

1 8
Gr =~ TP(8) ds Eq.27
where Gyis the fracture energy (kip.f-in/in?), P(8) is the applied load as a function of displacement,
o is the displacement, Jris the displacement at complete separation, and A4 is the bonded interface

arca.

The calculated peak stress and fracture energy values are summarized in TABLE 5.37.
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TABLE 5.37: Lab-tested peak stress and fracture energy

Loading Rate (inch/min) Peak Stress (psi) Fracture Energy (kipf-
in/in?)
0.197 63.5 0.0214
0.394 102.3 0.0237
1.181 182.2 0.0324
1.969 2525 0.0370
3.937 425.0 0.0419

TABLE 5.37 shows that both peak stress and fracture energy increase with loading rate. The peak
stress increases from 63.5 psi at 0.197 inch/min to 425 psi at 3.94 inch/min. A similar increase is
observed in fracture energy, indicating that greater energy is required to cause interfacial failure
at higher loading rates.

The observed increase in peak stress with loading rate indicates a rate-dependent response of the
asphalt interface. Similarly, the increase in fracture energy suggests that higher deformation rates
require more energy for crack propagation. This behavior is consistent with the viscoelastic nature
of asphalt materials, where stiffness and resistance to fracture increase as the loading rate increases.

5.15.7 Simulation Results

The developed finite element model was used to simulate the direct shear response of the asphalt
concrete interface at different displacement rates. The numerical results were compared with the
laboratory direct shear test results to evaluate the ability of the model to capture the interface
bonding behavior. FIGURE 5.10 presents the comparison between the laboratory measurements
and the ABAQUS simulation results for deformation rates 0of 0.197, 0.394, 1.181, 1.969, and 3.937
inch/min.

As shown in FIGURE 5.55, the load—displacement response obtained from both the laboratory
tests and the numerical simulations follows a similar trend. In all cases, the shear stress initially
increases with displacement until a peak value is reached. This stage represents the intact bonding
condition between the two asphalt layers.
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FIGURE 5.55: Model simulation and laboratory test results for different shear rates

After reaching the peak stress, the curves show a gradual decrease in shear stress with increasing
displacement. This reduction indicates progressive damage and deterioration of the bonding at the
interface. The softening region represents the failure of bonding between the two asphalt layers.
Eventually, the stress approaches zero, indicating complete separation.

The ABAQUS simulation results capture both the peak stress and the softening behavior observed
in the laboratory tests. For all deformation rates, the numerical curves closely follow the
experimental trends in terms of stiffness, peak location, and post-peak response.

Overall, the comparison indicates that the developed cohesive zone model is capable of
reproducing the shear failure mechanism at the asphalt interface. The good agreement between the
experimental and simulation results confirms that the calibrated parameters used in the model
reasonably represent the interfacial bonding characteristics of the tested specimens.

The model parameters obtained from the calibrated ABAQUS simulations were analyzed to
develop deformation rate—dependent relationships for the asphalt concrete interface behavior. Two
key parameters were considered in this analysis: the peak interfacial shear stress and the fracture
energy. These parameters were extracted from the calibrated numerical simulations conducted at
different deformation rates.

TABLE 5.38 presents the ABAQUS simulation results used for model development. The TABLE
lists the deformation rate together with the corresponding peak shear stress and fracture energy
values obtained from the calibrated cohesive zone simulations.

176



TABLE 5.38: ABAQUS Simulation Results

Loading Rate (inch/min) Peak Stress (psi) Fracture Energy (kipf-in/in?)
0.197 63.53 0.0185
0.394 101.97 0.0218
1.181 182.75 0.0263
1.969 249.57 0.0311
3.937 435.23 0.0378

The results indicate that both peak stress and fracture energy increase with increasing deformation
rate. This trend reflects the rate-dependent response of the asphalt interface. At higher loading
rates, the interface becomes stiffer, resulting in higher peak stress values. Similarly, the fracture
energy increases with loading rate, indicating that greater energy is required to propagate interface
separation.

5.15.8 Peak Stress Model

The resulting peak stress power law is:
T = 167.9 (rate)%121  (psi) Eq.36
where T represents the peak shear stress and rate represents the deformation rate in inches/min.

A regression analysis was performed to calibrate the power law relationship, and the predicted
peak stress model is:

T = 181.7 (rate)?6121 — 4,64 (psi), R? =0.98 Eq.37

FIGURE 5.56 shows the measured versus predicted peak shear stress with the calibrated model.
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5.15.9 Fracture Energy Model

A similar regression procedure was used to develop the deformation rate—dependent model for
fracture energy. The regression analysis yielded the following power-law relationship for fracture
energy:

G, = 0.0275 (rate)®?* (kipf- in/in®) Eq.38
where G. represents the fracture energy and rate represents the deformation rate in inch/min.

A regression analysis was performed to calibrate the power law relationship, and the predicted
fracture energy model is:

G, = 0.0305 (rate)*?* + 0.0018 (kipf-in/in®), R? =0.97 Eq.39

FIGURE 5.57 shows the measured versus predicted fracture energy stress with the calibrated
model.
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The rate-dependent models given by Equation 37 and Equation 39 were evaluated at two selected
loading rates. The laboratory values were compared with the corresponding Abaqus simulated
model predictions. The coefficient of variation was calculated for each laboratory-model pair. The
results are summarized in TABLE 5.39.

TABLE 5.39: Validation of Abaqus simulated model results

. Fracture Fracture
Loading Peak S.hear' Peak S.hear' COoV Energy in Energy in COV
rate Stress in psi | Stress in psi o e s a 0
(inch/min) (Lab) (Model) (%) kipf-in/in kipf-in/in (%)
(Lab) (Model)
0.0394 18.32 20.45 7.77 0.0149 0.0158 3.06
0.1000 42.87 39.75 5.34 0.0181 0.0194 4.58

The predicted peak shear stress was close to the laboratory result at both loading rates. The fracture
energy values also showed good agreement. The largest variation was observed for peak shear
stress at 0.0394 inch/min, with a coefficient of variation of 7.77%. For fracture energy, the
coefficients of variation were 3.06% and 4.58%.
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CHAPTER 6
CONCLUSIONS

This study evaluated the interfacial bonding performance between asphalt concrete layers by
focusing on the effects of tack coat type, application rate, surface condition, curing, and
environmental factors. Laboratory direct shear tests were conducted on specimens prepared to
measure interface shear strength. Different tack coats and surface textures were considered to
understand their influence on bonding behavior. Based on the results, the following conclusions
can be drawn:

1. Tack Coat Type: Direct shear tests were conducted to evaluate the interface shear strength of
double-layer AC specimens. The specimens used were trackless tack, CSS-1h, SS-1h, and SS-1hp.
DSR tests were conducted to determine the high-temperature PG grade, percent of recovery, and
non-recoverable creep compliance. The results show that trackless tack has the highest high-
temperature PG grade of 82 °C, compared to 64 °C for SS-1h and CSS-1h, and 70 °C for SS-1hp.
Trackless tack also shows higher elastic recovery, with values of 87% and 65% at 0.1 and 3.2 kPa,
respectively, while CSS-1h shows the lowest recovery of 12% and 7%. In terms of non-recoverable
creep compliance, trackless tack has the lowest values (0.13 and 0.27 kPa™), indicating better
resistance to permanent deformation, whereas CSS-1h shows the highest values (0.56 and 0.62
kPa™). Overall, the higher PG grade, higher percent of recovery, and lower non-recoverable creep
compliance of trackless tack make it superior compared to conventional and nanopolymer-
modified tack coats.

2. Tack Coat Application Rate for Newly Compacted and Milled Surfaces: The study found
the optimal tack coat application rates for both the new HMA layer and the milled surface. The
optimal rates vary based on tack coat type and surface type. For example, the optimum application
rates for SS-1h and CSS-1h were found to be nearly the same, approximately 0.04 gal/yd?. The
current NMDOT specification mentions applying up to 0.08 gal/yd? residual application rate. For
conventional tack, they produce a slip plane at 0.08 gal/yd® residual application rate. For the
nanopolymer modified SS-1hp tack, the optimum application rate was found to be 0.06 gal/yd>.
Using tack coat above the optimum rate not only increases cost but also negatively affects
pavement performance.

For trackless tack, with the increment of application rate, the interface shear strength increases.
The study went up to 0.10 gal/yd?, which is 0.02 gal/yd® higher than the maximum residual
application rate specified by NMDOT. The study found 0.06 to 0.08 gal/yd? application rate
performs better for a typical milled surface.

3. Environmental Effect: This study evaluated the environmental effects on the interface by
analyzing moisture damage and temperature.

3.1 Moisture Damage Analysis: MIST conditioning reduced interface shear strength for all
tack coats. For SS-1h, the strength decreased from 242.94 psi to 195.47 psi, showing a reduction
of about 20%. Similarly, CSS-1h decreased from 228.75 psi to 172.09 psi, with a higher reduction
of 24%. Polymer-modified tack coats showed better resistance to moisture damage. SS-1hp
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decreased from 264.22 psi to 219.91 psi (16%), and CSS-1hp decreased from 252.36 psito 214.21
psi (15%). Trackless tack showed the least reduction, decreasing from 241.54 psi to 227.03 psi,
which is only about 6%. Overall, conventional tack coats are more sensitive to moisture, while
polymer-modified and trackless tacks provide better resistance and maintain higher interface shear
strength.

3.2 Temperature Effect Analysis: This study analyzed the effect of temperature on the
interface shear strength at different application rates. The results show that interface shear strength
decreases significantly as temperature increases. At 68°F, the highest strength was observed at
0.04 gal/yd? with 253 psi, followed by 250 psi at 0.06 gal/yd?, 223 psi at 0.08 gal/yd?, and 215 psi
at 0.0 gal/yd?. At 131°F, the reduction was more significant, where the values dropped to 48 psi,
45 psi, 43 psi, and 34 psi for application rates of 0, 0.04, 0.06, and 0.08, respectively. Overall,
increasing temperature leads to a sharp decrease in interface shear strength, and the effect becomes
more severe at higher temperatures.

4. Evaluating Eight Factors: Eight factors were evaluated to understand their effect on interface
shear strength, including tack coat type, application rate, mean texture depth, texture orientation,
temperature, curing time, surface aging, and moisture damage. The ANOV A results show that all
factors are statistically significant. Among them, application rate has the strongest influence, with
very large effect sizes (n?> = 0.995 for rate and 0.885 for type). Trackless tack provides higher
strength compared to other tack coats with statistical significant difference. Mean texture depth
also has a very large effect (n? = 0.992), where higher texture depths result in higher shear strength.
Temperature shows a very strong effect (n? = 0.942), with shear strength decreasing significantly
as temperature increases. Texture orientation has a large effect (n? = 0.894), where parallel
orientation shows higher strength than perpendicular and 45-degree orientations. Moisture also has
a large effect (> = 0.885), and moisture reduces strength significantly. Curing time has a moderate
effect (n? = 0.628), with strength increasing with complete curing. The interface shear strength
increases by approximately 20—40% from no curing to full curing. Surface aging also has a strong
effect (n? = 0.846), where unaged specimens show higher strength than aged ones.

5. Interface Shear Strength Variation with Tack Type and Application Rates: The results
show that shear strength varies with both tack coat type and application rate. For SS-1h, the
strength increased from 215 psi at 0.0 gal/yd? to a peak of 253 psi at 0.04 gal/yd?, then decreased
to 250 psi at 0.06 and 223 psi at 0.08 gal/yd?. For SS-1hp, higher strengths were observed, reaching
264 psi at 0.04 and 275 psi at 0.06 gal/yd?, before decreasing to 253 psi at 0.08 gal/yd>. CSS-1h
showed relatively lower values, with 234 psi at 0.04, 223 psi at 0.06, and a drop to 186 psi at 0.08
gal/yd?. Trackless tack showed the best performance, increasing from 237 psi at 0.04, 274 psi at
0.06, and 282 psi at 0.08 gal/yd?. The highest value of 298 psi was achieved at 0.10 gal/yd? for
trackless tack. Overall, trackless tack provides the highest interface shear strength, followed by
SS-1hp, SS-1h, and CSS-1h.
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6. Interface Shear Strength of Typical Milled Surface: For a typical milled surface, rougher
surfaces showed higher interface shear strength. At zero application rate, the shear strength
increased from 108.06 psi to 125.48 psi as the mean texture depth increased from 0.0445 to 0.2157
inch. A similar trend was observed at other application rates. At 0.04 gal/yd?, the strength increased
from 98.25 psi to 121.27 psi with increasing texture depth. At 0.06 gal/yd?, it increased from
107.62 psi to 127.4 psi. At 0.08 gal/yd?, the strength also increased from 102.44 psi to 119.25 psi
with higher texture depth. Overall, the results clearly show that increasing mean texture depth
improves interface shear strength, and rougher milled surfaces provide better bonding
performance.

7. Controlled Grinding: The results show that controlled-textured (lab grooved/notched) surfaces
improve interface shear strength across different application rates for both field cores and new
HMA. For lab-notched field cores, the strength increased from 118.24 psi at 0 gal/yd? to 125.88
psi at 0.04 gal/yd? and reached a peak of 131.05 psi at 0.06 gal/yd?, then slightly decreased to
121.86 psi at 0.08 gal/yd>. A similar trend was observed for new HMA. The strength increased
from 125.11 psi at 0 gal/yd? to 132.59 psi at 0.04 gal/yd? and reached the highest value of 139.32
psi at 0.06 gal/yd?, followed by a decrease to 123.75 psi at 0.08 gal/yd*. Overall, controlled
grinding increases interface bonding for both aged and new surfaces.

8. Curing Guidelines: Current NMDOT curing specification is unclear (e.g., 24 hours or until
cured). This study identified the minimum curing time required for each tack to achieve the best
performance. For SS-1h, the shear strength increased from 172 psi without curing to 210 psi at 120
minutes, showing gradual improvement with time. CSS-1h showed a similar trend, increasing from
149 psi to 191 psi at 120 minutes. For SS-1hp, the strength increased from 204 psi without curing
to 231 psi at 10 minutes and reached a peak of 270 psi at 50 minutes, then remained almost constant
at 60 minutes. Trackless tack showed the fastest curing behavior, increasing from 211 psi without
curing to 289 psi at 15 minutes, 301 psi at 25 minutes, and reaching 303 psi at 30 minutes. Based
on these results, the minimum curing times required are about 120 minutes for SS-1h, 100 minutes
for CSS-1h, 50 minutes for SS-1hp, and only 25 minutes for trackless tack. Overall, curing time
significantly affects interface shear strength, and trackless tack achieves high strength in a much
shorter time compared to other tack coats.

9. Delamination Mechanism: The mechanics of delamination can be evaluated using PMED by
comparing full and partial interface bonding conditions. Two New Mexico weather stations were
selected to represent different climatic conditions. Under full bond conditions, the asphalt layers
acted together as a composite structure and transferred traffic loads more efficiently. Under partial
bond conditions, the layers did not act fully together, which increased predicted pavement
distresses such as AC rutting, IRI, top-down cracking, and bottom-up cracking. Therefore,
interface bond condition should be considered as an important parameter in pavement design and
performance evaluation.
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The results show that interface shear strength increases with both loading rate and normal stress.
At a normal stress of 72 psi, the shear strength increased from 94 psi at a low loading rate of 0.1
mm/min to 162 psi at 5 mm/min. A similar trend was observed at higher normal stresses. At 108
psi, the strength increased from 113 psi to 192 psi, and at 145 psi, it increased from 128 psi to 260
psi as the loading rate increased. This indicates that higher loading rates and higher normal stresses
improve interface resistance to shear.

The cohesion values remained relatively stable across loading rates, ranging from about 58 psi to
66 psi. In contrast, the angle of internal friction increased significantly with loading rate, from
about 24° at 0.1 mm/min to about 54° at 5 mm/min. This shows that friction plays a more important
role at higher loading rates, while cohesion remains relatively constant. Overall, the delamination
mechanism is controlled by both cohesion and friction, but friction becomes dominant at higher
loading conditions.

10. Finite Element Model: A finite element model is developed and validated by laboratory
experiments. It can be used to simulate field pavement interface behavior under complex geometry
and traffic loading, and materials.
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