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Abstract

Asphalt pavements play a crucial role in constructing durable and sustainable road infras-
tructure. In recent years, with the advancement of sustainability and circular economy goals,
reclaimed asphalt (RA) has been widely used in road construction. While the use of RA effec-
tively reduces resource consumption and environmental impact, research on the fatigue and
healing performance of asphalt mixtures and binders with high RA content remains relatively
limited. This study aims to evaluate the healing performance of binder components from three
asphalt mixtures commonly used in the base layers of Dutch pavements, employing multiple
healing test protocols and healing indices. Two of these binders contain a high proportion of
RA bitumen.

To achieve the research objectives, fatigue and healing tests were conducted on three differ-
ent asphalt binders: Binder 1, composed entirely of fresh bitumen; Binder 2, a blend of high
RA content bitumen with softer fresh bitumen; and Binder 3, which includes high RA bitu-
men content, fresh bitumen, and the rejuvenator. Fatigue performance was evaluated using
Time Sweep (TS) and Linear Amplitude Sweep (LAS) tests to determine the fatigue life of
each binder. Additionally, healing performance was assessed through single-rest period and
multiple-rest period Time Sweep Healing (TS-H) tests, as well as Linear Amplitude Sweep
Healing (LAS-H) tests. To evaluate healing performance, two different indices were used: the
Healing Shift Factor (SF;), based on fatigue life extension, and the Healing Index (HI), based
on modulus recovery. The TS and TS-H tests were conducted at three different strain levels,
followed by fitting to obtain fatigue lines and fatigue equations. The LAS and LAS-H tests
were carried out under controlled temperature and frequency conditions. The S-VECD theory
was applied to calculate material damage, allowing for fatigue life predictions based on the
model.

The test results showed that Binder 3, which contains high RA bitumen content and rejuvena-
tor, exhibited the highest healing performance in half of the cases, particularly in the multiple-
rest period TS-H tests. In contrast, Binder 2, also containing high RA bitumen but blended
with softer fresh bitumen, showed a more complex response; it showed the highest healing
performance in single-rest period tests but displayed lower healing potential in multiple-rest
period tests.

The differences between single and multiple rest period tests highlight the limitations of single
rest period tests in fully capturing material healing capacity, indicating that more complex
loading patterns should be explored for more comprehensive assessments. The variations in
healing potential results across different test methods and indices suggest that the healing
performance of binders is highly sensitive to test protocol and indices selection.

Based on the described approach, a better understanding of the healing performance of differ-
ent asphalt binders is achieved. Conclusions and future recommendations for research in this
field were provided at the end of this research.

vi
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1. Introduction

1.1. Research Context

Fatigue cracking is one of the most common distresses in asphalt pavements, caused by the ac-
cumulation of damage due to repeated traffic loading. Initially, microcracks develop within the
asphalt matrix, and with continuous traffic loading, these microcracks propagate into macro-
cracks, ultimately leading to pavement failure. This type of cracking significantly reduces the
structural integrity and service life of the pavement. Moreover, fatigue cracking often triggers
other forms of deterioration, such as raveling and rutting, exacerbating the overall degradation
of the pavement structure (Cheng et al., 2021).

In response to growing demands for more sustainable and cost-efficient road infrastructure,
along with the push for circular economy practices, the use of Reclaimed Asphalt (RA) has
become increasingly common. In the Netherlands, the incorporation of up to 70% RA in base
layer is now standard practice. However, the use of RA introduces variability in the material
properties, particularly concerning aging, fatigue, and healing behavior.

Viscoelasticity is a fundamental property when evaluating the fatigue and healing perfor-
mance of asphalt pavements. The asphalt binder is widely recognized as the primary source
of viscoelastic behavior within asphalt mixtures (Zhang et al., 2019), it determines the rheolog-
ical, cohesive and adhesive behaviors of asphalt mixtures at different material scales (Zhang
and Gao, 2021). For asphalt concrete, fatigue cracks typically initiate at weak points such as
the asphalt binder and mastic phases or at material interfaces, and then progressively propa-
gate through the mortar phase and, eventually, affect the entire structure (Wang et al., 2023b).
Therefore, the capacity of asphalt binders to recover from fatigue damage plays a critical role
in prolonging pavement life, especially under repeated traffic loads.

Investigating the impact of incorporating reclaimed asphalt in base layer pavement on its heal-
ing and fatigue performance is a crucial task. This study focuses on evaluating the healing
performance of three asphalt binders, including two with high RA bitumen content, using var-
ious healing test methods and healing indices. The findings of this research will contribute to
improving existing pavement design methods and provide theoretical support for the efficient
reuse of asphalt materials in the road construction industry, helping to reduce environmental
impact.

1.2. Research Problem

Although the use of reclaimed asphalt is becoming increasingly common in road construc-
tion, the impact of high RA content on the fatigue performance and healing ability of asphalt
mixtures and binders remains uncertain. Specifically, the aging of RA, increased stiffness, and
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heterogeneity of the material may lead to a reduction in the fatigue resistance of the mix-
tures and adversely affect their healing capacity. While existing studies have proposed various
healing test methods and evaluation indices, the results are not always consistent, and the un-
derstanding of asphalt healing mechanisms remains incomplete. Therefore, further research
is needed to investigate the fatigue and healing behavior of high RA content binders under
different testing conditions, to improve the accuracy of performance predictions for asphalt
materials.

1.3. Research Objectives

This study aims to evaluate the fatigue and healing performance of the binder components of
three commonly used asphalt mixtures, among which two contain a high RA content. Through
various testing protocols, including single and multiple rest period Time Sweep Healing (TS-
H) and Linear Amplitude Sweep Healing (LAS-H) tests, and utilizing different healing indices,
this research seeks to analyze the healing performance of these binder components. Addition-
ally, it compares the correlations and distinctions between the results of different healing test
methods and indices.

1.4. Research Scope

This study focuses on analyzing the binder performance of three commonly used asphalt mix-
tures in the base layers of Dutch roads: a mixture containing 100% virgin asphalt aggregates,
a mixture containing 70% RA and 30% virgin asphalt aggregates with soft bitumen, and a
mixture containing 70% RA with a recycling agent ANOVA 1817. Using two primary heal-
ing test methods, Time Sweep Healing (TS-H) and Linear Amplitude Sweep Healing (LAS-H),
the fatigue resistance and healing ability of these materials are evaluated under controlled
laboratory conditions. The experimental conditions align with Dutch road design standards,
aiming to provide scientific evidence on the fatigue and healing performance of RA-containing
binders and offer recommendations for improving pavement design.

1.5. Research Questions

Main Question:

What is the healing performance of three asphalt binders used in base layer mixtures, as
assessed by various healing test protocols and healing indices?

Sub questions:

1. How are the TS (TS-H) and LAS (LAS-H) tests characterized and what are their differ-
ences?

2. Which asphalt binder demonstrates the highest fatigue resistance?

3. What is the correlation between the fatigue test results of asphalt binders and asphalt
mixtures?
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4. Are there significant differences in the healing performance of asphalt binders between
single rest period tests and multiple rest period tests?

5. What are the similarities and differences when evaluating the healing performance of
asphalt binders using different healing indices?

6. Are the healing performances of asphalt binders consistent across different testing meth-
ods?

1.6. Research structure

This thesis report consists of 6 chapters and appendices, the research structure is shown in
Figure 1.1.

Chapter 1: Introduction

This chapter introduces the research context, research problem, research objectives, research
scope, and research questions, outlining the core topics and framework of this study.

Chapter 2: Literature Review

This chapter reviews studies related to the fatigue and healing performance of asphalt binders,
describes common healing test methods and associated healing indices, and presents the back-
ground of viscoelastic continuum damage theory, providing the theoretical foundation for this
research.

Chapter 3: Materials and Methods

This chapter details the materials and test methods used in the study, covering the preparation
of asphalt binders, the testing methods, equipment, and testing procedures, as well as the
healing indices selected for evaluating the healing performance.

Chapter 4: Fatigue Test Results

This chapter compares the fatigue results obtained from different testing methods and analyzes
the relationship between the fatigue performance of asphalt binders and asphalt mixtures.

Chapter 5: Healing Test Results

This chapter presents the healing performance results of binders using different healing test
methods and healing indices and makes a comparison of these results.

Chapter 6: Conclusions and Recommendations

This chapter provides the main conclusion and recommendations for future research.
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Chapter 1. Introduction

Literature Review
Phase
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Test Preparation
Phase

\J
Chapter 3. Materials and Methods |
\
| Chapter 4. Fatigue Test Results |

Experimental,
Post-Processing and

!

Analysis Phase |

Chapter 5. Healing Test Results |

| Chapter 6. Conclusions and Recommendations |

Figure 1.1.: Research structure.

1.7. Research Methodology
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2. Literature Review

This chapter provides the conceptual and theoretical foundation of this research. It begins by
introducing the fatigue and healing performance of asphalt materials, emphasizing the critical
role these properties play in enhancing pavement durability and extending the service life of
roads. Following this, section 2.3 discusses the benefits and challenges of using reclaimed
asphalt in newly constructed pavement. Section 2.4 provides an overview of commonly used
testing methods for evaluating fatigue and healing in asphalt binders, with a focus on the
Time Sweep Healing (TS-H) and Linear Amplitude Sweep Healing (LAS-H) tests utilized in
this study.

Section 2.5 introduces the fundamental principles of the Viscoelastic Continuum Damage
(VECD) theory and its simplified variant, the Simplified Viscoelastic Continuum Damage (S-
VECD) model, which is used in LAS-H test analysis to predict fatigue life. Building on these
theoretical foundations, section 2.6 explores various healing indices and examines their advan-
tages and limitations in quantifying the healing potential of asphalt binders. Finally, section
2.7 reviews the latest advancements in asphalt binder healing research.

2.1. Asphalt Fatigue

2.1.1. Fatigue Cracking Principles

Fatigue cracking is one of the primary failure mechanisms in asphalt pavements. It refers to
the process by which cracks in asphalt materials progressively develop from microcracks to
macrocracks due to accumulated damage under repeated cyclic loading. The formation of
cracks is related to the viscoelastic properties of the asphalt material. Because stress release
in viscoelastic binders is relatively slow, damage tends to accumulate gradually under cyclic
loading, ultimately leading to cracking. Fatigue cracking typically initiates at the interface
between the asphalt binder and the aggregate, as these areas are relatively weaker and more
susceptible to cyclic stresses (Moreno-Navarro et al., 2018).

Fatigue cracking can originate from the surface (top-down cracking) or from the bottom of the
asphalt (bottom-up cracking). Top-down cracking begins at the surface of the asphalt pavement
and propagates downward, typically induced by horizontal tensile stresses generated under
traffic loading. These stresses are most pronounced near the edge of the tire and increase
significantly with rising temperatures (Zhao et al., 2018). Additionally, the thickness of the
asphalt layer also influences cracking, with thicker asphalt layers being more prone to top-
down cracking (Alae et al., 2020).

Bottom-up cracking, on the other hand, occurs when cracks initiate at the bottom of the as-
phalt layer and gradually propagate upward. This type of cracking is usually generated when
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the tensile stress at the bottom of the asphalt layer exceeds the fatigue strength of the ma-
terial(Cheng et al., 2022). The crack tips are sensitive to the stress concentration, therefore
resulting in cracks propagating upwards and forming reflective cracks(Oshone et al., 2019).
The type and strength of the base layer, and environmental conditions such as moisture and
temperature, are critical factors influencing the formation of bottom-up cracks (Alae et al.,
2020).

The typical fatigue cracking process is generally divided into three phases: adaption phase,
quasi-stationary phase, and failure phase. Figure 2.1 shows the typical three phases of asphalt
fatigue.

PHASE 1: heating and thixotropy
PHASE 2: quasi-stationary process
PHASE 3: failure process
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Figure 2.1.: Typical fatigue curve for asphalt concrete (Ragni et al., 2020).

Phase 1 (Adaption Phase): This phase represents the crack initiation process, where the stiff-
ness modulus of the material rapidly decreases due to repeated loading. The damage incurred
during this phase occurs at the microscopic level, so there is no significant loss in the material’s
structural integrity. By the end of this phase, microcracks fully develop in areas of high stress,
leading to a reduced rate of new microcrack formation (Venudharan and Biligiri, 2020).

Phase 2 (Quasi-Stationary Phase): In the second phase, the existing microcracks continue to
propagate as the number of load cycles increases. The stiffness of the material decreases in an
almost linear and stable manner but at a slower rate compared to the first phase.

Phase 3 (Failure Phase): During this phase, the microcracks gradually connect to form macro-
cracks. Irreversible fatigue damage starts to accumulate, and the material’s stiffness begins to
decline rapidly, ultimately leading to material failure (Ragni et al., 2020).
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Several factors, including aging, environmental conditions, material composition, loading, and
construction techniques, influence the fatigue performance of asphalt. Aging negatively im-
pacts fatigue resistance, while environmental factors such as temperature and moisture also
play a key role. High temperatures accelerate plastic deformation, and low temperatures cause
brittle cracking. The asphalt mixture’s composition, including binder viscosity, aggregate gra-
dation, and air void content, can also critically affect fatigue life. Additionally, studies have
shown that incorporating modifiers such as polymers and fibers can significantly enhance the
fatigue resistance of asphalt mixtures (Moghaddam et al., 2011). Vehicle speed, axle load,
and the temporal variation of traffic loading also influence the fatigue behavior of pavements.
Manufacturing processes, particularly production temperatures and the selection of additives
have a crucial impact on the fatigue performance of asphalt mixtures.

2.1.2. Fatigue Cracking: Shift Factor

Researchers have developed various testing methods to simulate the fatigue behavior of ma-
terials, as well as a range of fatigue parameters to characterize the fatigue properties of the
materials. However, the actual in-situ service life of asphalt concrete usually exceeds the
predictions made by laboratory-based fatigue prediction models. The variance is primarily
due to several factors, including the in-situ load spectrum, lateral wandering, environmental
conditions, the properties of the material, how specimens are prepared, and the restorative
healing processes occurring between sequential traffic loading events. Discrepancies between
field and laboratory fatigue prediction results can lead to wasted resources and unnecessary
maintenance.

Researchers have introduced the concept of the Shift Factor (SF) to establish a correlation be-
tween the actual in-situ service life and the laboratory-predicted service life. The lab-predicted
pavement fatigue life is multiplied by the shift factor to estimate the pavement’s actual in-situ
service life. Over the past few decades, researchers have proposed shift factors ranging from
0.1 to more than 400 based on different evaluation criteria summarized in Table 2.1.

The default shift factor value currently used in the Dutch pavement design method is 4.0.
Bitumen’s content and penetration grade are taken into account in the equation (Equation 2.1)
for calculating the shift factor.

SF = 1+0.0000419 - V% . pen®%* < 4 (2.1)

where V), is the bituminous binder content (where necessary corrected for the density of the
aggregate in accordance with NEN-EN13108-7 Article 5.2.3) [% m/m ’in’], and pen is the
penetration value of the bitumen [10-1 mm]. Note that the SF must equal to 1.0 when asphalt
mixtures with modified bitumen or additives are used as base pavement layers.
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Table 2.1.: Empirical shift factors from previous studies.

Researchers Year | Shift Factor Notes
Brown et al. 1985 440 Considering rest period, Cra'cking propagation and
wandering
Finn et al. 1986 13.0 10% level cracking
18.4 45% level cracking.
Gerritsen and Considering rest period, wandering and temperature
1987 5-25 .
Koole gradient
Pierce et al. 1993 0.1-5.8 Considering asphalt layer thickness (10 cm to 25 cm)
Deacon et al. 1994 10-14 Considering asphalt 1aye1; :r}l;lckness (10.16 cm & 20.32
Leahy et al. 1995 10 10% level cracking
14 45% level cracking
Harvey et al. 1997 4-40 Using a Miner s Law approa.\ch, the SF is dependent
on strain levels of field pavements
Using the field data from 11 flexible sections in
Said 1997 10 Sweden, and the laboratory data from indirect tensile
fatigue test
Prowell 2010 49758 Using the field data frorp the 4 NCAT road test
section
Considering the material properties of SBS-modified
<10
asphalt
Mateos et al. 2011 114 Using the field data from a full-scale testing track
Yu et al. 2012 1.096 10% level cracking
Biligiri and Using the field data from the Swedish highway
. 2015 9.72 .
Said section
Cheng et al. 2018 105.6 Considering the cold central-plant recycling (CCPR)

mixture

10
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2.2. Asphalt Healing

2.2.1. Asphalt Healing Mechanisms

The healing capability of asphalt materials refers to the material’s ability to spontaneously
restore its mechanical properties through intrinsic physical or chemical processes after being
subjected to external damage or crack formation. This healing characteristic of asphalt is
important for extending pavement service life, particularly under repeated traffic loads. Due
to the viscoelasticity and flowability of asphalt binders, cracks can spontaneously heal under
certain conditions, thereby slowing the accumulation of damage (Santagata et al., 2015).

Currently, the mechanisms behind asphalt healing are not fully understood, and researchers
have proposed various healing mechanisms over the past few decades. Wool and O’Connor
developed a healing model for polymers, dividing the process into five stages: surface re-
arrangement, surface approach, wetting, diffusion, and randomization, as illustrated in Fig-
ure 2.2 (Wool and O’connor, 1981). The fourth stage in this model, diffusion, is considered
the most critical, as it governs the development of mechanical properties during the healing
process (Varma et al., 2021).
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Figure 2.2.: Crack healing model proposed in polymers (Wool and O’connor, 1981).

In 2012, Qiu proposed a new mechanism that considered the competing interactions between
fatigue and healing in asphalt, as shown in Figure 2.3. Fatigue and healing in asphalt are
regarded as two competing mechanisms. Fatigue follows a three-phase model comprising
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crack initiation, crack propagation, and eventual failure, while healing is characterized by
three stages: flow, wetting, and diffusion (Qiu, 2012). After the flow stage, the stiffness of the
material increases, and during the wetting and diffusion stages, the stiffness and strength of
the material are restored (Qiu, 2012). In the wetting stage, asphalt with higher surface energy
exhibits a higher wetting rate, whereas during the diffusion stage, asphalt containing more
molecules with longer chains and fewer branched chains has a stronger diffusion capacity

(Sun et al., 2018).
loss of modulus >
loss of strength >

1) Crack initiation ~ 2) Crack propagation 3) Failure

Fatigue > > >
slow medium fast
(3) Diffusion (2) Wetting (1) Flow ]
< < < Healing
very slow medium slow

< modulus recovery
< strength recovery

Figure 2.3.: Three-step mechanism of healing (Qiu, 2012).

Sun and Wang, through molecular dynamics simulations, described the self-healing process
of asphalt as occurring in two stages. The first stage is a rapid surface-wetting phase, where
molecules on the crack surface reconnect through diffusion. The second stage is a slower
diffusion phase, during which molecules within the material diffuse more deeply, gradually
restoring the material’s strength (Sun and Wang, 2020).

2.2.2. Types of Asphalt Healing

Asphalt healing can be classified into intrinsic healing and extrinsic healing. Intrinsic healing
refers to the natural recovery process of asphalt without external intervention, primarily driven
by the material’s inherent chemical and physical properties. In contrast, extrinsic healing in-
volves external interventions to facilitate or enhance the natural healing process. Common
examples of extrinsic healing technologies include induction heating and capsule-based heal-
ing. In induction heating, electrically conductive and magnetically susceptible particles (e.g.,
steel particles) are added to the asphalt mixture. When exposed to an external electromagnetic
field, these particles generate heat, which helps heal microcracks in the asphalt (Dai et al.,
2013). Capsule-based healing method embeds microcapsules containing rejuvenating agents
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into the asphalt mixture. When cracks form, the capsules rupture, releasing the agents to re-
store the binder properties and seal the cracks (Li et al., 2021). This study primarily focuses on
the intrinsic healing of asphalt materials.

2.2.3. Factors Affecting Healing

The healing ability of asphalt is influenced by several factors, which are discussed in this
section. These factors include chemical composition, aging level, damage level prior to rest
periods, temperature, rest time, and the type of additives used.

Chemical Composition: The chemical composition of the asphalt binder affects its heal-
ing capacity. Studies have shown that asphalt with higher small-molecule content (e.g.,
aromatic compounds) and lower large-molecule content (e.g., asphaltenes) exhibits bet-
ter healing performance (Sun et al., 2017). Additionally, the number of branched chains
and the proportion of long-chain molecules in the molecular structure are critical factors
influencing the healing capability.

Aging Level: Aging is a key factor that reduces the healing ability of asphalt materials.
Research shows that the overall healing capacity of asphalt binders decreases as the aging
level increases (Bhasin et al., 2011b).

Damage Level Prior to Rest Periods: As traffic loading increases, damage accumu-
lates within the material. The state of fatigue damage has a significant impact on the
low-temperature healing potential of asphalt mixtures, with higher degrees of fatigue
damage leading to lower healing potential (Sun et al., 2019). Research shows that the
more damage accumulated in asphalt before the healing period, the lower the healing
potential (Jayaraman and Padmarekha, 2024).

Temperature: Temperature is one of the most critical factors influencing asphalt’s healing
ability. Higher temperatures enhance the binder’s flowability, making it easier to diffuse
into cracks and accelerate the healing process. Research has shown that the healing
capacity of asphalt binders increases with rising temperatures (Bhasin et al., 2011b). In
contrast, lower temperatures slow down the healing process, in cold conditions, where
the viscoelastic behavior of asphalt is diminished.

Rest Time: The length of rest intervals between traffic loadings plays an important role in
the healing process. Studies have found a strong correlation between longer rest intervals
and higher levels of healing (Jayaraman and Padmarekha, 2024).

Additive Types: Various additives, such as rejuvenators, Carbon black (CB), and Styrene-
Butadiene Rubber (SBR), can improve the healing performance of aged asphalt. These
additives help restore the flexibility of the aged binder, enhance the repair of microcracks,
and reduce permanent deformation under stress (Sarsam and Mahdi, 2020).

13
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2.2.4. Biasing Effects

During fatigue testing of asphalt materials, biasing effects, including nonlinearity, self-heating
and thixotropy, can influence fatigue test results, leading to inaccurate assessments of fatigue
performance (Mangiafico et al., 2015). These effects arise due to repeated loading and sig-
nificantly influence the material’s mechanical properties, particularly the complex modulus,
thereby obscuring the true extent of fatigue damage.

The nonlinearity effect refers to the nonlinear behavior of asphalt materials under varying
stress and strain conditions, primarily resulting from the heterogeneity of the materials. The
self-heating effect is a phenomenon that the temperature increases within the sample due to
energy dissipation during cyclic loading, which subsequently affects the complex modulus.
Thixotropy is a characteristic phenomenon in non-Newtonian fluid, which refers to the de-
crease in viscosity that occurs in the material under shear stress.

Wang and An divided the evolution of the asphalt stiffness modulus into three stages, as
shown in Figure 2.4 (Wang and An, 2024). The first stage represents Linear Viscoelastic (LVE)
behavior, with increasing load, the stiffness modulus undergoes a reversible decrease due to
biasing effects. In the third stage, the material exhibits irreversible damage. Asphalt’s self-
healing behavior is thought to occur in this third stage.
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Figure 2.4.: Evolution of stiffness modulus under different loading levels (Wang and An, 2024).

Research indicates that the influence of the self-heating effect in asphalt binder testing is lim-
ited, as the specimen size is small, reducing the volume effect (Botella et al., 2020). For asphalt
binders, the Nonlinear Viscoelastic (NLVE) effect and self-healing behavior are considered the
two primary factors affecting complex modulus evolution and fatigue damage behavior (Wang
and An, 2024). However, evaluating biasing effects falls outside the scope of this study.
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2.3. Introduction and Challenges of Reclaimed Asphalt (RA)

Reclaimed asphalt (RA) is typically obtained through the removal, milling, and crushing of
deteriorated pavements. Aged RA can be modified and reused in the construction of new
pavement structures. The use of RA significantly reduces the demand for new asphalt, low-
ering the costs of road construction and decreasing the environmental burden, while also
reducing reliance on petroleum resources. Studies have shown that using 100% RA in new
asphalt mixtures can reduce production costs by 50% to 70% (Zaumanis et al., 2015).

However, the high content of RA presents challenges in terms of material performance, with
the aged binder in RA being the primary cause of its performance degradation. The aged
binder contains a higher proportion of large molecular compounds (such as asphaltenes),
which reduce the material’s ductility and flexibility (Subhy et al., 2019). The aging process
of bitumen involves oxidation and the loss of volatile compounds, leading to changes in its
molecular structure. These changes directly affect the viscosity and elasticity of the material,
ultimately weakening the fatigue resistance of RA (Zaumanis et al., 2015).

Aged asphalt becomes more brittle and rigid, making it prone to cracking under repeated
traffic loads. This issue is exacerbated as the degree of aging increases, causing a rise in
stiffness and a significant reduction in fatigue life (Moghaddam and Baaj, 2016). Aging not
only reduces the fatigue performance of asphalt but also negatively impacts its healing ability.
The reduced viscoelasticity of aged materials means that they are less capable of healing cracks
through intrinsic viscous flow.

To improve the performance of asphalt mixtures with high RA content, three recycling strate-
gies are typically employed: the use of softer bitumen, rejuvenators, and polymer modification.
Adding rejuvenators can restore the physical, chemical, and rheological properties of aged
binders. Rejuvenators reduce the viscosity of aged asphalt, restore its elasticity, and improve
both fatigue and crack resistance (Jacobs et al., 2021). Rejuvenators can enhance the flowability
of aged asphalt by replenishing the lighter fractions within the binder, thereby improving its
healing ability (Elkashef et al., 2018). Some studies have demonstrated that the combination
of rejuvenators and softer bitumen can improve the fatigue performance of asphalt mixtures
containing high proportions of reclaimed binder, achieving performance comparable to that
of virgin binders (Ameri et al., 2018). Additionally, the use of additives such as styrene-
butadiene-rubber (SBR) latex in RA mixtures has been shown to enhance low-temperature
crack resistance and rutting resistance (Li et al., 2014).

However, different types of rejuvenators vary in their effectiveness at improving fatigue and
healing performance. For instance, bio-based rejuvenators, such as those derived from veg-
etable oils, can quickly enhance the viscoelastic properties of the material, but their long-term
effects may accelerate the aging of asphalt (Yaseen and Hafeez, 2020). Therefore, to enable
the effective use of high RA content in practical engineering applications, further research
is needed to understand how rejuvenators influence the fatigue and healing performance of
asphalt materials containing high proportions of RA.

2.4. Fatigue and Healing Testing Methods of Asphalt Binders

Various testing methods have been developed to evaluate the fatigue and healing performance
of asphalt binders. The primary testing approaches are classified into two categories: fatigue-
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based healing tests and fracture-based healing tests (Ayar et al., 2016).

In fatigue-based healing tests, the sample is subjected to continuous dynamic loading, followed
by the introduction of one or more rest periods at specific damage levels. The healing behavior
of the asphalt binder is analyzed by recording the mechanical properties (such as complex
shear modulus) before and after the rest period or by comparing the changes in fatigue life.

Fracture-based healing tests, on the other hand, are typically performed at the crack interface
of asphalt binders or mixtures. These tests evaluate the healing performance by measuring
the recovery of mechanical properties after a certain healing time under controlled conditions
(Zhou et al., 2020).

2.4.1. Time Sweep (TS) and Time Sweep Healing (TS-H) Tests

The Time Sweep (TS) test is a widely used nonlinear viscoelastic testing method for evaluating
the fatigue performance of asphalt binders. Originally proposed in the NCHRP 9-10 project,
the TS test can be conducted under either stress-controlled or strain-controlled conditions.
In this test, repeated oscillatory sinusoidal shearing is applied to the sample at a constant
frequency and temperature, and the modulus decrease is recorded to assess the material’s
fatigue life. The TS test effectively reflects the damage accumulation of asphalt under actual
traffic loads, making it a reliable laboratory simulation method.

However, the TS test has some limitations. It is time-consuming, especially when simulating
long-term cyclic loading or under low strain conditions, leading to higher testing time and
costs. Additionally, the results are sensitive to test conditions such as temperature and loading
frequency, which require strict control over the experimental environment.

The Time Sweep Healing (TS-H) test builds upon the TS test by introducing rest periods to
evaluate the material’s healing capability. During these rest periods, loading is halted to allow
the material to heal through intrinsic physical or chemical processes. After the rest, loading
is reapplied, and the recovery of the material’s properties or the extension of the fatigue life
is measured to assess the healing effect. This test method simulates the healing behavior
of asphalt mixtures under real-world conditions, where intermittent traffic, such as during
traffic light periods and the nighttime when traffic is lighter, provides sufficient time for self-
healing.

Both TS and TS-H tests are the primary methods used in this study. Detailed discussions on
the test setup, equipment, and failure criteria are presented in Section 3.2.1.

2.4.2. Linear Amplitude Sweep (LAS) and Linear Amplitude Sweep Healing
(LAS-H) Tests

The Linear Amplitude Sweep (LAS) test is a method designed to quickly assess the fatigue
performance of asphalt binders by gradually increasing the strain amplitude. The goal of the
LAS test is to simulate the stress response of the material under progressively increasing loads,
providing a rapid evaluation of its fatigue life (Wang et al., 2019). The LAS test allows for the
determination of fatigue properties within a shorter time frame and has become one of the
most common methods for evaluating the fatigue resistance of asphalt binders.
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The Linear Amplitude Sweep Healing (LAS-H) test extends the LAS test by incorporating
healing assessments. It evaluates the healing capacity of the material by recording the recov-
ery of modulus during rest periods introduced between loading stages. The core concept of
the LAS-H test is that as strain amplitude increases, the material undergoes partial damage,
followed by rest periods where molecular diffusion and rearrangement allow for healing (Lv
et al., 2023). Compared to the TS-H test, LAS-H test can assess both fatigue and healing perfor-
mance in a shorter time, making it suitable for rapid material screening. Its efficiency makes
it particularly valuable for large-scale testing in laboratory settings (Wang et al., 2019).

However, a limitation of the LAS-H test is that, due to the loading method of progressively
increasing strain amplitude, it may inaccurately estimate the material’s fatigue life. Addition-
ally, it has some limitations in accurately simulating the real-world traffic loads experienced
by asphalt pavements.

Both LAS and LAS-H tests are the primary methods used in this study. Detailed descriptions
of the test setup, equipment, and failure criteria are presented in Section 3.2.2.

The TS, TS-H, LAS, and LAS-H tests are conducted using a Dynamic Shear Rheometer (DSR)
(see Figure 2.5), which is the most widely used device in current research on asphalt binder
performance.

H=B1
j'——-'i
_rl

Figure 2.5.: DSR set up.

2.4.3. Intrinsic Two-Piece Healing (TPH) Test

The Intrinsic Two-Piece Healing (TPH) test is a fracture-based healing method used to assess
the healing potential of asphalt binders, utilizing the dynamic shear rheometer (DSR) to derive
healing function parameters. This method was first proposed by Bhasin and colleagues (Bhasin
et al., 2008). In the TPH test, two asphalt specimens with a diameter of 28 mm and a thickness
of 3.5 mm are fixed between the two plates of the DSR. The specimens are first heated in an
oven, then poured into silicone molds to cool and solidify (Bhasin et al., 2008).
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The test is conducted by pressing the two asphalt pieces together using the DSR under appro-
priate temperature and environmental conditions, simulating the crack healing process. The
change in complex shear modulus is monitored during the gap closure and rest periods, and
this change serves as a healing index. Figure 2.6 provides an illustration of the TPH setup.
The TPH test effectively reflects the intrinsic healing potential of asphalt binders, particularly
in conditions with minimal external loads. It provides direct evidence of molecular rearrange-
ment and diffusion within the material, making it a valuable method for studying self-healing
in asphalt binders.

Figure 2.6.: lllustration of the TPH setup using Dynamic Shear Rheometer, (a) Attaching two
pieces of bitumen on top and bottom plates; (b) Decreasing the gap width to allow full
contact of the two pieces and measuring the change in complex shear modulus over time;
(c) Removing the upper plate after the testing (Qiu, 2012).

2.4.4. Direct Tension Test (DTT)

The Direct Tension Test (DTT) is a commonly used method for evaluating the fracture resis-
tance of asphalt binders under low-temperature conditions. In this test, tensile stress is applied
to measure the tensile strength of the material before fracture, and the amount of strength re-
covery after healing is used to assess the material’s healing capability. The DTT uses standard
dog-bone-shaped specimens for testing. Figure 2.7 illustrates the setup of the DTT healing
test.

The test specimens are first heated and poured into silicone molds, allowed to cool and solidify,
and then demolded (Qiu et al., 2012). The specimen is cut into two equal halves at 5°C using a
sharp blade, and the cut faces are then placed back together (Figure 2.7). The sample is cured
at 22°C for varying duration to allow healing, after which tensile stress is reapplied to evaluate
the recovery of strength after healing (Qiu, 2012).

One limitation of the DTT is that it focuses primarily on fracture performance at low tempera-
tures, making it less suitable for evaluating healing at higher temperatures. Additionally, this
test simplifies the stress environment by only considering tensile loads, which may not fully
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capture the complexity of real-world conditions where asphalt experiences a combination of
different stress types.

Figure 2.7.: Illustration of healing test using the DTT (Qiu, 2012).

In 2016, Leegwater et al. developed the 2-piece healing test method based on the DSR which
combines the two-piece healing test and the direct tension test, to study the healing behavior
of asphalt binder under extreme discontinuity conditions, where the binder is fully separated
(Leegwater et al., 2016). This method accounts for the recovery of binder strength during the
healing period, an aspect not typically considered in other fracture-based healing tests.

STEP 1 STEP 2 STEP 3 STEP 4
Assembl Healing, Failure stress
Make samples SeMbIE L5 different times ——>1 in tensile with
specimens and loads DSR

Asphalt
Metal ring sample
" Silicon
aper
| KBS.Smnl Papery
4mm Smm
. @8mm §
@27mm
— 5

Figure 2.8.: Schematic representation of the 2-piece healing test method with sequential steps
(Leegwater et al., 2018).
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Figure 2.8 illustrates the schematic and testing procedure for the 2-piece healing test method.
At 14°C + 1°C, the DSR assembles the two sample pieces at a constant displacement speed,
followed by a rest period to allow healing. A piece of silicone paper is used to separate
the two pieces of samples, controlling the contact area, with a 5.5 mm diameter hole in the
silicone paper (Leegwater et al., 2018). After the rest period, a direct tensile test is conducted
to determine the failure stress in tension of the healed sample. The ratio of the maximum
tensile strength after a healing period to that of a reference sample made of the same binder
is defined as the healing ratio, which evaluates the binder’s healing capacity (Leegwater et al.,
2018).

2.4.5. Binder Bond Strength (BBS) Test

The Binder Bond Strength (BBS) test is a specialized method used to evaluate the adhesive
strength between asphalt binder and aggregate, as well as the material’s healing capacity. The
BBS test assesses the healing ability of the binder by measuring the recovery of bond strength
under various temperatures and conditions after fatigue damage. In this test, the healing effect
is calculated by dividing the recovered Pull-Off Tensile Strength (POTS) by the initial POTS
before healing (Lv et al., 2017). Figure 2.9 illustrates the procedure for the BBS test.

Figure 2.9.: The procedure of BBS test (a)—(d) preparation of the sample and (e) appearance of
Positest AT-A apparatus and (f) stubs with marks (Zhou et al., 2020).

This method is particularly useful for understanding how well the binder can recover its bond-
ing strength with aggregate, providing insights into the material’s performance after damage
in real-world conditions.
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2.5. Viscoelastic Continuum Damage (VECD) Theory

The Viscoelastic Continuum Damage (VECD) theory is a mechanical constitutive model used
to describe the damage evolution in asphalt materials under fatigue loading. This model inte-
grates viscoelasticity and continuum damage mechanics to capture the time-dependent accu-
mulation of micro-damage in materials subjected to cyclic or long-term loading, thus allowing
for predictions of material degradation and fatigue life. The VECD theory is considered to
be composed of three fundamental equations: the elastic-viscoelastic correspondence princi-
ple, the pseudo-strain energy density equation, and the damage evolution rule (Zhang et al.,
2023).

The Simplified Viscoelastic Continuum Damage (S-VECD) model is a streamlined version of
the VECD theory, designed to reduce experimental complexity and data processing require-
ments. The S-VECD model allows for the prediction of fatigue life and damage evolution with
fewer experimental data, making it particularly suitable for large-scale laboratory testing or
rapid performance evaluations (Klug et al., 2022). Studies have shown that the S-VECD model
can accurately predict the fatigue performance of asphalt mixtures and binders under various
stress levels.

The concepts of pseudo-strain and pseudo-stiffness are introduced to establish the nonlinear
damage evolution rules of materials specifically asphalt binders. These concepts are used to
define the damage characteristic curve, commonly known as the C-S curve. The fatigue life of
the material is subsequently predicted based on the evolution of these damage characteristics
(Zhang et al., 2023). This section provides a brief overview of the key analytical steps and
formulas employed in this study.

Pseudo Stiffness (C) reflects the material’s capacity to maintain structural integrity during
loading, and it can be calculated using Equation 2.2:

T
C=— " 2.2
Y X DMR @2)
Ty =1p % |G*[Lve (2.3)

where 75 is the peak pseudo strain for a given cycle, which is defined in Equation 2.3, 7, is
the peak shear stress, 7, is the peak shear strain for a given cycle, |G*|ryE is the fitted |G*| at
the testing temperature and loading frequency from the |G*|uastercurve-

Damage Intensity (S) quantifies the accumulation of internal damage in a material during
fatigue loading and serves as a key indicator of damage progression. It can be calculated
using Equation 2.4:

N Fant X
5 =3 [P2Rr(c - )| (-t @4)
i=1

where DMR is dynamic modulus ratio = |G*| fingerprint /|G*|LvE, |G| fingerprint is the measured
|G*| of the testing sample, i is the loading time step, a=1/m+1, m is the slope of the dynamic
shear stiffness modulus master curve in log space (Safaei et al., 2014).
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Based on the calculated values of C and S, the C-S curve can be plotted for each sample. This
curve can be fitted using a power law function, as described by Equation 2.5, where C; and C;
are the two fitting coefficients that characterize the material’s damage behavior.

C(S)=1-C-5“ (2.5)

The C-S curve is used to describe the evolution of damage in the material during fatigue
loading. Figure 2.10 shows a typical C-S curve for the binder. According to the VECD theory,
the C-S curve is considered unique and represents an inherent characteristic of the asphalt
binder, independent of the loading conditions (Lee et al., 2000).

o Material Integrity

Psuedo Stiffness C

0.1 Amount of Damage

0 20000 40000 60000 80000 100000 120000
Damage Intensity S

Figure 2.10.: Damage characteristic curve.

According to the aforementioned equations, an expression for the fatigue life Ny can be derived
as follows (Equation 2.5):

o l-aCrta
fo2r-s

N, —
f (1 —aCy + (X)(C1C2)a(')’p : |G*|LVE)20‘

(2.6)

Based on S-VECD theory, the results of LAS tests can be analyzed to predict the fatigue life of
binders under any strain amplitude. First, the failure point is determined using the selected
fatigue failure definition. The damage intensity at the failure point, Sy, is defined by the
following equation (Equation 2.7):
AL 2.7
I ( G ) @7
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where Cy is the pseudo-stiffness at failure. By substituting Equation 2.7 into Equation 2.6, the
relationship between fatigue life Ny and strain amplitude 7, can be expressed by the following
equation (Equation 2.8):

where A is defined by Equation 2.9, B= -2« { is the loading frequency, k =1 - aCy + &

fsk
k(C1Co)*(|G*|LvE)>

A= (2.9)

2.6. Healing Indices

The healing indices is a parameter used to quantify the healing capacity of asphalt binders or
mixtures after fatigue damage. Understanding the healing indices is crucial for assessing the
healing characteristics of asphalt materials, improving pavement design, and extending the
service life of asphalt pavements. The value of the healing indices is influenced by factors such
as the material’s viscoelasticity, chemical composition, and external environmental conditions
(e.g., temperature, loading mode).

Over the past few decades, researchers have developed various healing indices to evaluate
the healing performance of asphalt materials. Verma et al. provide a summary of different
healing indices used in asphalt binder healing studies (Varma et al., 2021). However, there is
no universally accepted healing indices, primarily due to the lack of a clear understanding of
the rest period healing compensation mechanism in asphalt binders (Little et al., 2015).

The existing healing indices for asphalt materials can be broadly classified into three categories
(Shan et al., 2013).

* Properties recovery-based indices, which measure the recovery of properties such as
dynamic modulus, strain, energy, or pseudo-stiffness after a rest period.

¢ Fatigue life-based indices, which evaluate changes in the fatigue life of the material
before and after the healing process.

¢ Healing rate or damage rate-based indices, which focus on the rate of healing or damage
progression after healing.

Each of these indices offers a different perspective on how asphalt materials recover from
damage, with their own advantages and limitations. Properties recovery-based indices are
useful for assessing the immediate healing capability of asphalt materials and are easy to
implement and calculate in the laboratory. However, they do not reflect the long-term fatigue
performance. Fatigue life-based indices measure the extension of fatigue life after healing,
providing insights into the long-term effects of healing on fatigue performance. The drawback
is that these indices require complex and time-consuming fatigue testing and are sensitive to
loading conditions. Healing rate-based indices focus on the speed at which healing occurs and
are suitable for dynamic loading conditions. However, these indices often require advanced
testing and modeling techniques.

A combination of these approaches can provide a more comprehensive understanding of the
healing potential of asphalt materials.
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Table 2.2.: Studies on healing indices from previous research (Varma et al., 2021).

Reference| Material Test Method Healing Parameter | Healing Indices
Standard pen- L
etration grade | Ductility test Length at break of | Lhealed 3 1((%,
(Qiu bitumen, SBS samples Original
et al,, n}odiﬁed Two-piece healing Mealed o
2009) bitumen and e DSR Shear modulus Moo X 100%
hard pene- test using Original
tration grade S
bitumeng Direct tension test Maximum strength —H?a?ed x 100%
Original
G*
(Tan Fatigue-rest- Complex modulus hw x 100%
et al, | Bitumen fatigue test using initial
2012) DSR Complex mOdUIus ( |G* ‘terminal ) ( Natter — Nbefore
and number Of Cy— IGO/*‘initial before
cles 100%
(ihan al | Bitumen Fatigue-rest-fatigue | Area wunder the Agq
2013) i test using DSR curve Apefore
(Shen ) kot Ay
et al., | Unmodified feit;il;fnregéﬁtlgue Viscofracture strain A jf
2013) and modified & Tof
binder
(Sun Fatigue-rest-fatigue G| healing — |G™ |terminal
et al., | Unmodified test usine DSR Complex modulus G il —1C* leermmiral
2016) asphalt and & mnitia termina
SBS  modified
asphalt
(Lv et al,, Binder bond | Pull-off tensile | POTSy;
2017) aNrfc?t SB;?EE;E strength test strength POTS;
fied asphalt
(Zhang . . L N R
— - led ™ ~O 1
et al., | Asphalt binder Self healing  ductil Ductility HeaLe — et
2018a) ity test Original
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Reference| Material Test Method Healing Parameter | Healing Indices
Asphalt base .
. - Np
(Liu binder  and Eahgue and heal Fatigue life LNy
ing test (5 fatigue Y. Np
et al, | crumb rubber :
oo and 4 healing cy- %
2019) mOdlfled cles) Complex modulus LG—|1
binder | G*[initial
(Xiang Fatigue-healing- T E
et al., | Bitumen and | fatigue test using | Energy density ZEﬂ
2019) SBS modified | DSR before
binder
Unaged, G|
; _ h0 o,
(Qiu short-term Fatigue-healing- Complex modulus < x 100%
et al., | aged and fati ihe DSR
2022) long-term atigue using o
aged pen 70 Dissipated o en-
binder ergy  considering Waster | Nafter v 100%
number of fatigue | Whefore Nboefore
loading cycles

2.7. Previous Experience in Healing in Asphalt Binder
Materials

Since the last century, the healing of flexible pavements has been extensively studied. This
section discusses research evaluating the healing potential of asphalt binders, with a particular
focus on studies based on TS-H and LAS-H tests.

The healing performance of asphalt binders largely depends on their chemical composition.
Studies have shown that the healing capability is closely related to the ratio of saturates to aro-
matics. A higher content of saturates and a greater saturates-to-aromatics ratio (S/Ar) enhance
the molecular diffusion ability, thus improving the healing performance. Conversely, binders
with higher asphaltene content exhibit poorer fatigue life and healing capacity, indicating
that controlling asphaltene levels can improve fatigue resistance and healing potential (Wang
et al., 2018). In another study, chemical composition analyses using techniques such as thin-
layer chromatography, gel permeation chromatography, and infrared spectroscopy revealed
that binders with higher small-molecule and aromatic content show better healing capabili-
ties (Sun et al., 2017). A specific parameter, the Methylene-to-Methyl Hydrogen Carbon Ratio
(MMHC), was proposed in one study to represent molecular mobility in relation to self-healing
performance. A lower MMHC value indicates a higher percentage of long-chain molecules,
leading to better molecular mobility and, consequently, improved healing performance (Bhasin
et al,, 2011a).

Polymer modification has been shown to enhance the healing ability of asphalt. One study
demonstrated that polymer modifiers (Surlyn, Nylon, PET) effectively improve healing through
intermolecular interactions. Adding 5% polymer increased the healing efficiency of the asphalt
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binder to 138% (Yang et al., 2014). Another study used the dissipated energy ratio method to
assess the viscous healing performance of binders, finding that while the material partially
restored its fatigue resistance during the healing period, some irreversible damage remained,
particularly at higher damage levels. However, polymer modification significantly improved
the healing performance (Santagata et al., 2017).

The healing performance of asphalt binders gradually decreases with aging. As aging pro-
gresses, the healing threshold temperature increases and the healing rate declines significantly.
For asphalt binders aged to a certain degree, it becomes nearly impossible to recover from fa-
tigue damage (Zhang et al., 2018b).

Shan et al. examined the influence of thixotropy on the fatigue and healing processes of
asphalt binders, proposing a set of healing indices to quantify the material’s healing capacity
(Shan et al., 2010). In another study, Shen et al. explored the mechanisms of adhesive and
cohesive healing in asphalt binders, using the dissipated energy method to evaluate healing
ability. They observed that healing potential is closely related to binder type, strain level, and
temperature (Shen et al., 2010).

Tan et al. conducted a study based on TS-H tests to investigate the healing performance of
different types of asphalt binders. They proposed two distinct healing indices and found that
the application of rest periods and the microstructural configurations of the binder signifi-
cantly affected healing capacity (Tan et al., 2012). Other researchers, including (Stimilli et al.,
2012) and (Chen et al., 2013), have also evaluated healing by measuring modulus recovery in
asphalt materials before and after rest periods, further emphasizing the role of rest intervals
in promoting healing.

Kim and Lee introduced a Viscoelastic Continuum Damage (VECD) model capable of differ-
entiating between time-dependent relaxation and self-healing properties in asphalt concrete,
and this model has been successfully applied to binder healing analysis (Kim, 1988; Schapery,
1984; Si et al., 2002).

Recently, a healing test protocol based on the Linear Amplitude Sweep (LAS-H) method was
proposed, which measures the healing behavior of asphalt binders by applying rest periods
before and after cohesive failure (Xie et al., 2017). The LAS-H test protocol, validated through
rheological and chemical characterization, offers an alternative method for assessing binder
healing potential (Wang et al., 2019). Wang et al. proposed a healing index parameter based
on the S-VECD model and developed a healing master curve to assess healing behavior (Wang
et al., 2018, 2019).

Ashouri et al. proposed a shift healing model and a simplified characterization test procedure
based on the S-VECD theory. This model accounts for rest periods, testing temperature, and
the degree of damage, and has been proven effective in predicting the healing behavior of
asphalt concrete. It also contributes to more accurate predictions of fatigue cracking, offering
a practical tool for assessing the long-term performance of asphalt materials (Ashouri et al.,
2021). Fabrizio et al. recently developed self-healing master curves, based on viscoelastic con-
tinuum damage theory, to predict binder healing under varying time-temperature conditions
(Fabrizio et al., 2023).
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3.1. Materials

This study evaluated the healing performance of three types of binders, two of which contain
RA bitumen. These binders represent the compositions typically used in three mixtures that
are commonly applied in the Dutch pavement base layers. The three mixtures are as follows:

e Mixture 1: 100% virgin aggregates (Binder 40/60)
* Mixture 2: 30% virgin aggregates & 70% RA (Binder 160/220)
¢ Mixture 3: 30% virgin aggregates & 70% RA & agent (Binder 70/100)

The mixtures (M1, M2, and M3) used for the fatigue testing were produced and tested at
Laboratorium Ontwikkeling Wegenbouw (Dura Vermeer). The specimens tested in 4PB tests
were standard-sized, measuring 455 mm (length) x 50 mm (width) x 50 mm (height). Detailed
information on the mixtures is summarized in Appendix A.1.

Among the three binders tested in this study, Binder 1 consists of 100% fresh 40/60 bitumen.
Its fatigue resistance and healing potential serve as a baseline for comparison, representing
the behavior of unaged binders under standard testing conditions. Binder 2 is a blend of
fresh 160/220 bitumen and bitumen from RA. The aged binder is generally more brittle and
susceptible to fatigue cracking, but the inclusion of soft 160/220 bitumen helps mitigate the
brittleness caused by the aged binder. Binder 3 is a blend of fresh 70/100 bitumen, RA bitumen,
and the rejuvenator ANOVA 1817. The role of the rejuvenator is to soften the aged binder and
restore its viscoelastic properties.

The use of different penetration grade fresh bitumen in these three binders was intentional, as
this study aims to find the correlation between mixtures and their binder components’ fatigue
performance. Therefore, the fresh bitumen in each binder needed to be consistent with the
bitumen used in the three mixtures. The three binders are as follows:

¢ Binder 1: 100% virgin binder 40/60
¢ Binder 2: virgin binder 160/220 & aged binder in 70% RA
* Binder 3: virgin binder 70/100 & aged binder in 70% RA & ANOVA 1817

The fresh bitumen 40/60 and 160/220 were sourced from Vitol, and the bitumen 70/100 was
sourced from Shell. The rejuvenator, ANOVA 1817, was supplied by Cargill. Extracted bitumen
from RA, which was utilized for further research, was prepared at TNO. Table 3.1 shows the
target composition percentage of three blended asphalt binders, and Appendix A.2 shows the
detailed calculation process.
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Table 3.1.: Binder composition.

40/60 100.0 0.0 -
160/220 26.7 73.3 -
70/100 22.1 73.3 4.6

Only 42.8 g of bitumen was extracted from the RA, which was insufficient for blending Binders
2 and 3. As a result, fresh bitumen was artificially aged to produce binders with properties
similar to those of the extracted RA bitumen.

Fresh 70/100 bitumen (AZALT 70/100 DE) from TotalEnergies was selected to prepare aged bi-
tumen with properties (complex shear modulus) similar to those of the extracted RA bitumen.
First, the frequency sweep (FS) test was conducted on the extracted RA bitumen sample using
DSR to determine its complex shear modulus response across various frequencies. The FS test
was performed at 20°C, with oscillatory shear loading applied at a constant strain amplitude
of 0.1% across 21 loading frequencies.

Figure 3.1 and Figure 3.3 illustrate the process of bitumen aging and the preparation of new
binders. The fresh 70/100 bitumen was subjected to short-term aging using the Thin Film
Oven Test (TFOT) (EN 12593) and long-term aging using the Pressure Aging Vessel (PAV)
(EN 14769). First, the fresh 70/100 bitumen is placed into six standard PAV containers with a
diameter of (140 + 1) mm, each containing (50.0 + 0.5) g of bitumen, as shown in Figure 3.1a.
The aging process involves aging the bitumen in the TFOT at 163°C for 5 hours, followed by
aging in the PAV at 100°C for 90 hours, as depicted in Figure 3.1b.

() (b)

Figure 3.1.: Bitumen aging process. (a) Sample Preparation; (b) PAV aging.
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Long-term PAV aging was conducted on fresh 70/100 bitumen after short-term aging at dif-
ferent temperatures and durations to determine the optimal PAV aging conditions. Figure 3.2
presents the FS results of aged bitumen under various aging conditions compared to the refer-
ence bitumen, indicating that the aged bitumen subjected to PAV aging at 100°C for 90 hours
most closely matched the complex shear modulus performance of the extracted RA bitumen.
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Figure 3.2.: Frequency sweep results of bitumen under various aging conditions.

Figure 3.3.: Binder preparation process. (a) Blending; (b) Blended Binders.
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After the short-term and long-term aging, the aged bitumen was blended with different fresh
bitumen. The blending process was carried out using an electric blender to ensure thorough
mixing of all components, as shown in Figure 3.3a. Finally, the new blended binders are
cooled, labelled, and stored for subsequent experiments, as shown in Figure 3.3b.

The frequency sweep test was conducted at 20°C on the three blended binders using the DSR,
with the complex shear modulus results presented in Figure 3.4. At this temperature, B2,
the asphalt binder with a high RA bitumen content, exhibited the highest stiffness across all
frequencies. In contrast, B3 was the softest of the materials; despite its high RA bitumen
content similar to B2, the incorporation of a rejuvenator effectively reduced its stiffness. Thus,
among the RA-containing binders, one binder (B2) showed higher stiffness, while the other
(B3) demonstrated lower stiffness relative to the reference binder (B1).
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Figure 3.4.: Frequency sweep results of blended binders.

3.2. Testing protocols

In this study, the Dynamic Shear Rheometer (DSR), currently the most widely used equipment
for testing the rheological performance of asphalt binders, was employed to conduct both
fatigue and healing tests. The tests involved applying oscillatory shear to bitumen samples
with a diameter of 8§ mm and a thickness of 2 mm. The Time Sweep (TS) and the Linear
Amplitude Sweep (LAS) tests were chosen to evaluate the fatigue performance of the asphalt
binder, while the Time Sweep Healing (TS-H) and the Linear Amplitude Sweep Healing (LAS-
H) tests were used to assess the binder’s healing potential.
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For each test condition in the TS and LAS tests, three parallel experiments were conducted to
ensure consistency. For the TS-H and LAS-H tests, at least two parallel experiments were per-
formed for each condition, with three parallel experiments conducted under certain conditions
to further verify the reliability of the results. Since binders can experience adhesive failure or
exhibit unstable flow during fatigue, particularly at low or high temperatures (Safaei and Ca-
storena, 2016), the testing temperature in this study was set at 20°C. This temperature was
selected to promote cohesive cracking while minimizing flow, ensuring more reliable fatigue
and healing assessments.

3.2.1. TS/TS-H Tests

The TS test is the primary method for evaluating the fatigue resistance of asphalt binders. It
is typically conducted under either stress control or strain control, where repeated oscillatory
sinusoidal shearing is applied to the sample at a constant frequency and temperature. The
loading pattern of the TS test is illustrated in Figure 3.5. In this study, a sinusoidal load with
a frequency of 10 Hz was applied for all TS and TS-H tests.

Applied Strain (%)

Time (s)

Figure 3.5.: The loading pattern of the TS test.

The traditional fatigue failure criterion for both TS and TS-H tests is based on a 50% reduction
in the specimen’s stiffness modulus (Bonnetti et al., 2002). Additional criteria include the peak
in phase angle, the peak in S x N (stiffness times loading cycles), and energy theory-based defi-
nitions, such as the Dissipated Energy Ratio (DER) and the Ratio of Dissipated Energy Change
(RDEC) (Bonnetti et al., 2002). Previous studies indicate no significant difference between
the results obtained from traditional stiffness reduction (Ny5) and energy-based methods like
DER (Nj20) and RDEC (Np) in both fatigue and healing tests (Mannan and Tarefder, 2018).
Given the difficulty of determining N9 and Ny in healing tests, along with the simplicity and
efficiency of the stiffness reduction criterion (Nys0), Nyso was selected as the failure criterion
for the TS and TS-H tests in this study.

There are two main methods for incorporating rest periods in fatigue testing: applying rest
intervals and using intermittent loading (Castro and Sanchez, 2006). Applying rest intervals
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involves pausing the fatigue test at specific stages for predetermined time intervals before
resuming loading. This method may use either a single rest period or multiple rest peri-
ods. Intermittent loading, on the other hand, introduces rest periods after each loading cycle,
with the rest period potentially being a multiple of the loading duration. This approach is
more complex than using rest intervals (Jayaraman and Padmarekha, 2024). In this study, the
method of applying rest intervals was used and the duration of rest periods for the various
healing tests is detailed in the following sections.

Two types of TS-H tests were designed in this study. The first type incorporates a single rest
period during the TS test. In this method, when the bitumen sample is loaded to 50% of
its expected fatigue life (50% Ny), a 1000-second rest period is applied, after which the test
resumes. To determine the expected fatigue life of the binder, three parallel TS tests are first
conducted under three different strain levels. Based on the results, the fatigue equation is used
to calculate the expected fatigue life under different strain conditions without rest periods.
The loading pattern for the single rest period TS-H test is illustrated in Figure 3.6.
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Figure 3.6.: The loading pattern of the single rest period TS-H test.

The second type of TS-H test incorporates multiple rest periods. In this approach, the speci-
men undergoes alternating loading and resting phases. Initially, the specimen is subjected to
continuous loading for 20% of its estimated fatigue life (20% Np), followed by a 200-second
rest period. This cycle of loading and resting is repeated five times, after which the specimen
is loaded continuously until failure during the sixth loading. In the TS-H tests with multiple
rest periods, a total of five 200-second rest periods were set, resulting in a total rest duration of
1000 seconds, which is identical to the rest duration in the single rest period TS-H tests. The
purpose of this setup was to eliminate the potential impact of varying rest durations on the
healing performance, thereby focusing on the effect of increasing the number of rest periods
on the healing performance.

If no healing effect occurs, the specimen will fail before the completion of the fifth loading-
rest cycle, or within the estimated fatigue life. However, if a healing effect is present, the
specimen will fail during the sixth loading cycle, extending beyond the estimated fatigue life.
The loading pattern for the multiple rest periods TS-H test is depicted in Figure 3.7.
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Figure 3.7.: The loading pattern of the multiple rest periods TS-H test.

3.2.2. LAS/LAS-H Tests

The standard LAS test procedure, as defined in AASHTO TP101, consists of two phases: a
frequency sweep and a linear strain sweep test. First, a non-destructive frequency sweep test
is conducted to obtain the material’s rheological properties. The frequency sweep is performed
at 20°C, with oscillatory shear loading applied at a constant strain amplitude of 0.1% across 12
unique loading frequencies, shown in Table 3.2.

Table 3.2.: Loading frequencies applied in the frequency sweep test.
Point Number 1 2 3 4 5 6 7 8 9 10 11 12
Frequency (Hz) 02 04 06 08 1 2 4 6 8 10 20 30

Then, the sample undergoes a linear strain sweep test, where the strain amplitude is linearly
increased from 0.1% to 30%, inducing accelerated fatigue damage. The linear strain sweep
phase lasts for 310 seconds, with loading applied at a frequency of 10 Hz. Using the rheological
properties obtained from the frequency sweep, along with the results from the strain sweep,
the material’s fatigue resistance is evaluated through a combination of continuum damage
mechanics and predictive modeling techniques. Figure 3.8 illustrates the loading pattern for
the continuous LAS test.

The LAS-H test introduces rest periods into the standard LAS testing procedure. In the LAS-
H test, a rest period is introduced when the damage intensity (S) reaches 50% of the failure
damage intensity (50%Sf), after which the testing resumes. To determine the specific damage
level at failure, a continuous LAS test is first conducted, and the failure damage intensity is
established using the S-VECD theory and the selected fatigue failure criterion. In this study,
two rest period durations (100s and 1000s) were used to assess the impact of rest period length
on the healing performance of asphalt binders. Figure 3.9 illustrates the loading pattern of the
LAS-H test.
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Figure 3.8.: The loading pattern of the continuous LAS test.
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Figure 3.9.: The loading pattern of the LAS-H test.

Common fatigue failure criteria in LAS test include 35% reduction in material integrity (rep-
resented by G*sin ¢), the peak in shear stress, the peak in phase angle, the peak of C x N
(material integrity times loading cycles), and maximum stored Pseudo-Strain Energy (PSE)
(Cao and Wang, 2018). In this study, both LAS and LAS-H tests used the peak in shear stress
as the fatigue failure criterion. The fatigue failure point is defined as the moment when the
shear stress reaches its maximum. Figure 3.10 presents a typical shear stress-strain response
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for an asphalt binder subjected to a continuous LAS test, illustrating the definition of fatigue
failure.
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Figure 3.10.: The typical shear stress-strain response of in the LAS test.

Based on the experimental data, the damage characteristic curve, and the selected fatigue
failure criterion, the fatigue life predictions for the LAS and LAS-H tests can be calculated
using Equations 2.8 and 2.9. These calculations allow for the estimation of the material’s
fatigue life under different loading conditions.

Table 3.3 summarizes all test conditions for TS-H and LAS-H tests in this study.

Table 3.3.: TS-H and LAS-H test settings.

Strain level (%) Rest Period Damage Level Temperature & Frequency

TS-H Single 2%, 2.5%, 5% 1000s 50%Ny

. o, =0/ o e 20%, 40%, 60% 20°C and 10 Hz
TS-HMulti 2%, 2.5%, 5% 200°5=1000s g0/ ™ 6 N,
LAS-H 0.1% - 30% 100s, 1000s 50%Ss
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3.3. Healing Indices Used In This Study

3.3.1. Healing Shift Factor SF;, Interpretation

In this study, a healing shift factor (SF;) is used to evaluate the healing effect of the materials,
defined by Equation 3.1. For the TS and TS-H tests, fatigue life was measured, while for the
LAS and LAS-H tests, fatigue life was predicted based on the S-VECD theory. The healing
effects were assessed by calculating the ratio of the fatigue life obtained from the tests with
rest periods to the fatigue life from continuous loading tests. A higher healing shift factor
indicates a greater improvement in fatigue life due to the healing process.

N .
Nt without RP

3.3.2. Time Sweep Healing Index HIts Interpretation

By selecting the ratio of the complex modulus variation after the rest period to the change
before rest as the healing index, the healing response of binders in the TS-H test was assessed
using the Time Sweep Healing Index (HIrg), which is defined by Equation 3.2 (Sun et al.,
2016):
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Figure 3.11.: Schematic of the healing index HItg variables.

Hlps = ‘G*|healing - |G*|termina1 3.2)
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where |G*|initial 1S the initial complex modulus, |G*|terminal is the complex modulus before
the rest period, |G*|ealing is the complex modulus after the rest period. Figure 3.11 presents
a schematic of the healing index variables. In this formula, |G*|jyia1 represents the average
complex modulus over the first 200 cycles after the initial loading applies, while |G*|nealing is
the average complex modulus over the first 200 cycles after reloading.

3.3.3. Linear Amplitude Sweep Healing Index HI| os Interpretation

For the LAS-H test, the Linear Amplitude Sweep Healing Index (HI 5s) is defined based on S-
VECD theory to evaluate the healing effect of binders. This parameter is defined by Equation
3.3, where S and S, represent the damage intensity before and after the application of the rest
period, respectively. The HIj a5 quantifies the extent to which the asphalt binder’s internal
damage evolution is mitigated due to the rest period (Wang et al., 2023a). This parameter
allows for a detailed analysis of how rest periods influence the internal healing mechanisms
of the binder. Figure 3.12 presents a schematic of the LAS-H healing index HI} as.
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HIag = x 100% (3.3)
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Figure 3.12.: Schematic of the healing index HI s variables.
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4. Fatigue Test Results

This chapter presents the results of the fatigue tests conducted in this study, including the
time sweep fatigue test and linear amplitude sweep test for asphalt binders, as well as the
four-point bending test for asphalt mixtures. Additionally, comparisons are made between the
TS and LAS test results and between the fatigue performance of binders and mixtures.

4.1. Time Sweep Test Results

1.60E+07

: * 1.5% Strain

2.5% Strain

1.20E+07

® 5% Strain

A Nf

8.00E+06

Complex Shear Modulus [Pa]

4.00E+06

Np 150 Ny 2,55 Np 5w

0.00E+00D
0 20000 40000 60000 B0000 100000 120000 140000

Loading cycles

Figure 4.1.: Complex modulus evolution of Binder 1 in the strain-controlled TS tests.

The TS test is designed to assess the fatigue resistance of asphalt binder by monitoring the
degradation of material integrity, typically measured through the reduction in modulus, under
repeated loading. Figure 4.1 presents the typical response of Binder 1 in the strain-controlled
TS test. The results show that higher strain levels lead to a faster decrease in the binder’s
complex stiffness modulus, resulting in a shorter fatigue life. In contrast to the 2.5% and
5.0% strain levels, at lower strain levels, the complex stiffness modulus of the sample initially
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experiences a prolonged period of gradual decay before entering a phase of rapid degradation.
The red triangles in the figure mark the points where the binder’s complex stiffness modulus
has decreased by 50%, and the number of loading cycles at these points represents the fatigue
life at different strain levels. The complex shear modulus evolution curves for the TS test cases
are shown in Appendix B.1.

The experimental data for the three binders were fitted using a power law model, resulting in
fatigue lines for each binder, as shown in Figure 4.2. Within the strain range of 1.5% to 5.0%,
Binder 3 demonstrates a higher fatigue life compared to Binder 1 and Binder 2, maintaining
a relatively high fatigue resistance even at elevated strain levels. Binder 2’s fatigue life falls
between that of Binder 1 and Binder 3. At lower strain levels, Binder 2’s fatigue life Ny is
similar to that of Binder 1, but at higher strain levels, its Ny approaches that of Binder 3, the
most fatigue-resistant binder. Binder 1 consistently exhibits the lowest fatigue life across all
strain levels, with particularly reduced fatigue resistance at higher strain levels compared to
the other two binders.
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Figure 4.2.: Fatigue lines of three binders in the TS tests.
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4. Fatigue Test Results
4.2. Linear Amplitude Sweep Test Results

Based on S-VECD theory, the damage characteristic curves (C-S curves) for the different
binders were plotted, as shown in Figure 4.3. These curves reveal distinct trends in damage
evolution, reflecting the binders’ varying levels of fatigue damage resistance. Binder 3 shows
higher material integrity at a given damage intensity compared to the other two binders. How-
ever, it is important to note that the fatigue performance of binders cannot be fully captured by
the damage characteristic curves alone as S-VECD fatigue characterization incorporates three
key material functions: Linear Viscoelastic (LVE) properties, damage evolution characteristics
and the failure criterion (Wang et al., 2020). Additionally, as shown in Figure 4.3, further
evaluation is needed to assess how fatigue life behaves across a broader range of strain levels.
Variations in strain could provide more detailed insights into the binders’ fatigue resistance.
All the C-S curves of the LAS tests are shown in Appendix B.2.
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Figure 4.3.: Damage characteristic curves of three binders in the LAS tests.

Using the LAS experimental data, S-VECD theory, and the selected peak in shear stress fatigue
failure criterion, the predicted fatigue lives of the different binders at strain levels of 1.5%,
2.5%, and 5.0% were calculated using Equations 2.8 and 2.9. The results, shown in Figure 4.4,
indicate that within the strain range of 1.5% to 5.0%, Binder 3 exhibits significantly higher
fatigue life than the other two binders, reflecting its high fatigue resistance across various
strain levels. Binder 2 shows better fatigue resistance than Binder 1 at strain levels of 1.5% and
2.5%, but its fatigue life decreases below that of Binder 1 at higher strain levels.
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Figure 4.4.: Predicted fatigue life of three binders in the LAS tests.

4.3. Comparison of TS Measured Fatigue Life with LAS
Predicted Fatigue Life

Figure 4.5 shows the fatigue lines from the TS and LAS tests, and several similarities and
differences can be observed from it. First, the ranking of the fatigue life for the three binders
is consistent between the TS and LAS tests, particularly at low and moderate strain levels.
Binder 3 exhibits the highest fatigue resistance in both tests, which could be attributed to the
effect of the rejuvenator ANOVA 1817. The rejuvenator reduces the stiffness and brittleness of
the aged binder from RA, improving its viscoelastic behavior, which allows Binder 3 to exhibit
longer fatigue life under both low and high strain conditions. Binder 1 consistently shows
lower fatigue resistance in both tests, which could be attributed to the material properties of
the fresh 40/60 bitumen used. The hard bitumen (40/60) has poor ductility, making it more
prone to brittle failure under high strain conditions.
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Figure 4.5.: Fatigue results from TS and LAS tests.

The majority of the predicted fatigue life values from the LAS test are lower compared to
the fatigue life measured from the TS test. This difference can be attributed to LAS testing
being an accelerated fatigue test, utilizing a wider strain range and shorter duration to predict
material fatigue resistance. In contrast, the TS test is a more realistic simulation of real-world
loading conditions. Consequently, the LAS test may lead to a higher rate of fatigue damage
accumulation under higher strain conditions, resulting in lower predicted fatigue life at those
strain levels.

Figure 4.6 presents the TS-measured fatigue life and LAS-predicted fatigue life results for the
three binders across different strain levels. For Binder 1, a substantial discrepancy is observed
between the two methods, with the TS-measured fatigue life consistently exceeding the LAS-
predicted fatigue life across all strain levels. In the case of Binder 2, the results align closely at
the lower strain level; however, at higher strain (5%), the TS-measured fatigue life is 7.82 times
greater than the LAS predictions. Notably, for Binder 3, the fatigue life results from both TS
and LAS tests are closely matched across all strain levels. This indicates that Binder 3, which
contains a high RA bitumen content and the rejuvenator, exhibited a high level of consistency
across both TS and LAS fatigue testing methods.
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4.4. Comparison Between Binder Fatigue Life and Mixture
Fatigue Life

Fatigue tests were conducted on the three asphalt mixtures using a four-point bending (4PB)
machine, the most commonly employed method for asphalt mixture fatigue testing in the
Netherlands. Each mixture underwent six parallel tests at high, medium, and low strain
levels, with a testing temperature of 20°C. The experimental data for the three mixtures were
fitted using a power law model, producing fatigue curves for each mixture as illustrated in
Figure 4.7a.

Comparing the fatigue lines of the three mixtures (Figure 4.7a) with the TS fatigue lines of their
corresponding binder components (Figure 4.7b) reveals several similarities and differences.
The TS test results were selected for comparison rather than the LAS results, as the loading
method in the TS test more closely resembles that of the 4PB test, with both employing strain-
controlled cyclic loading. This constant-strain loading approach also more accurately reflects
real-world traffic loads.

A similar trend is observed in the fatigue performance of both mixtures and binders. Binder
3, which shows the highest fatigue resistance, corresponds to Mixture 3, which also shows
significantly higher fatigue life than the other mixtures. Similarly, Binder 1, with the lowest
fatigue resistance, corresponds to Mixture 1, which demonstrates the shortest fatigue life. This
indicates that the fatigue behavior of the binders plays a crucial role in determining the overall
fatigue performance of the mixtures. Previous studies have also shown a strong correlation
between the fatigue results from TS tests and the fatigue life measured in mixture tests.

Although the ranking of fatigue life for the binders and mixtures is consistent, there are notable
differences in their fatigue lines. This is due to the fact that mixtures are complex systems,
with distinct stress distribution and damage accumulation mechanisms. The internal structure
and composition of the mixtures also significantly influence their fatigue behavior. Factors,
such as aggregate gradation, air void content, and the adhesion between the asphalt binder
and the aggregates, play critical roles in determining a mixture’s fatigue resistance. As a result,
these factors contribute to differences in the fatigue performance of mixtures compared to that
of the binders.

The fatigue lines of the binders exhibit a steeper slope under high strain conditions, indicating
that the binders are more sensitive to strain compared to the mixtures. This sensitivity could
be attributed to the fact that binders, without the structural support provided by aggregates,
rely solely on their own ductility and flexibility to endure large deformations. In contrast, the
presence of aggregates in the mixtures helps maintain structural integrity under high strain,
resulting in a relatively smaller decline in fatigue life. As a result, the mixtures show less strain
sensitivity than the binders.
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Figure 4.7.: Fatigue lines of: (a) mixtures from 4PB tests; (b) binders from TS tests.

Additionally, it is noteworthy that at the binder level, Binder 3, which contains the rejuvenator,
exhibits significantly better fatigue performance than the other two binders. However, in the
mixtures, although Mixture 3 still exhibits the best fatigue life, the gap between Mixture 3
and Mixture 2 or Mixture 1 is not as pronounced as the difference observed between the
binders. This disparity may be attributed to the fact that the rejuvenator primarily enhances
the binder’s viscoelasticity and flexibility, while the overall performance of the mixture also
depends on the aggregate distribution and structure. Therefore, the rejuvenator’s effects are

4. Fatigue Test Results
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less direct or pronounced in the mixtures compared to the binders alone.
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4.5. Conclusions of the Fatigue Tests

The key findings from the fatigue tests of this research are summarized as follows:

In the TS tests conducted on asphalt binders, three parallel tests were performed at 20°C
on each binder under three different strain levels, and fatigue lines were subsequently
plotted. The results indicated that within the strain range of 1.5% to 5%, Binder 3,
containing a high RA bitumen content and the rejuvenator, exhibited the longest fatigue
life. This was followed by Binder 2, which contained a high RA bitumen content and a
softer fresh bitumen, and lastly Binder 1, composed of 100% fresh bitumen.

In the LAS tests on asphalt binders, the S-VECD theory was used to predict the fatigue
life of the binders at various strain levels. The results showed that Binder 3 had the
longest predicted fatigue life. Binder 2 showed a longer fatigue life than Binder 1 within
the strain range of 1.5% to 2.5%, but it fell below Binder 1 at higher strain levels.

Although the TS and LAS test results show a high level of consistency in the fatigue life
ranking, some differences remain. These discrepancies can be attributed to the differing
loading methods of the two tests: the LAS test is an accelerated fatigue test, utilizing
a wider strain range and shorter duration to predict material fatigue resistance. Un-
der higher strain conditions, the LAS test may lead to a faster accumulation of fatigue
damage, potentially underestimating fatigue life at high strain levels.

The fatigue life ranking of the asphalt binders’ TS fatigue lines aligns with that of the as-
phalt mixtures” 4PB fatigue lines, revealing that the fatigue behavior of the binders plays
a critical role in determining the overall fatigue performance of the mixtures. However,
due to the more complex internal structures and composition of asphalt mixtures com-
pared to asphalt binders, some differences in fatigue performance are also observed.
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5. Healing Test Results

This chapter presents the results of the healing tests conducted in this study, including the
single rest period Time Sweep Healing (TS-H Single) test, multiple rest period Time Sweep
Healing (TS-H Multi) test, and Linear Amplitude Sweep Healing (LAS-H) test. In each test,
healing performance was evaluated using healing indices: SF;, based on fatigue life, and HI,
based on the recovery of complex shear modulus after the rest period. This chapter also
includes a comparison of the results from the TS-H Single and LAS-H tests.

5.1. Time Sweep Healing Test Results

5.1.1. Single rest period TS-H test

At 20°C, TS-H Single tests with a 1000-second rest period were conducted on different asphalt
binders at three strain levels. Two parallel tests were performed for each test condition to
ensure the reliability and reproducibility of the results. Two healing indices, SF, and HI as,
were then employed to evaluate the healing performance of the asphalt binders. Figure 5.1
illustrates a typical complex shear modulus response of asphalt binders in the TS-H Single test,
using the modulus evolution of Bl at 2.5% strain as an example. The complex shear modulus
evolution curves for other TS-H Single tests on asphalt binders are provided in Appendix
C.1
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Figure 5.1.: Modulus evolution curve of Binder 1 at 2.5% strain in TS-H Single test.
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Healing performance analysis based on healing shift factor SF,
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Figure 5.2.: Fatigue lines in TS and TS-H Single tests of (a) Binder 1; (b) Binder 2; (c) Binder3.
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Figure 5.2 shows the fatigue lines from the pure fatigue and the single rest period TS-H tests
for the three binders. Due to the introduction of the 1000 s rest period, the fatigue lines for all
three binders shifted to varying degrees, with Binder 2 showing the most significant shift. This
indicates that including a rest period extends the fatigue life of the binders by allowing some
degree of healing to occur during the pauses, resulting in an overall shift of the fatigue curves
toward a higher number of loading cycles. The healing effect of Binder 1 is primarily observed
under low strain levels. Although the rest period improves its fatigue life, the performance
enhancement at high strain levels is limited. In contrast, Binder 3 exhibits higher healing
performance under high strain compared to low strain conditions.

Table 5.1 lists the healing shift factors for the three binders under three different strain con-
ditions. For all binders, the shift factors range from 1.03 to 1.81. The SF;, values for all the
conditions are greater than 1, indicating that the introduction of a rest period increases the
fatigue life of the binder. However, it can be observed that the healing effects of the single
1000s rest period vary among the three binders.

Table 5.1.: Healing shift factors for the three binders in TS-H Single test.
Strain (%) Binder1 Binder2 Binder3

2.0 1.18 1.81 1.20
25 1.14 1.76 1.27
5.0 1.03 1.61 1.49

The SF; value of Binder 1 shows a decreasing trend with increasing strain, decreasing from
1.18 at 2% strain to 1.03 at 5% strain. Binder 2 exhibits significantly higher SF, values across
all strain levels compared to the other two binders, with a notable value of 1.81 at low strain
(2%), indicating a strong healing effect. As strain increases, the SF;, gradually decreases to 1.76
at 2.5% strain and 1.61 at 5% strain. However, even at high strain, the healing effect remains
relatively high. In contrast, Binder 3 has a relatively low SF;, value at low strain (1.20 at 2.0%),
but the SF;, increases with strain, reaching 1.27 at 2.5% and 1.49 at 5%. This is in contrast to
the other two binders, as Binder 3 demonstrates stronger healing ability under higher strain
conditions.

Healing performance analysis based on healing index HIrg

Figure 5.3 and Table 5.2 compares the HIrg results obtained from the TS-H Single test for
different asphalt binders at varying strain levels. The healing index of Binder 1 is significantly
lower than that of the other two binders across all strain levels, and it shows little variation
with increasing strain. Binder 2 maintains a relatively stable healing index at all strain levels,
exhibiting the highest healing index at low and moderate strains. Binder 3 shows a gradual
increase in healing index from 2.5% to 5% strain, with the healing index exceeding 80% at 5%
strain, surpassing both Binder 1 and Binder 2. This indicates that Binder 3 demonstrates the
best healing performance under high strain conditions.
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Figure 5.3.: TS healing index HItg of three binders in TS-H Single tests

Table 5.2.: TS healing index HlItg of three binders in TS-H Single tests.
Strain [%] Binder1[%] Binder2[%] Binder 3 [%]

2.0 68.64 76.56 73.87
25 62.98 75.13 70.66
5.0 68.73 78.15 82.99

The healing shift factor SF, and the healing index HItg results from the TS-H Single test
exhibit several similarities. First, the healing performance rankings are similar, with Binder 2
demonstrating the highest healing performance at low (2.5%) and medium (5.0%) strain levels
in both sets of results, while Binder 1 shows the lowest healing performance at all strain levels.
Additionally, for Binder 3, both parameters indicate an improvement in healing capacity as the
strain level increases. A plausible explanation is that the rejuvenator becomes more effective
at higher strain levels, leading to better healing performance for Binder 3 under high strain
compared to low strain conditions.

The healing shift factor SF, and the healing index HIrg do not always exhibit consistent be-
havior. For example, Binder 1 shows a clear decreasing trend in the healing shift factor SF,
as strain increases, whereas in the healing index HlIrs, its healing capacity remains relatively
stable, with a slight increase observed at 5% strain. The discrepancy arises because these two
healing indices emphasize different aspects of the healing effect. The healing index HIrg re-
flects the material’s ability to recover its complex shear modulus after a rest period. However,
the modulus recovery after the rest period is influenced not only by the material’s healing
but also by biasing effects. Determining the extent to which the overall modulus recovery is
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attributable to material healing versus biasing effects is beyond the scope of this research. In
contrast, the healing shift factor SF, focuses on the actual extension of the material’s fatigue
life after healing. Even if the stiffness recovery is limited, the SF; value can still be high if
the material successfully delays the propagation of fatigue cracks during the healing process,
resulting in a longer fatigue life.

By combining the results of both the healing shift factor and the healing index, a more compre-
hensive evaluation of the healing potential of different binders can be achieved. This approach
captures both the immediate stiffness recovery (healing potential) and the long-term impact of
healing on fatigue resistance.

5.1.2. Multiple rest period TS-H test

In addition to the TS-H Single tests, the multiple rest periods TS-H test (TS-H Multi) were also
conducted in this study. In the TS-H Multi test, the total rest duration remains consistent at
1000 seconds, as in the TS-H Single test. The primary difference is that, instead of a single
rest period, five rest periods of 200 seconds each are introduced throughout the test. This
alternating pattern of multiple loading and rest periods more closely simulates real-world
traffic conditions experienced by pavements.

To ensure reliability and reproducibility, at least two parallel experiments were conducted for
each test condition. Two distinct healing indices, SF and HI, were then used to evaluate the
healing performance of the asphalt binders. Figure 5.4 illustrates a typical complex shear
modulus response of asphalt binders in the TS-H Multi test, using the modulus evolution of
Binder 1 at 2.5% strain as an example. The complex shear modulus evolution curves from
other TS-H Multi tests on asphalt binders are presented in Appendix C.2.
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Figure 5.4.: Modulus evolution curve of Binder 1 at 2.5% strain in TS-H Multi test.
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Healing performance analysis based on healing shift factor SF,
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Figure 5.5.: Fatigue lines in TS, TS-H Single and TS-H Multi tests of: (a) Binder 1; (b) Binder 2;
and (c) Binder 3.
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Figure 5.5 shows the fatigue lines for the three binders from the TS, TS-H Single, and TS-H
Multi tests. Due to the introduction of five rest periods in the TS-H Multi test, all three binders
exhibit different degrees of shifts in their fatigue lines. This shift indicates that the inclusion of
rest periods increases the fatigue life of the binders, causing the overall fatigue curves to move
toward higher loading cycles.

In the classical fatigue analysis of asphalt materials, the fatigue line in the double logarithmic
coordinate system is defined by Equation 5.1.

Nf =k <1)k2 G.1)

where Ny is the number of cycles to failure, € represents the applied cyclic strain, and k; and
ko are coefficients related to the material properties.

Table 5.3 to 5.5 list the fatigue equations and key parameters obtained from TS, TS-H Single,
and TS-H Multi tests for the three types of binders. k; is a coefficient related to the material’s
fatigue performance, while k; represents the linear gradient of the fatigue line, reflecting the
sensitivity of the material’s fatigue life to strain levels.

Table 5.3.: Fatigue equations of Binder 1 in TS and TS-H tests.

Test Type Fatigue Equation Fatigue Parameters R?
ki ko
1)2798
B1 TS Ny =275x10° (1) 275x10° 2798 0956

1
o

2.948
BI TS-HSingle Ny=360x10°(1)"" 360x10° 2948 0988

=)

2.683
BI TS-H Multi Ny =278 x 10° (1) 278 x10° 2.683  0.9525

1
o1

S

Table 5.4.: Fatigue equations of Binder 2 in TS and TS-H tests.

Test Type Fatigue Equation Fatigue Parameters R?
ki ka
1) 2561
B2 TS Ny =2.66 x 10 (1) 2.66 % 10° 2561 09445

2.685
B2 TS-H Single Ny = 524 x 10° (1) 524 x 105 2685 09607

2.762
B2TS-HMulti Ny =383x10° (1) 383x10° 2762 09646
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Table 5.5.: Fatigue equations of Binder 3 in TS and TS-H tests.

Test Type Fatigue Equation Fatigue Parameters R?
k1 ko
3.192
B3 TS Ny =7.75x10° (1) 7.75x10° 3192 0.7739

2.961
B3 TS-H Single  Nj =795 x 10° (1) 7.95x 105 2961 09803

m =

2.930
B3 TS-H Multi Ny =7.90 x 10° (1) 7.90 x 10° 2930 09669

In the fatigue equations for Binder 1, k; and k, show some variation across the three test types,
but the changes are relatively small. Under single rest period healing test conditions, Binder
1 exhibits higher fatigue resistance and greater sensitivity to strain. The fatigue equation for
Binder 2 reveals a different trend. Under the single rest period healing condition, it shows
a significantly higher fatigue life compared to the other two test conditions, and under the
multiple rest period healing condition, it has the highest sensitivity to strain. For Binder 3,
both single and multiple rest periods healing conditions improve fatigue resistance compared
to the TS test. Under the TS-H Single condition, the k; value is higher, and it also shows a
greater sensitivity to strain.

Table 5.6 summarizes the healing shift factors SF, obtained from the TS-H Single and TS-
H Multi tests for the three binders. For all binders, the range of shift factors due to the
introduction of multiple rest periods is between 1.04 and 1.55, all greater than 1, indicating that
the introduction of multiple rest periods effectively increases the fatigue life of the binders. For
Binders 1 and 3, the SF, values increase with increasing strain, suggesting that these binders
are well-suited for high strain conditions. In contrast, for Binder 2, the SF;, values decrease as
strain increases, indicating that the healing benefits decrease at higher strain levels.

Table 5.6.: Healing shift factors for the three binders in TS-H Single and TS-H Multi tests.

Strain [%] TS-H Single TS-H Multi
Binder1 Binder2 Binder3 Binder1l Binder2 Binder3
2.0 1.18 1.81 1.20 1.10 1.25 1.22
2.5 1.14 1.76 1.27 1.12 1.20 1.30
5.0 1.03 1.61 1.49 1.22 1.04 1.55

In the TS-H Multi test, Binder 1 also exhibited the lowest healing performance. Its SF;, results
were very similar between the TS-H Single and TS-H Multi tests, showing a slight increase
from a range of 1.03 to 1.18 in the TS-H Single test to 1.10 to 1.22 in the TS-H Multi test.
Notably, the trend of SF;, values with strain level differed between the two tests: in the TS-H
Single test, the SF;, value decreased as strain level increased, whereas in the TS-H Multi test, it
increased with higher strain levels. Binder 1 exhibited only a limited extension of fatigue life
in both the TS-H Single and TS-H Multi tests, which can be attributed to its composition of
100% fresh, unaged 40/60 bitumen.

57



5. Healing Test Results

For Binder 2, which uses a soft binder (160/220) to mitigate the brittleness of the aged RA
binder, the fatigue life under multiple rest periods was lower than that observed in the single
rest period test, particularly at higher strain levels. To exclude the possibility of experimental
randomness, three parallel TS-H Multi tests were conducted for Binder 2, confirming that its
fatigue life does not benefit as much from multiple rest periods, especially under high strain
conditions.

Overall, Binder 3 demonstrated the highest healing performance in the TS-H Multi test. Across
all strain levels, its SFj, results in the TS-H Multi test were slightly higher than those in the TS-H
Single test, increasing from a range of 1.20 to 1.49 to a range of 1.22 to 1.55. The introduction of
multiple rest periods gives binders more opportunities to heal microcracks at different stages of
damage, which contributes to Binder 3’s enhanced fatigue life. The high healing performance
of B3 could be attributed to its rejuvenator component, which softens the aged binder and
restores its viscoelastic properties to allow effective healing during each rest period.

Notably, Binder 3 exhibited high healing performance in both the TS-H Single and TS-H Multi
tests, in contrast to Binder 2, which showed greater sensitivity to the number of rest-reload
cycles.

To analyze the reduction in fatigue life of Binder 2 during the TS-H Multi test, the complex
shear modulus evolutions of Binder 2 were plotted. Figure 5.6 compares the evolution of the
complex modulus of Binder 2 when tested with Single and Multiple rest periods at 2.5% and
5.0% strain levels.

The figure shows that although the complex modulus partially recovers after each rest pe-
riod, the rate of modulus decline accelerates significantly with increasing rest-reload cycles for
Binder 2, which contains a high proportion of RA bitumen and softer binder components. To
quantify this phenomenon, the slope of the complex modulus curve for each loading phase
during the TS-H Multi test was calculated for Binder 2 at 2.5% and 5% strain. To avoid the
sharp modulus drop at the beginning of each loading phase, the slope was calculated based
on the last 20% of data in each phase. For the 2.5% strain test, the slopes of the complex
modulus curves were 154, 125, 176, 284, 317, and 438, respectively, while for the 5% strain test,
the slopes were 1061, 1098, 1301, 1438, 1489, and 1664. These results indicate that the repeated
rest periods and reload cycles accelerated the accumulation of damage in Binder 2, leading to
earlier failure.

This indicates that the damage incurred during each reload surpasses the recovery gained
during rest periods, leading to further accelerated modulus decline. Similar accelerated degra-
dation phenomena have also been observed by other researchers in TS-H tests with multiple
rest periods (Jayaraman and Padmarekha, 2024).

Figure 5.7 and Figure 5.8 compare the evolution of the complex modulus of Binder 1 and 3
when tested with Single and Multiple rest periods at 2.5% and 5.0% strain level. For Binder 1
and 3, no accelerated modulus degradation was observed as a result of multiple rest periods
or repeated loading. Both binders maintained a similar trend in the slope of the complex
modulus curves in the TS-H Multi test compared to the TS-H Single test or even demonstrated
improved performance.
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Figure 5.9 shows the HlIrg results obtained from the TS-H Multi test for different asphalt
binders at varying strain levels. The healing index for all three binders gradually decreases
with an increasing number of rest periods, particularly during the fifth rest period (at 100%
Ny), where the healing effect is significantly reduced. This indicates that the greatest healing
benefits are achieved during the first rest period, while the binders’ healing capacity decreases
progressively with additional rest periods.

In the TS-H Multi test, Binder 1’s healing capacity progressively increases with strain, consis-
tent with the trend observed in its healing shift factor (SF,). For Binder 2, the healing index
at 2.5% and 5.0% strain levels is higher than at low strain (2.0%). However, overall, when
the strain increases from 2.5% to 5.0%, the healing index slightly decreases, indicating that
Binder 2’s healing potential is constrained at higher strain levels. Notably, under high strain
conditions, Binder 2’s healing index is significantly lower than that of the other two binders,
which aligns with the trend shown by the healing shift factors (SF;,), indicating that the healing
potential of Binder 2 is limited during TS-H Multi tests at high strain. For Binder 3, the heal-
ing index is similar at 2.0% and 2.5% strain levels. However, at high strain (5.0%), Binder 3’s
healing index increases significantly, which corresponds with the upward trend in its healing
shift factors (SF;,) as strain increases.

5.2. Linear Amplitude Sweep Healing Test Results

In the LAS-H test, two different rest periods, 100s and 1000s, were considered to evaluate the
impact of rest duration on the healing effect. To ensure reliability and reproducibility, two
parallel experiments were conducted for each test condition. All the C-S curves of the LASH
tests are shown in Appendix C.3.

Healing performance analysis based on healing shift factor SF;,
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Figure 5.10.: Healing shift factors of three binders under 100s and 1000s rest period.
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The healing shift factors SF, for asphalt binders under different rest periods were calculated
and are presented in Figure 5.10. Additionally, the results of these healing shift factors are
summarized in Table 5.7.

Table 5.7.: Healing shift factors of three binders under 100s and 1000s rest period.

Strain [%] 100s RP 1000s RP
B1 B2 B3 B1 B2 B3
15 259 241 094 294 214 1.09
2.5 213 229 092 245 2.03 1.06
5 1.60 214 089 187 1.89 1.02

According to the predicted fatigue life results based on S-VECD modeling, Binder 1 shows
significant healing effects under both the 100s and 1000s rest periods, especially under low
strain conditions. However, as the strain increased, the healing effect decreased.

For Binder 2, the healing effect was notable under both rest periods, with minimal differ-
ences in healing performance across the various strain levels. As the rest period increased
from 100 to 1000 seconds, the predicted fatigue life decreased, indicating that extended rest
periods may not always benefit this binder and could potentially lead to accelerated damage
accumulation.

Binder 3 showed poor healing performance under both rest periods, with SF;, values close to
1.0. This indicates that, regardless of strain level, the binder’s ability to heal was quite limited,
and the rest periods did not contribute significantly to extending the fatigue life.

Healing performance analysis based on healing index HIjzs
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Figure 5.11.: LASH Healing Index results of three binders under 100s and 1000s rest period.
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Figure 5.11 shows the healing index HIjag results for the three binders with healing times
of 100 seconds and 1000 seconds, and the results are also summarized in Table C.1 in the
Appendix. Binder 3 showed higher HIj o values compared to the other two binders, with
Binder 1 ranked second, having results very close to those of Binder 2. In contrast, Binder 2,
which contains a high proportion of RA bitumen and softer bitumen (160/220), exhibited the
lowest healing potential. The healing performance rankings of the three binders, as indicated
by the Healing Index HIj zg, are consistent with the rankings obtained from the healing shift
factor (SF,) in the TS-H Multi test.

Additionally, it can be observed that the HIj 55 for all binders increases as the rest period is
extended, indicating that the healing performance improves with longer rest periods, which
is consistent with findings from previous studies (Wang et al., 2019). However, the increase
in HI} os was quite limited for all binders. In particular, for Binder 1 and Binder 2, when
the rest period duration was increased tenfold, their HIjag only grew by 0.74% and 0.65%,
respectively. In contrast, Binder 3 showed a more noticeable improvement in HIj as. This
could be attributed to the rejuvenator in Binder 3, which effectively restored the viscoelastic
properties of the aged binder, allowing the material to heal more.

Research has shown that providing rest periods before extensive damage occurs yields the
most significant healing effects (Planche et al., 2004). Once extensive damage forms, increas-
ing the rest period no longer improves the healing performance. This is because asphalt’s
intrinsic healing is more effective at addressing micro-cracks, while it has limited effectiveness
in healing macro-cracks. In the current tests, the samples had already undergone continu-
ous loading, with damage levels reaching 50% before the rest periods began. As a result, the
healing effect of the rest periods was limited, as much of the damage had already progressed
beyond the micro-crack stage.

5.3. Comparison between TS-H measured fatigue life and
LAS-H predicted fatigue life

Figure 5.12 presents the TS-H Single measured fatigue life and LAS-H (1000s RP) predicted
fatigue life results for the three binders. For Binders 1 and 3, the fatigue life measured in the
TS-H test shows strong agreement with the fatigue life predicted by the LAS-H test at low and
moderate strain levels. However, at the higher strain level of 5%, the fatigue life measured by
the TS-H test of B1 and B3 is 1.81 and 2.16 times the predicted values from the LAS-H test,
respectively. For Binder 1, composed of 100% fresh bitumen, and Binder 3, containing high
RA bitumen content and a rejuvenator, the LAS-H test can accurately predict the fatigue life at
low to moderate strain levels. However, at high strain (5%), it tends to underestimate fatigue
life.

However, for Binder 2, while the results are similar at low strain levels, a notable discrepancy
appears at high strain levels, where the TS-H measured fatigue life is significantly higher than
the LAS-H predicted fatigue life. At moderate and high strain levels, the fatigue life measured
by the TS-H test is 1.85 and 5.73 times the predicted values from the LAS-H test, respectively.

The results indicate that the current VECD-based model, which uses LASH test data to predict
the fatigue life of binders, may not be suitable for Binder 2. This model was originally devel-
oped without accounting for healing effects and was intended to predict fatigue life similar to
that obtained from TS tests using LAS data. To improve the correlation between LAS-H and
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TS-H test results, further research is needed to develop a model that is more appropriate for
healing evaluation. For the LAS-H test, incorporating the healing index HIjsg to assess the
healing performance of materials could be a more effective approach.

5.4. Conclusions of the Healing Tests

The key findings from the healing tests of this research are summarized as follows:

® Table 5.8 summarizes the overall healing performance rankings of the three asphalt

binders based on various testing methods and healing indices. Binder 3, containing high
RA bitumen content and the rejuvenator, demonstrated the highest healing capacity in
half of the cases and ranked lowest in only one instance. In contrast, Binder 1, composed
entirely of fresh bitumen 40/60, exhibited the lowest healing performance in half of the

cases, particularly in the TS-H tests.

Table 5.8.: Overall healing performance rankings of the three asphalt binders.

Highest Performance

Medium Performance

Lowest Performance

TS-H Single SF, B2 B3 Bl
TS-H Single Hlrg B2 B3 Bl
TS-H Multi SF, B3 B2 Bl
TS-H Multi Hlrg (5%) B3 Bl B2
LASH SF, Bl B2 B3
LASH HIj 45 B3 Bl B2

e It is observed that the healing performance of asphalt binders is sensitive to the choice of

healing test protocols and healing indices. Different testing methods or healing indices
may yield varied, and sometimes even contradictory, conclusions.

Inconsistencies were observed in the evaluation of healing performance when using dif-
ferent healing indices within the same testing method. This discrepancy arises because
the healing shift factor (SF,) and healing index (HI) emphasize different aspects of the
healing effect. The SF;, focuses on the overall extension of the material’s fatigue life,
specifically reflecting the influence of rest periods on the degradation rate of the as-
phalt binder’s complex modulus. In contrast, the HI captures modulus recovery after
rest periods, a measure that may be influenced by the biasing effects inherent to asphalt
materials.

Comparing the SF, results from the TS-H Single and TS-H Multi tests reveals that for
Binder 1 and Binder 3, increasing the number of rest-reload cycles slightly enhances
their healing performance. However, a significant difference was observed for Binder 2,
which contains a high RA bitumen content and softer bitumen (160/220). In the TS-H
Single test, Binder 2 exhibited superior fatigue life extension capabilities, whereas in the
TS-H Multi test, its healing performance declined sharply. Binder 2 showed sensitivity
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to the number of rest-reload cycles, with repeated rest and loading cycles accelerating its
modulus degradation rate.

In the LAS-H test, all binders showed increased healing potential with extended rest
periods. However, the improvement in healing performance from extending the rest
period from 100 seconds to 1000 seconds was limited, particularly for Binder 1 and
Binder 2.

A comparison between the TS-H Single measured fatigue life and the LAS-H predicted
fatigue life revealed that Binders 1 and Binder 3 showed high consistency between the
two methods at low and medium strain levels, while Binder 2 exhibited this consistency
only at low strain. For all binders, the TS-H measured fatigue life was consistently higher
than the LAS-H predicted fatigue life at high strain levels, indicating that the LAS-H test
tends to underestimate fatigue life under high strain conditions.

67






6. Conclusions and Recommendations

6.1. Conclusions

6.1.1. Main Research Question

In this research, an answer was sought to the following question:

What is the healing performance of three asphalt binders used in base layer mixtures, as
assessed by various healing test protocols and healing indices?

The healing performance of the three asphalt binders used in base layer mixtures varies sig-
nificantly depending on the test protocols and healing indices applied. By employing multiple
test methods, including single and multiple rest period TS-H and LAS-H tests, along with
healing indices based on fatigue life extension and modulus recovery, the study provides an
assessment of the binders’ healing potential under different conditions.

Binder 3, containing a high RA bitumen content and the rejuvenator, exhibited the highest
healing potential in half of the conditions, particularly under repeated rest-reload cycles. Its
healing performance was strong in both the TS-H Single and TS-H Multi tests, suggesting
that its healing potential is minimally affected by the number of rest-reload cycles. In contrast,
Binder 2, which also contains high RA bitumen but is blended with softer fresh bitumen rather
than the rejuvenator, demonstrated a more complex response. Binder 2 showed the highest
healing performance in the TS-H Single test, but experienced a notable decline with increased
rest cycles, indicating a higher sensitivity to test conditions. As the reference binder in this
study, Binder 1, composed entirely of fresh bitumen, exhibited the lowest healing potential in
half of the conditions and moderate performance in the remaining cases.

The healing performance of asphalt binders is highly sensitive to the choice of healing test
protocols and indices. Researchers should carefully select healing test methods and indices, as
these choices yield varied insights into the healing behavior of asphalt binders.

6.1.2. Sub-questions

¢ Sub-question 1: How are the TS (TS-H) and LAS (LAS-H) tests characterized and what
are their differences?

Section 2.4 provides a detailed description of the TS (TS-H) and LAS (LAS-H) tests. The pri-
mary difference between the two methods lies in their loading approaches. The TS (TSH)
test simulates cumulative damage under long-term, sinusoidal shear loading, closely reflect-
ing fatigue performance under real traffic conditions. However, this test is time-intensive and
requires strict control over experimental conditions such as temperature and strain amplitude.
In contrast, the LAS (LAS-H) test employs a gradually increasing strain amplitude to rapidly
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assess fatigue performance within a shorter timeframe, making it suitable for large-scale ma-
terial testing. However, due to its loading approach, LAS testing may result in less accurate
fatigue life estimates.

Overall, the TS (TS-H) test is better suited for precise evaluations of long-term fatigue and
healing behavior, while the LAS (LAS-H) test is ideal for quick assessments and large-scale
testing.

* Sub-question 2: Which asphalt binder demonstrates the highest fatigue resistance?

According to the TS and LAS test results, Binder 3 demonstrated the highest fatigue resistance.
Within the strain range of 1.5% to 5.0%, the fatigue life of Binder 3 was significantly higher
than that of Binder 1 and Binder 2. Even under high strain conditions, Binder 3 maintained
relatively high fatigue resistance. This superior performance is primarily attributed to the
use of the rejuvenator ANOVA 1817 in Binder 3, which effectively reduced the stiffness and
brittleness of the aged binder from the RA. The rejuvenator enhanced the viscoelastic behavior
of the binder, allowing Binder 3 to exhibit longer fatigue life under both low and high strain
conditions.

* Sub-question 3: What is the correlation between the fatigue test results of asphalt
binders and asphalt mixtures?

The fatigue test results indicate a clear correlation between the fatigue performance of asphalt
binders and asphalt mixtures. Specifically, Binder 3 exhibited the highest fatigue resistance
in the binder tests, correspondingly, Mixture 3 also showed a significantly longer fatigue life.
Similarly, Binder 1 had the lowest fatigue performance in the binder fatigue tests, correspond-
ingly, Mixture 1 also displayed the shortest fatigue life. This trend suggests that the fatigue
behavior of the binder substantially influences the overall fatigue performance of the asphalt
mixture.

However, despite the consistent ranking in fatigue life between binders and mixtures, differ-
ences exist in the slopes and details of their fatigue curves. Asphalt mixtures are complex
systems, where internal stress distribution and damage accumulation mechanisms differ from
those in binders. Factors such as aggregate gradation, air voids, and the adhesion between
binder and aggregate play a critical role in the mixture’s fatigue behavior, leading to variations
in performance despite similar trends.

e Sub-question 4: Are there significant differences in the healing performance of asphalt
binders between single rest period tests and multiple rest period tests?

Significant differences in healing performance were observed between single rest period tests
(TS-H Single) and multiple rest period tests (TS-H Multi) for asphalt binders. In general,
binders with rejuvenators and high RA content bitumen (Binder 3), maintained high healing
performance across both test types, showing minimal sensitivity to the number of rest-reload
cycles. In contrast, Binder 2, which contains a high RA content and softer bitumen but no
rejuvenator, exhibited a more complex response. While Binder 2 demonstrated strong healing
performance in the TS-H Single test, its performance declined considerably in the TS-H Multi
test, where the increased number of rest-reload cycles accelerated its complex modulus degra-
dation rate. These findings highlight the importance of test methods selection when evaluating
the long-term healing potential of different asphalt binders.

* Sub-question 5: What are the similarities and differences when evaluating the healing
performance of asphalt binders using different healing indices?
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The study employed two different healing evaluation parameters: the Healing Factor (SF;,) and
the Healing Index (HI). In some cases, both parameters showed similar ranking trends when
assessing the healing performance of the binders. However, they were not always entirely
consistent in their evaluations. The healing index (HI) primarily reflects the short-term stiffness
recovery of the binder after a rest period, while the healing shift factor (SF,) focuses on the
actual extension of the material’s fatigue life after healing, considering the long-term impact.
Combining the results of both parameters provides a more comprehensive evaluation of the
binders” healing potential.

e Sub-question 6: Are the healing performances of asphalt binders consistent across
different testing methods?

The healing performance of binders showed differences across various testing methods. Binder
3 exhibited different healing results in the TS-H and LAS-H tests. In the LAS-H test, the Heal-
ing Displacement Factor (SFj,) indicated that Binder 3 had limited healing capacity. However,
in both the TS-H Single and TS-H Multi tests, Binder 3 demonstrated excellent healing abil-
ity, with no decline in healing capacity as the load-rest cycles increased. Similar findings have
been reported in other studies, where different healing rankings were observed in TS-H Single,
TS-H Multi, and LAS-H tests (Baglieri et al., 2022).

These differences can be attributed to the distinct loading methods and testing procedures
used in the two test types. The fatigue life in the TS-H test is directly measured during the
experiment, while in the LAS-H test, fatigue life is predicted based on a model. This difference
in approach may lead to variations in the observed healing capacities across the tests.

6.2. Recommendations and Future Work

6.2.1. Recommendations

e In this study, various healing test methods and indices were utilized to evaluate the
healing performance of asphalt binders, yielding valuable insights. However, there re-
main areas for refinement and further exploration. In this section, recommendations
and future work are outlined, aiming to address limitations and propose potential future
research in this field.

e In this study, only a limited amount of bitumen could be extracted from reclaimed as-
phalt, making it impractical to use for blending binders B2 and B3 or to conduct pene-
tration grade tests. Consequently, the complex shear modulus response in the frequency
sweep test was employed to evaluate whether the artificially aged bitumen properties
aligned with those of the extracted RA bitumen. Access to more extracted RA bitu-
men would have allowed for direct blending into new binders, potentially enhancing the
accuracy and reliability of the research findings.

* After blending the new binders, this study utilized complex shear modulus responses
from frequency sweep tests to evaluate binder stiffness. If sufficient binder quantities
were available, additional penetration tests on these binders would offer more compre-
hensive insights into their characteristics.
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e In this study, the TS tests were first applied at three strain levels: 1.5%, 2.5%, and 5.0%.
However, due to time constraints, the subsequent TS-H tests were conducted at a low
strain level of 2.0% instead of 1.5%, as TS testing is particularly time-intensive at lower
strain levels. Testing at 2.0% strain allowed for substantial time savings without signif-
icantly impacting results, as the fatigue lines were fitted from multiple parallel exper-
iments across three strain levels. Further research could explore the effects of varying
low-strain thresholds on TS-H test outcomes. With sufficient time, maintaining consis-
tency in the selected strain levels across all tests would enhance the reliability of the
results.

6.2.2. Future Work

¢ In this study, several fatigue-based macroscale healing tests were conducted on asphalt
binders. To further explore the reasons for performance differences observed across
various healing test methods, microscale studies, such as Scanning Electron Microscopy
(SEM) and Atomic Force Microscopy (AFM), or mesoscale studies, such as Fluorescence
Microscopy and X-ray computed tomography, should be conducted.

¢ In this study, the healing performance of the binder components in three types of asphalt
mixtures was investigated. The subsequent research could be conducting mastic (the
mixture of bitumen and fillers) tests using DSR testing or three-point bending tests.
It may offer a more representative correlation between binder properties and mixture
behavior. These tests offer better cohesion representation, which plays a key role in both
fatigue and healing resistance at the mixture level.

¢ The LAS fatigue life prediction model was originally developed without accounting for
healing effects. To improve the correlation between LAS-H and TS-H test results, further
research is needed to develop a model that is more appropriate for healing evaluation.

* TS-H test with intermittent loading (each loading cycle is followed by a rest period)
should be considered, which is closer to the real traffic loading phenomenon.

¢ A significant challenge in understanding healing mechanisms in asphalt pavements is es-
tablishing a robust link between the healing properties of binders and the fatigue /healing
behavior of asphalt mixtures. Mixture tests using the dog-bone-shaped samples can be
explored. These specimens localize damage to a predictable area, allowing for a more
precise analysis of healing behavior. Using such specimens with the VECD model could
provide more reliable insights into the material’s recovery properties and improve the
overall evaluation of healing in base layer asphalt mixtures.

¢ Identifying the influence of biasing effects on modulus recovery and actual healing is
an area that may be of interest for future research, particularly when using modulus
recovery-based healing indices. Especially for the LAS test, where strain amplitudes
can reach up to 30%, making it difficult to ignore the nonlinear responses induced by
high-intensity loading. Understanding and quantifying these biasing effects is crucial
for accurately evaluating the fatigue life and healing performance of asphalt materials.
Therefore, future research could explore optimized testing protocols to better isolate and
control these effects, enabling more precise assessments of healing performance.
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A. Materials and Methods

A.1. Mixture Properties

Table A.1 lists the percentage of materials used in the asphalt mixtures.

Table A.1.: Percentages of materials used in the studied asphalt mixtures.

Building Code | Name of Material Result matrix calculation [% m/m]
M1 M2 M3
4630 (v1.3) Bestone 11/16 Norway 19.23 10.84 10.84
4620 (v1.4) Bestone 8/11 Norway 12.34 0.83 0.83
4600 (v1.3) Bestone 2/5 Norway 8.19 1.23 1.23
4610 (v1.4) Bestone 4/8 Norway 13.19 1.90 1.90
5030 (v1.3) Scottish granite 0/2 Scotland 8.87 - -
5120 (v1.2) Coarse sand 0/2 Netherlands | 26.59 13.98 13.98
6110 (v1.1) Wigro 50K 0/0.1 Winterswijk 5.79 0.11 0.11
6190 (v1.0) Own dust 0/0.1 AMI 1.50 0.10 0.10
7273TT (v1.3) Anova 1817 - - 0.20
7010 (v1.0) Penetration bitumen 40/60 4.30 - -
7030 (v1.0) Penetration bitumen 70/100 - - 0.81
7040 (v1.0) Penetration bitumen 160/220 - 1.01 -
(8‘(/)12'38"T2310 IOQ;:;:ZCESN Asphalt Pavement | 70.00 70.00
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A. Materials and Methods

Table A.2 shows the aggregate gradation of three asphalt mixtures.

Table A.2.: Aggregate gradation of the asphalt mixtures.

Sieve size | min. [% | max. [% Percentage passing [% m/m]
[mm] m/m] m/m] g¢ passing Lo
M1 M2 M3
22.4 94.0 100.0 100 100 100
16.0 85.0 100.0 97.3 96.7 96.7
11.2 75.0 85.0 81.0 81.0 81.0
8.0 60.0 70.0 68.0 68.0 68.0
5.6 53.0 63.0 59.0 58.0 58.0
2.0 41.0 45.0 43.0 43.0 43.0
0.5 15.0 35.0 26.8 27.6 27.6
0.125 4.1 9.1 9.1 8.7 8.7
0.063 5.0 10.0 7.0 7.1 7.1
__ 120
o =M1
&
-g 100 —A—M2 & M3
(V]
s - = -Maximum Range
Q30
"é" - = -Minimum Range
a
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Figure A.1.: Aggregate gradation of the asphalt mixtures.

82



A. Materials and Methods

According to the information in the table, the gradation curves of the three asphalt mixtures
are drawn in Figure A.1 The gradation of these asphalt mixtures is within the maximum and
minimum permissible ranges.

A.2. Binder Composition Calculation

Binder content provided in the mixture design information:
e Binder 40/60: 4.3 % m/m
e Binder 160/220: 1.15 % m/m
e Binder 70/100: 0.95 % m/m & ANOVA: 0.2 % m/m

Binder-1:
Fresh binder 40/60: 100%

Binder-2:

Fresh binder 160/220 ”“in” the mixture = 1.15%

Target binder content “in” the mixture = 4.3%

Bitumen from RA “in” the mixture = 4.3% - 1.15% = 3.15%

RA bitumen percentage in the binder 2:

[3.15% | o o

_m_ X 100 /0 - 73.3 /O
¢ Fresh bitumen percentage in the binder 2:

[1.15% |

—_— 100% = 26.7%

53% | x 100% 6.7%

Binder-3:
e Fresh binder 70/100 ”in” the mixture = 0.95%
ANOVA ”in” the mixture = 0.2%

Target binder content “in” the mixture = 4.3%

Bitumen from RA “in” the mixture = 4.3% - 0.95% - 0.2% = 3.15%

RA bitumen percentage in the binder 3:
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{3'15 %1« 100% = 73.3%

¢ ANOVA percentage in the binder 3:
{ 0.2% ]
4.3% |
¢ Fresh bitumen percentage in the binder 3:

0.95%]
43% |

x 100% = 4.6%

% 100% = 22.1%
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B. Fatigue Test Results

B. Fatigue Test Results

B.1. Time Sweep Test Modulus Evolution Curves
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Figure B.1.: Binder 1 modulus evolution at 1.5% strain in TS test.
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Figure B.2.: Binder 1 modulus evolution at 2.5% strain in TS test.
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Figure B.3.: Binder 1 modulus evolution at 5% strain in TS test.
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Figure B.4.: Binder 2 modulus evolution at 1.5% strain in TS test.
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Figure B.5.: Binder 2 modulus evolution at 2.5% strain in TS test.
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Figure B.6.: Binder 2 modulus evolution at 5% strain in TS test.

91



B. Fatigue Test Results

1.0E+07

e B3TS 1.5%-1
8.0E+06 A Nf

6.0E+06

Complex Shear Modulus

4.0E+06

2.0E+06

0.0E+00

o

100,000 200,000 300,000
Number of Cycles

(@)

1.0E+07

e B3 TS 1.5%-2

8.0E+06 A Nf

6.0E+06

Complex Shear Modulus

4.0E+06

2.0E+06

0.0E+00

o

100,000 200,000 300,000
Number of Cycles

(b)

1.0E+07

e B3 TS 1.5%-3

8.0E+06 ' A Nf

6.0E+06

Complex Shear Modulus

4.0E+06

2.0E+06

0.0E+00

o

100,000 200,000 300,000
Number of Cycles

(©

Figure B.7.: Binder 3 modulus evolution at 1.5% strain in TS test.
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Figure B.8.: Binder 3 modulus evolution at 2.5% strain in TS test.
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Figure B.9.: Binder 3 modulus evolution at 5% strain in TS test.
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B. Fatigue Test Results

B.2. Linear Amplitude Sweep Test C-S Curves
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Figure B.10.: Binder 1 LAS test C-S curve.
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Figure B.11.: Binder 2 LAS test C-S curve.
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Figure B.12.: Binder 3 LAS test C-S curve.
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C. Healing Test Results

C.1. TS-H Single Modulus Evolution Curves
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Figure C.1.: Binder 1 modulus evolution at 2% strain in TS-H Single test.
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Figure C.2.: Binder 1 modulus evolution at 2.5% strain in TS-H Single test.
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Figure C.4.: Binder 2 modulus evolution at 2.0% strain in TS-H Single test.
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Figure C.5.: Binder 2 modulus evolution at 2.5% strain in TS-H Single test.
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Figure C.6.: Binder 2 modulus evolution at 5.0% strain in TS-H Single test.
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Figure C.7.: Binder 3 modulus evolution at 2.0% strain in TS-H Single test.
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Figure C.8.: Binder 3 modulus evolution at 2.5% strain in TS-H Single test.
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Figure C.9.: Binder 3 modulus evolution at 5.0% strain in TS-H Single test.
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Figure C.10.: Binder 1 modulus evolution at 1.5% strain in TS-H Multi test.
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Figure C.11.: Binder 1 modulus evolution at 2.5% strain in TS-H Multi test.
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Figure C.12.: Binder 1 modulus evolution at 5.0% strain in TS-H Multi test.
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Figure C.13.: Binder 2 modulus evolution at 2.0% strain in TS-H Multi test.
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Figure C.14.: Binder 2 modulus evolution at 2.5% strain in TS-H Multi test.
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Figure C.15.: Binder 2 modulus evolution at 5.0% strain in TS-H Multi test.
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Figure C.16.: Binder 3 modulus evolution at 2.0% strain in TS-H Multi test.
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Figure C.17.: Binder 3 modulus evolution at 2.5% strain in TS-H Multi test.
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Figure C.18.: Binder 3 modulus evolution at 5.0% strain in TS-H Multi test.

C.3. LAS-H Test Results
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Figure C.19.: Binder 1 LASH 100s test C-S curve.
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Figure C.20.: Binder 1 LASH 1000s test C-S curve.
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Figure C.21.: Binder 2 LASH 100s test C-S curve.
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Figure C.22.: Binder 2 LASH 1000s test C-S curve.
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Figure C.23.: Binder 3 LASH 100s test C-S curve.
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C. Healing Test Results
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Figure C.24.: Binder 3 LASH 1000s test C-S curve.

Table C.1.: LAS Healing index of three binders under 100s and 1000s rest period.
Healing period (s) Binder1 Binder2 Binder3

100 19.12% 18.53% 21.45%
1000 19.86% 19.18% 23.22%
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