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Abstract: The escalating impacts of climate change have led to significant challenges in maintaining
road infrastructure, particularly in tropical climates. Abnormal weather patterns, including increased
precipitation and temperature fluctuations, contribute to the accelerated deterioration of asphalt
pavements, resulting in cracks, plastic deformation, and potholes. This study aims to evaluate the
durability of a novel pellet-type stripping prevention material incorporating slaked lime and epoxy
resin for pothole restoration in tropical climates. The modified asphalt mixtures were subjected to a
series of laboratory tests, including the Tensile Strength Ratio (TSR) test, Indirect Tension Strength (ITS)
test, Hamburg Wheel Tracking (HWT) test, Cantabro test, and Dynamic Modulus test, to assess their
moisture resistance, rutting resistance, abrasion resistance, and viscoelastic properties. Quantitative
results demonstrated significant improvements in the modified mixture’s performance. The TSR
test showed a 6.67% improvement in moisture resistance after 10 drying–wetting cycles compared
to the control mixture. The HWT test indicated a 10.16% reduction in rut depth under standard
conditions and a 27.27% improvement under double load conditions. The Cantabro test revealed a
44.29% reduction in mass loss, highlighting enhanced abrasion resistance. Additionally, the Dynamic
Modulus test results showed better stress absorption and reduced likelihood of cracking, with the
modified mixture demonstrating superior flexibility and stiffness under varying temperatures and
loading frequencies. These findings suggest that the incorporation of slaked lime and epoxy resin
significantly enhances the durability and performance of asphalt mixtures for pothole repair, making
them a viable solution for sustainable road maintenance in tropical climates.

Keywords: climate change; pothole restoration; slaked lime; epoxy resin; asphalt pavements; moisture
resistance

1. Introduction

Climate change has increasingly posed challenges in maintaining road infrastruc-
ture [1]. Abnormal weather patterns, including increased precipitation, temperature fluctu-
ations, and extreme weather events, contribute to the accelerated deterioration of asphalt
pavements [2]. These climatic changes result in common pavement issues such as cracks [3],
plastic deformation, and potholes, posing severe threats to road safety and increasing
maintenance costs [4]. As such, there is a critical need for innovative and durable mate-
rials to address these challenges, particularly in tropical climates where these conditions
are more pronounced [5]. Potholes are primarily caused by moisture infiltration, which
weakens the bond between the asphalt binder and the aggregate, leading to stripping
and eventual pavement failure [6]. Traditional methods for pothole repair, such as cold
patching and temporary repairs, often provide short-term solutions that fail under repeated
traffic loading and adverse weather conditions [7,8]. Therefore, developing materials with
enhanced moisture resistance and durability is essential for sustainable road maintenance
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practices. Recent advancements in moisture resistance technologies have introduced inno-
vative approaches, such as waste plastic powder coating on aggregates. For instance, the
study of Xiao et al. highlights the effectiveness of using hydrophobic waste plastic materials
to coat aggregate surfaces [9]. This method enhances moisture resistance by preventing
water infiltration and reducing the stripping of asphalt binder from the aggregate surface,
offering promising results for improving asphalt durability under challenging conditions.

Several studies have investigated the performance of various additives in asphalt mix-
tures to enhance durability and resistance to environmental factors. For instance, Zhang
et al. (2023) found that incorporating polymer-modified binders significantly improved
the fatigue resistance and asphalt pavement rutting performance. Similarly, Hesami et al.
(2017) stated that the use of anti-stripping agents enhanced the moisture resistance of
asphalt mixtures [10]. Rahman et al. (2024) reported that the addition of fibers to asphalt
mixtures increased tensile strength and reduced the rate of crack propagation under re-
peated loading [11]. Moreover, Chen et al. (2023) demonstrated that using nanomaterials
as modifiers could improve the mechanical properties and extend the service life of asphalt
pavements [12]. Research by Li et al. (2023) highlighted the potential of using recycled
materials, such as polyurethane cold-cycled mixtures, to enhance the durability and sus-
tainability of asphalt mixtures [13]. Zhang et al. (2024) suggested that styrene–butadiene
rubber (SBR) additives can improve the performance of asphalt mixtures in practical condi-
tions [14]. Furthermore, Gong et al. (2023) showed significant improvements in moisture
resistance and mechanical performance with the integration of advanced binders into
asphalt mixtures [15]. These various studies underscore the potential of different additives
to improve the durability and performance of materials used for pothole repair, particu-
larly by enhancing moisture resistance, mechanical strength, and overall longevity under
adverse conditions [16].

In order to enhance the performance of asphalt mixtures, anti-stripping agents and
additives have been the focus of recent developments in road-building materials [17,18]. It
is commonly known that slaked lime strengthens the binding between the aggregate and
binder in asphalt mixtures, increasing their resistance to moisture [19]. When used as a filler
or additive, slaked lime introduces calcium hydroxide (Ca(OH)2) ions, which react with the
acidic components in the aggregate, neutralizing them and thereby improving adhesion [20].
However, while slaked lime effectively mitigates moisture-induced damage, it is often
associated with issues such as dust generation and uneven mixing when added in powder
form. To address these challenges, pellet-type slaked lime stripping prevention materials
have been developed. These materials combine slaked lime with a liquid emulsifier additive
to form stable pellets that can be easily handled, stored, and uniformly dispersed within
the asphalt mixture [21]. The liquid emulsifier, typically composed of wax, vegetable
oil, surfactants, and water, helps to stabilize the slaked lime and ensures its effective
distribution during the mixing process. This innovative approach not only reduces dust
generation but also enhances the overall performance of the asphalt mixture by ensuring
consistent moisture resistance.

In addition to slaked lime and emulsifiers, the incorporation of epoxy resin as an
additive has shown promise in further improving the durability and performance of
asphalt mixtures [22]. Epoxy resin is known for its excellent adhesive properties and
resistance to environmental factors, making it an ideal candidate for enhancing the bond
strength between the binder and aggregate [22]. When added to the pellet-type stripping
agent, epoxy resin helps to create a more robust and durable asphalt mixture capable of
withstanding the harsh conditions typical of tropical climates [23,24].

The pellet-type slaked lime is an innovative solution that addresses the limitations of
traditional slaked lime in powdered form, such as dust generation, uneven distribution, and
poor workability. By combining slaked lime with a liquid emulsifier, the pellet form pro-
duces stable, easily handled pellets that disperse uniformly throughout the asphalt mixture,
ensuring consistent performance and enhanced durability, particularly in high-moisture
environments. When combined with epoxy resin, this approach is further advanced, as
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epoxy resin enhances the adhesive bond between the binder and aggregate. Known for its
mechanical strength, chemical resistance, and durability in harsh environmental conditions,
epoxy resin significantly improves the moisture resistance, rutting resistance, and overall
longevity of the asphalt mixture. This dual-component system is particularly effective in
tropical climates, where pavements are exposed to frequent moisture and temperature
fluctuations, providing a robust solution for long-term pavement durability.

With an emphasis on the material’s performance in tropical climates, this investigation
intends to assess the long-term viability of a pellet material for pothole rehabilitation that
incorporates slaked lime and an anti-stripping emulsifier. The research introduces epoxy
resin as a new additive and assesses its impact on the durability of the modified asphalt
mixtures. The study is divided into two phases: Phase 1 involves the preparation and
testing of asphalt mixtures incorporating the pellet-type stripping agent and epoxy resin,
while Phase 2 focuses on evaluating the performance of these mixtures under simulated
tropical climate conditions. The materials and methods used in this study are consistent
with previous research but with a specific emphasis on durability under tropical climate
conditions. The asphalt mixtures were subjected to a series of drying and wetting cycles
using rainwater from Vietnam to simulate the effects of repeated moisture exposure. The
drying process involved curing the samples at 60 ◦C, while the wetting process involved
cooling the samples to temperatures below 20 ◦C. With the use of this method, the modified
asphalt mixtures’ durability and resistance to moisture could be thoroughly assessed. The
efficiency of the epoxy resin and pellet-type stripping agent in extending the lifespan
of asphalt combinations was assessed using performance tests, including the dynamic
modulus assessment, the Cantabro evaluation, the Hamburg Wheel Tracking, and the TSR
and ITS experiment. These tests provided valuable insights into the long-term performance
of the mixtures under simulated field conditions, helping to identify the most promising
materials for sustainable pothole restoration in tropical climates. The general research
flowchart of this research is shown in Figure 1.
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Figure 1. Research flowcharts.

2. Materials and Methods
2.1. Materials
2.1.1. Slaked Lime

Slaked lime, also known as calcium hydroxide (Ca(OH)2), is a critical component in
enhancing the moisture resistance of asphalt mixtures. The use of slaked lime in asphalt
mixtures has been well-documented, particularly for its ability to improve the bond between
the asphalt binder and aggregate, thereby increasing the mixture’s overall durability and
resistance to moisture-induced damage [19,20]. Typically, slaked lime is incorporated into
the aggregate before it is mixed with the asphalt binder, serving as a replacement for
conventional limestone powder filler. This substitution not only enhances the moisture
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resistance but also helps neutralize the acidic components present in the aggregate, which
can weaken the asphalt–aggregate bond.

For this study, slaked lime was incorporated at a ratio of 1% by weight of the aggregate.
This proportion was selected based on previous research that has demonstrated its efficacy
in improving moisture resistance without adversely affecting the workability of the asphalt
mixture. The slaked lime used in this study was mixed with a liquid emulsifier additive to
form a pellet-type anti-stripping agent. This innovative approach ensures better handling,
reduced dust generation, and improved dispersion in the asphalt mixture.

The asphalt mixture becomes more stable overall as a result of this reaction, which also
releases heat and increases volume. Slaked lime’s significant alkalinity (pH of 11) makes it
an efficient tool for raising the adhesive strength among aggregate and bitumen binder.

Through an extrusion process, slaked lime was combined in a 20:80 ratio with a
liquid emulsifier in order to be integrated into the pellet-type anti-stripping agent. The
manufacture of stable pellets that are manageable and evenly distributed throughout the
asphalt mixture is guaranteed by this procedure. By creating a strong and durable link
between the aggregate and the binder, the pellets lessen the damage caused by moisture and
increase the life of the asphalt surface. The general properties of slaked lime are presented
in Table 1.

Table 1. Properties for slaked lime.

Property Description

Chemical composition Ca(OH)2
Appearance Fine white powder
pH value 11
Specific gravity 2.24
Solubility in water Slightly soluble (1.73 g/L at 20 ◦C)
Bulk density 0.5–0.8 g/cm3

Particle size distribution Typically <75 µm
Moisture content ≤2%
Heat of hydration Exothermic reaction when mixed with water, releasing heat
Calcium content ≥90%
Impurities ≤2% (includes magnesium oxide, silicon dioxide, and iron oxide)
Neutralizing value 120–135 (compared to pure calcium carbonate with a value of 100)

2.1.2. Anti-Stripping Technology

In order to improve the bonding between the asphalt binder and aggregate, an anti-
stripping technique is essential [25,26]. This increases the asphalt mixtures’ resilience to
moisture and overall strength. Anti-stripping compounds are primarily used to stop the
stripping impact, which is caused by water seeping into the asphalt pavement and breaking
the aggregate’s binding with the binder. In this investigation, slaked lime and a liquid
emulsifier ingredient were combined to create a pellet-type anti-stripping agent. Wax,
vegetable oil, surfactants, and water were combined to create the emulsifier [26,27].

The selection of this combination was determined by its demonstrated ability to
improve asphalt mixtures’ durability against moisture. Calcium hydroxide (Ca(OH)2) is
created when quick lime (CaO) reacts with water to create hydrated lime. The process
increases volume and produces heat, both of which are good for the stability of the asphalt
mixture. When SiO− ions on the aggregate surface react with CaOH+ ions introduced
by hydrated lime, an intense chemical connection is formed that increases the adhesive
strength between the aggregate and the bitumen adhesive. The longevity of the pavement
is ensured by this connection, which stops moisture-induced deterioration. The mechanism
of anti-stripping is shown in Figure 2.
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2.1.3. Pellet-Type Slaked Lime for Asphalt Durability

The development of a pellet-type slaked lime stripping prevention material aims to
enhance the durability and moisture resistance of asphalt mixtures by combining slaked
lime with a liquid emulsifier additive in a stable pellet form [28]. The liquid emulsifier,
consisting of wax, vegetable oil, surfactants, and water, is mixed with slaked lime in a
20:80 ratio and extruded to form pellets [25]. These pellets provide better handling, storage,
and equal distribution in the mixture of asphalt while addressing problems including dust
formation and uneven mixing. The pellets ensure structural stability, preventing crumbling
and degradation. When mixed with asphalt aggregate at a 1% proportion by weight, the
pellets improve moisture resistance by forming strong chemical bonds between the binder
and aggregate and enhancing adhesion through reduced contact angles. Figure 3 shows an
overview of the developed material.
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The 1% slaked lime content was chosen because previous research has demonstrated
that this concentration is effective in improving moisture resistance without negatively
affecting the workability or compaction of asphalt mixtures. Research has shown that
slaked lime, when added in small percentages (typically between 1% and 2%), significantly
enhances the bond between the asphalt binder and aggregate by mitigating moisture
damage and preventing stripping. The 1% ratio provides an optimal balance between
improving moisture resistance and maintaining the mechanical properties of the mixture.

2.1.4. Design and Advantages of Pellet-Type Stripping Agent for Warm Mix Asphalt

The pellet-type stripping agent for Warm Mix Asphalt (WMA) is designed to enhance
the moisture resistance and durability of asphalt mixtures by incorporating slaked lime
and a liquid emulsifier additive into a pellet form [29–31]. Traditional slaked lime can
pose issues such as dust generation and uneven mixing with aggregates. To address these
challenges, the pellet-type agent combines slaked lime with wax, vegetable oil, surfactants,
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and water. This mixture is then extruded into pellets, which ensures uniform dispersion
and stability during handling and mixing. The liquid emulsifier used in the pellet-type
agent includes various oils and waxes that provide structural stability and prevent the
pellets from crumbling [32]. For instance, a blend of ethylene wax, olive oil, mineral oil,
and fatty acid amine surfactant was found to be particularly effective [21]. The emulsifier
composition was optimized based on several trial mixes to ensure the pellets’ active
ingredients remained stable and effective. The extrusion process forms pellets that can be
easily stored, handled, and mixed with asphalt aggregates. This uniformity ensures that
the anti-stripping agent is evenly distributed throughout the asphalt mixture, enhancing its
overall performance. The pellet-type agent’s stability reduces dust and improves the safety
and cleanliness of the mixing process.

The pellet-type stripping agent is produced through an extrusion process.

• In this method, slaked lime (Ca(OH)2) is combined with a liquid emulsifier in a ratio
of 20:80 by weight, where the emulsifier consists of wax, vegetable oil, surfactants,
and water. The mixture is extruded into pellets, which are subsequently cooled and
dried to ensure structural stability. This extrusion process creates uniform pellets with
consistent size and shape, allowing for easier handling, storage, and integration into
asphalt mixtures. The extrusion ensures that the slaked lime is evenly coated with the
emulsifier, reducing dust generation and improving distribution in the asphalt matrix.

• The liquid emulsifier is composed of 8% ethylene wax, 3% olive oil, 5% mineral oil,
and 7% fatty acid amine surfactants, with the remaining 77% consisting of water.
These proportions were determined based on trials to achieve optimal pellet stability,
moisture resistance, and ease of mixing. The emulsifier serves to bind the slaked
lime particles together, forming stable pellets that resist crumbling and ensure even
distribution during asphalt mixing.

• Each constituent material plays a critical role in the formulation. Slaked lime (Ca(OH)2)
acts as the primary anti-stripping agent, improving moisture resistance by enhancing
the bond between the binder and aggregate. Wax (ethylene) provides structural stabil-
ity to the pellets, preventing them from disintegrating during storage and handling,
and ensuring that they maintain their shape during mixing. Vegetable oil (olive oil)
enhances the flexibility and workability of the pellets, ensuring they remain stable
during the asphalt production process. Mineral oil acts as a lubricant to ease the extru-
sion process and improve the consistency of the pellets. Surfactants (fatty acid amine)
assist in reducing the surface tension between the binder and aggregate, enhancing
the adhesive properties of the asphalt mixture and improving the dispersion of slaked
lime throughout the asphalt.

• The optimal particle size for the pellets was determined through experimental trials,
with a target size of approximately 3–5 mm in diameter. This size was chosen to ensure
that the pellets could be evenly distributed in the asphalt mixture without segregation.
Additionally, this size range ensures that the slaked lime within the pellets remains
effective in enhancing moisture resistance without causing mixing issues or negatively
affecting the workability of the asphalt. The particle size was also optimized to ensure
minimal dust generation during handling and mixing.

• The pellet-type particles possess several key characteristics. First, they have structural
stability, maintaining their integrity during storage, handling, and mixing, ensuring
that they do not break down prematurely. Second, they allow uniform dispersion,
as they are designed to disperse evenly throughout the asphalt mixture, ensuring
consistent moisture resistance across the entire pavement structure.

2.1.5. Decomposition and Dispersion of Pellet-Type Material During Hot Mixing

• The pellet-type material is specifically designed to fully decompose during the hot
mixing process. At typical asphalt production temperatures, ranging between 135 ◦C
and 160 ◦C, the emulsifier components in the pellet, such as wax, vegetable oil, sur-
factants, and water, melt and break down. This allows the slaked lime to be released
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and evenly dispersed within the asphalt mixture. As the emulsifier decomposes, it
facilitates the uniform integration of the slaked lime, ensuring that its beneficial prop-
erties, particularly in enhancing moisture resistance, are effectively retained without
any remnants of the pellet structure remaining.

• To evaluate the dispersion of the slaked lime after the decomposition of the pellets, sev-
eral tests were conducted. Visual and microscopic inspections of the asphalt mixture
confirmed the complete dissolution of the pellets, with no residual material detected.
Additionally, key performance indicators such as the Tensile Strength Ratio and Ham-
burg Wheel Tracking tests were used to assess the effectiveness of the dispersion. The
uniform improvements in moisture resistance and rutting resistance observed across
multiple samples demonstrate that the slaked lime was well-dispersed throughout the
mixture. The consistent high performance in these tests supports the conclusion that
the pellet material fully decomposes and integrates evenly into the asphalt matrix.

2.1.6. Epoxy Resin Used in Asphalt

Epoxy resin is incorporated into asphalt mixtures to significantly enhance their durabil-
ity, adhesive strength, and resistance to environmental factors [33]. Known for its excellent
mechanical properties and chemical resistance, epoxy resin is an effective additive for
improving the performance of asphalt pavements, particularly in challenging conditions
such as tropical climates. In this investigation, 3% by weight of epoxy resin was included
in the asphalt mixture [34].

The 3% epoxy resin content was selected based on its proven ability to enhance the
adhesive strength between the binder and aggregate, while also improving the overall
mechanical properties of the asphalt mixture. Previous studies have indicated that epoxy
resin, when used in similar proportions, significantly enhances the durability, stiffness,
and flexibility of asphalt mixtures. A 3% ratio was found to be optimal in balancing the
improvement of moisture resistance, rutting resistance, and flexibility without leading to
excessive stiffness, which could cause brittleness or cracking under varying environmental
conditions. Additionally, this ratio was chosen to ensure the cost-effectiveness and practical
feasibility of incorporating epoxy resin into large-scale pavement applications [35]. The as-
phalt mixture’s durability against deformation under recurrent loading is further enhanced
by the inclusion of epoxy resin. This is particularly important for regions with heavy traffic
and varying environmental conditions, as it helps to maintain the pavement’s structural
integrity over time. The epoxy resin enhances the elastic modulus of the asphalt mixture,
reducing susceptibility to temperature-induced cracking and plastic deformation. Table 2
presents the comparison of the control mix and epoxy resin-modified mix components
while Table 3 presents the overview of the liquid emulsifiers used in this research [36].

Table 2. Comparison of control mix and epoxy resin modified mix components.

Component Control Mix Modified Mix with Epoxy Resin

Wax 8.0 (Ethylene) 6.0 (Ethylene)
Vegetable oil 3.0 (Olive) 1.5 (Olive)
Mineral oil 5.0 4.5
Surfactants (Fatty acid amine) 7.0 6.0
Additive 0.2 0.2
Water 76.8 78.8
Epoxy resin - 3.0

Table 3. Qualities of liquid asphalt emulsifiers for WMA.

Property Control Mix Modified Mix with Epoxy Resin

Exterior Milky liquid Milky liquid
Stability 7 days or less 15 days or less
Condition Liquid Liquid
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Table 3. Cont.

Property Control Mix Modified Mix with Epoxy Resin

Smell Odorless Slightly resinous
Active ingredient 24% 27%

2.1.7. Preparation and Mix Design of Modified Asphalt Concrete Mixtures

The preparation of modified asphalt concrete mixtures involved incorporating the
pellet-type stripping agent with slaked lime and epoxy resin into the asphalt mix. This
section outlines the materials, mix design, and preparation process used for creating the
modified asphalt concrete mixtures, which were then subjected to various performance
tests. The materials included aggregates and mineral fillers provided by a local supplier,
with properties conforming to relevant standards for asphalt mixture production, a con-
ventional asphalt binder with the binder content optimized based on previous research
and recommendations, and the pellet-type stripping agent containing a mix of slaked lime
and liquid emulsifier with 3% epoxy resin prepared using the extrusion process described
earlier. The mix design followed the Superpave method, aiming to optimize the asphalt
mixture’s resistance to rutting, and thermal cracking, with the target binder content set at
5.6% by weight of the total mix and aggregate gradation designed to meet the specifications
for a 10 mm Stone Mastic Asphalt type [37–39].

The preparation process began with drying the aggregates to remove any moisture
content, ensuring accurate measurement of aggregate weight and consistent mixing with
the asphalt binder. The dried aggregates and asphalt binder were then heated to the
appropriate mixing temperature to ensure proper coating of the aggregates with the binder
while maintaining workability. The heated aggregates were first mixed with the pellet-type
stripping agent at a proportion of 1% by weight and then combined with the heated asphalt
binder to ensure thorough coating and uniform distribution of the stripping agent. The
mixed asphalt was compacted using a Superpave Gyratory Compactor [40,41] to produce
cylindrical specimens, aiming to achieve a density representative of field conditions. Finally,
the compacted specimens were allowed to cool to room temperature before being subjected
to performance tests, with storage in a controlled environment to prevent any moisture or
temperature variations that could affect the test results. Table 4 presents the properties of
aggregate materials, including bulk-specific gravity, moisture absorption, aggregate impact
value, Los Angeles abrasion loss, and shape index. Table 5 shows the sieve size gradation
of the materials, detailing the percentage passing through various sieve sizes from 19.0 mm
down to 0.075 mm.

Table 4. Properties of aggregate materials.

Materials Properties Value

Aggregate

Bulk specific gravity [42] 2.65
Moisture absorption [42] 0.150%

Aggregate impact value [43] 21.4%
Los Angeles abrasion loss [44] 23.8%

Shape index [45] 10.2%

Mineral filler
Bulk density [46] 2.45

Fineness modulus [46] 0.85%

Table 5. Sieve size gradation.

Sieve Size (mm) Percentage Passing (%)

19.0 100
12.5 95.3
9.5 82.7

4.75 60.2
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Table 5. Cont.

Sieve Size (mm) Percentage Passing (%)

2.36 42.5
1.18 28.3
0.600 18.9
0.300 12.7
0.150 7.4
0.075 4.8

2.1.8. Development of Dry–Wet Cycle

The wet–dry cycle method was selected as a well-established laboratory simulation
technique for accelerated aging and moisture damage assessment in asphalt mixtures.
While it is recognized that in tropical climates roads are indeed often exposed to prolonged
periods of high-temperature rainwater, the dry–wet cycle remains an effective proxy for
evaluating long-term moisture-related deterioration.

In real-world tropical environments, pavements are exposed to more than just pro-
longed periods of water. They also undergo drying phases between rainfalls or during the
day as water evaporates due to high surface temperatures. The wet–dry cycle test effectively
simulates this alternating exposure to moisture and drying, capturing the real-world effects
of tropical rain combined with intermittent drying phases, which subject the pavement
to cyclic stress. The drying phase at elevated temperatures is critical, as it accelerates the
breakdown of the asphalt binder–aggregate bond, a process that becomes more pronounced
with repeated moisture infiltration followed by drying. This cyclic exposure replicates the
natural fatigue experienced by pavements in tropical climates, where heavy rainfall and
high temperatures often occur. This approach offers a more comprehensive evaluation of
long-term pavement performance than continuous immersion in water alone. Wet–dry
cycles are widely used in moisture sensitivity tests like the Tensile Strength AASHTO T
283 standard [47], ensuring that this methodology aligns with established standards and
allows for reliable comparisons with existing research on pavement performance under
tropical conditions.

2.2. Laboratory Tests

The asphalt mixtures were prepared by integrating the pellet-type stripping agent,
which included slaked lime and a liquid emulsifier with 3% epoxy resin, at a rate of 1%
by weight of the total aggregate. Table 6 presents a comparison of materials used in
performance tests between the Slaked Lime AC Mixture (2%) and the Newly Developed
AC Mixture with Epoxy Resin (3%). It details the percentages of slaked lime and epoxy
resin content, mixing temperatures, and quantities of aggregate, anti-stripping agent, and
asphalt used for each mixture.

Table 6. Materials used in the performance test.

Material Slaked Lime AC Mixture
(2%)

Modified Mixture with Epoxy
Resin (3%)

Slaked lime content (%) 2.0 1.0
Epoxy resin content (%) - 3.0
Mixing temperature (◦C) 155 135
Aggregate (g) 499.8 504.9
Anti-stripping agent (g) 10.0 5.1
Asphalt (g) 16 16

2.2.1. TSR Test

The asphalt mixtures’ endurance and resistance to moisture were evaluated using the
TSR experiment, following the AASHTO T 283 standard [47]. The methodology involved
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preparing cylindrical asphalt specimens incorporating the pellet-type stripping agent with
slaked lime and 3% epoxy resin at a proportion of 1% by weight. The specimens were
compacted using a Superpave Gyratory Compactor (SGC) to achieve a target density
representative of field conditions. The TSR test utilized cylindrical asphalt specimens with
a standard size of 150 mm in diameter and 95 mm in height, with each test being replicated
three times to ensure the accuracy and reliability of the results. The specimens were then
divided into two sets: One set was subjected to moisture conditioning by saturating with
water under vacuum, followed by freezing at −18 ◦C for 16 h and then thawing in a 60 ◦C
water bath for 24 h; the other set was kept dry as a control. After conditioning, the indirect
tensile strength of both sets was measured at 25 ◦C using a loading rate of 50 mm/min.
The TSR value was determined by dividing the average tensile strength of the conditioned
specimens by that of the dry specimens. This test indicated the mixture’s ability to resist
moisture-induced damage, with higher TSR values reflecting better moisture resistance.

2.2.2. Indirect Tension Strength Test

The Indirect Tension Strength Experiment was conducted following ASTM D6931 [48]
guidelines, involving the careful preparation of cylindrical specimens measuring 150 mm
in diameter and 63.5 mm in height using a gyratory compactor. In our study, the pri-
mary method for assessing moisture resistance was the Tensile Strength Ratio (TSR). Six
specimens were prepared for each RAP combination, ensuring a consistent porosity of
7.0 ± 0.5%. Three of these specimens underwent a comprehensive freeze–thaw moisture
treatment, while the other three served as control specimens, being submerged in a water
bath at 60 ◦C for 2 h.

2.2.3. HWT Test

The HWT experiment was performed to evaluate the moisture susceptibility and
rutting resistance of the asphalt mixtures, following the AASHTO T 324 standard [49].
The methodology involved preparing cylindrical asphalt specimens incorporating the
pellet-type stripping agent with slaked lime and 3% epoxy resin at a proportion of 1%
by weight. The HWT test utilized cylindrical asphalt specimens with a standard size of
150 mm in diameter and 95 mm in height, with each test being replicated three times to
ensure the accuracy and reliability of the results. The specimens were compacted using
an SGC to achieve a target density representative of field conditions. The compacted
specimens were then submerged in a water bath maintained at 50 ◦C and subjected to
repeated loading using a steel wheel that applied a load of 705 ± 4.5 N (see Figure 4). The
wheel tracking device passed over the specimens for 20,000 cycles or until a rut depth of
20 mm was reached. The rut depth was measured continuously during the test to monitor
the progression of deformation. This test provided a measure of the mixture’s resistance to
rutting and moisture-induced damage, with lower rut depths indicating better performance.
The findings from the HWT provided insights into the enhanced durability and stability of
the modified asphalt mixtures under simulated field conditions.
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2.2.4. Cantabro Test

The Cantabro test was conducted to evaluate the resistance of the asphalt mixtures
to abrasion and aggregate loss, following the KS F2492 standard [50]. The methodology
involved preparing cylindrical asphalt specimens incorporating the pellet-type stripping
agent with slaked lime and 3% epoxy resin at a proportion of 1% by weight. The Cantabro
test utilized cylindrical asphalt specimens with a standard size of 100 mm in diameter
and 63.5 mm in height, with each test being replicated three times to ensure the accuracy
and reliability of the results. The specimens were compacted using an SGC to achieve a
target density representative of field conditions. After compaction, the specimens were
allowed to cool to room temperature. The cooled specimens were then placed in a Los
Angeles (LA) abrasion machine without any steel spheres. The machine was rotated at
a speed of 30–33 revolutions per minute for a total of 300 revolutions. After the test, the
specimens were removed, and the mass loss was calculated by measuring the difference in
weight before and after the test. The mass loss percentage was used to assess the durability
and cohesion of the asphalt mixtures, with lower mass loss percentages indicating better
resistance to abrasion and aggregate loss. This test provided insights into the long-term
performance of the asphalt mixtures under simulated wear and tear conditions.

2.2.5. Dynamic Modulus Test

The Dynamic Modulus Test was conducted to determine the viscoelastic properties
of the asphalt mixtures, following the AASHTO TP62 [51] as shown in Figure 5. The
methodology involved preparing cylindrical asphalt specimens incorporating the pellet-
type stripping agent with slaked lime and 3% epoxy resin at a proportion of 1% by weight.
The Dynamic Modulus Test utilized cylindrical asphalt specimens with a standard size of
100 mm in diameter and 150 mm in height, with each test being replicated three times to
ensure the accuracy and reliability of the results. The specimens were compacted using an
SGC to achieve a target density representative of field conditions. After compaction, the
specimens were subjected to a series of sinusoidal loading cycles at various temperatures
(4 ◦C, 20 ◦C, 40 ◦C, and 54 ◦C) and loading frequencies (25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz,
and 0.1 Hz). The test was performed using a dynamic testing machine capable of applying
cyclic compressive loads to the specimens. The resulting stress and strain responses were
recorded to calculate the dynamic modulus (|E*|) and phase angle (δ) of the asphalt
mixtures. The dynamic modulus provided a measure of the stiffness of the asphalt mixtures
under different loading conditions and temperatures, with higher dynamic modulus values
indicating stiffer mixtures. This test helped to evaluate the performance and structural
integrity of the asphalt mixtures under varying environmental and loading conditions.
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3. Results and Discussions
3.1. TSR Test Results

The TSR test results demonstrated the enhanced moisture resistance and durability
of the modified asphalt mixtures compared to the control as shown in Figure 6. The TSR
values for the modified mixture incorporating 3% epoxy resin and the control mixture were
assessed at 0, 5, and 10 drying–wetting cycles. Initially, at 0 cycles, the modified mixture
demonstrated a TSR value of 90%, significantly higher than the 84% achieved by the control
mixture. This initial high TSR value highlights the enhanced moisture resistance imparted
by the epoxy resin. As the number of drying–wetting cycles increased, both mixtures
showed a decrease in TSR values, reflecting the impact of repeated moisture exposure
and the associated stress on the materials. However, the modified mixture consistently
maintained superior performance, with TSR values of 87% and 80% at 5 and 10 cycles,
respectively, compared to the control mixture’s 82% and 75%. The ability of the modified
mixture to retain higher TSR values despite the increasing number of cycles underscores.
This demonstrates the strength and resilience offered by the epoxy resin, strengthening the
link between the aggregate and bitumen binder. This improvement in moisture resistance
ensures that the modified mixture can better withstand the cyclical stresses of drying and
wetting, common in real-world environmental conditions. Consequently, the inclusion of
epoxy resin not only improves the initial moisture resistance of the asphalt mixture but also
provides sustained protection against moisture damage over time, making it a promising
solution for enhancing the durability and longevity of asphalt pavements under adverse
environmental conditions.
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Figure 6. Moisture resistance test results.

3.2. ITS Test Results

The test results demonstrated the superior performance of the modified asphalt mix-
ture with epoxy resin compared to the control mixture as shown in Figure 7. Initially, the
modified mix exhibited an indirect tensile strength of 0.90 MPa, which is approximately
7.1% higher than the control mix’s ITS of 0.84 MPa. Additionally, the modified mix had a
stiffness of 3.2 kN/mm, about 10.3% higher than the control mix’s stiffness of 2.9 kN/mm.
After undergoing 10 drying–wetting cycles, simulating repeated environmental exposure,
the modified mix retained a higher ITS of 0.80 MPa, only an 11.1% decrease from its initial
value, compared to the control mix which saw a 10.7% decrease to 0.75 MPa. The stiffness
of the modified mix decreased to 3.0 kN/mm, a 6.3% reduction, whereas the control mix
decreased to 2.6 kN/mm, an 11.1% reduction. These results indicate that the modified
mix not only starts with higher tensile strength and stiffness but also maintains better
performance after environmental stress, demonstrating enhanced durability and resistance
to moisture-induced damage, making it a more effective solution for pothole repair in
tropical climates.
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3.3. HWT Test Results

The HWT results provided comprehensive insights into the rutting resistance and
durability of the modified and controlled asphalt mixtures under various conditions. As
presented in Figure 8, initially, all mixtures demonstrated a sharp increase in rutting
depth within the first 1000 cycles, with depths escalating from 0 to 1.5 mm, followed by a
significant rise to 3 mm. This rapid initial increase indicates the mixtures’ susceptibility
to deformation under early loading conditions. However, after this initial phase, the rate
of rutting depth increase diminished, suggesting that the mixtures began to stabilize and
resist further deformation to some extent.
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For mixtures subjected to 0 drying–wetting cycles, both the control and modified
(epoxy mix) mixtures exhibited a gradual increase in rutting depth from 3 mm to 4 mm.
This stage reflects the continued but more controlled deformation under prolonged load-
ing. Notably, the gap between the two mixtures became more pronounced from 2000 to
5000 HWT passes, with the modified mix consistently showing around 10% lower rutting
depth than the control mix. This indicates that the modified mixture’s enhanced formula-
tion, including the epoxy resin, provided better resistance to rutting under these conditions.
By the final stage of 20,000 passes, the rutting depth of the control mixture reached 4.49 mm,
whereas the modified mix exhibited a slightly lower rutting depth of 4.27 mm. This small
but significant difference underscores the modified mixture’s superior performance in
maintaining structural integrity over an extended period.

When subjected to 10 drying–wetting cycles, the performance differences between the
mixtures became more pronounced. Both the control and modified (epoxy mix) mixtures
experienced a sharp increase in rutting depth from 4 mm to 7 mm, reflecting the added
stress from repeated moisture exposure and subsequent drying. This stage simulates real-
world conditions where pavements are subjected to cyclic environmental changes. Similar
to the 0 cycle condition, the gap between the control and modified mixtures was more
pronounced from 2000 to 5000 HWT passes, maintaining around a 10% difference. At the
end of the 20,000 passes, the rutting depth of the control mixture was significantly higher
at 7.67 mm compared to 6.89 mm for the modified mix. The larger gap in rutting depths
after 10 cycles indicates the epoxy resin’s effectiveness in enhancing moisture resistance
and reducing deformation.

Furthermore, the test revealed a critical difference in the stripping performance of the
mixtures. A stripping point, indicating significant moisture-induced damage and loss of
binder–aggregate adhesion, was recorded for the control mixture at 9400 passes. In contrast,
no stripping point was observed for the modified mixture under any condition. This
absence of a stripping point in the modified mix highlights the substantial improvement
in moisture resistance and structural stability provided by the epoxy resin. The modified
mixture’s ability to maintain integrity without stripping under repeated drying–wetting
cycles is a crucial advantage for long-term pavement durability.

The inclusion of epoxy resin not only improved the mixture’s ability to withstand initial
deformation but also provided sustained protection against moisture-induced damage.
This makes the modified mixture a robust and reliable choice for pavement applications in
regions with harsh and variable environmental conditions, ensuring longer service life and
reduced maintenance requirements.

The double HWT load condition was designed to simulate the actual traffic loads
experienced during rush hours and traffic jams (see Figure 9). This condition applies a
higher stress level to the asphalt mixtures, providing a more rigorous assessment of their
performance under heavy traffic conditions. Only the 10-cycle group was tested under
this double load condition. The results showed distinct differences in the performance of
the control and modified (epoxy mix) mixtures. From 0 to 12,000 passes, both mixtures
exhibited a gradual increase in rutting depth from 0 to less than 7 mm. However, the rutting
depth in the control mixture was consistently greater, approximately 12% higher than that
of the modified mixture. This indicates that the modified mixture had better resistance to
initial deformation under the increased load.

From 13,000 to 20,000 passes, both mixtures showed a sharp increase in rutting depth,
reflecting the severe stress conditions simulated by the double load. During this phase,
the rutting depth of the control mixture increased significantly from 7 mm to 22 mm. In
contrast, the modified mixture experienced a slower rise, reaching a rutting depth of 16 mm
from an initial 7 mm. This notable difference highlights the superior performance of the
modified epoxy mixture in withstanding higher loads and repeated stress cycles, making it
particularly suitable for high-traffic areas prone to congestion and heavy traffic.
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Figure 9. Double load HWT test results.

3.4. Cantabro Test Results

The test results provided valuable insights into the resistance of the asphalt mixtures
to abrasion and aggregate loss, critical for assessing the long-term durability of pavement
materials under wear and tear conditions as presented in Figure 10. This test is particularly
relevant for evaluating the performance of asphalt mixtures in environments subjected to
frequent traffic and harsh weather conditions, which can lead to significant mechanical
degradation over time.
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The test results, detailed in Figure 10, highlight the comparative performance of the
controlled and modified mixtures after 5 and 10 cycles of drying and wetting.

For the controlled mixture, the loss rate after 5 cycles was 12.53%, indicating a mod-
erate level of material degradation. However, after 10 cycles, the loss rate increased
dramatically to 22.21%. This sharp increase demonstrates that the controlled mixture’s abil-
ity to resist abrasion and aggregate loss deteriorates significantly with extended exposure to
moisture and mechanical stress. Such a high loss rate suggests that the controlled mixture
is less durable and may require more frequent maintenance or replacement in real-world
applications, leading to higher lifecycle costs and potential disruptions in service.

In contrast, the modified mixture, which incorporates 3% epoxy resin, exhibited
superior performance in resisting abrasion and aggregate loss. After five cycles, the
modified mixture showed a loss rate of only 6.38%, which is significantly lower than the
controlled mixture. This lower loss rate indicates a much stronger bond between the asphalt
binder and aggregate, resulting in higher durability and resistance to wear. Even after
10 cycles, the modified mixture maintained a loss rate of 12.37%, which, although higher
than the 5-cycle loss rate, was still considerably lower than the 22.21% observed for the
controlled mixture after 10 cycles.

The inclusion of epoxy resin in the modified mixture plays a crucial role in enhancing
its durability. The epoxy resin improves the adhesive properties of the binder, ensuring a
stronger bond with the aggregate. This enhancement helps to prevent the loss of aggregate
particles during mechanical stress and exposure to moisture, thereby maintaining the
structural integrity of the asphalt mixture. The lower loss rates observed in the modified
mixture indicate that it can better withstand the cyclical stresses of drying and wetting,
which are common in real-world environmental conditions.

Additionally, the improved performance of the modified mixture can lead to several
practical benefits in pavement applications. Reduced material loss translates to longer
service life and fewer maintenance interventions, which can result in lower maintenance
costs and less disruption to traffic. Furthermore, the enhanced durability of the modified
mixture makes it a more sustainable choice, as it reduces the frequency of repairs and
replacements, thereby minimizing the environmental impact associated with pavement
construction and maintenance activities.

3.5. Dynamic Modulus Test Results

The results provided critical insights into the viscoelastic properties of the asphalt
mixtures, particularly how they respond to different frequencies of loading, which simulate
various traffic conditions and weather scenarios. The dynamic modulus (|E*|) is a key
indicator of the stiffness and elasticity of the asphalt mixtures, influencing their ability to
withstand deformation and stress.

For the 0 cycles group (see Figure 11), the dynamic modulus values were generally
lower compared to the 10 cycles group. This indicates that the asphalt mixtures are
less stiff and potentially more susceptible to deformation before undergoing any drying–
wetting cycles. This initial lower stiffness can be beneficial in terms of flexibility but might
compromise the mixture’s ability to resist permanent deformation under load.

The control mixture’s E modulus was 401 MPa at low frequency, which mimics hot
weather and slow traffic at junctions. In contrast, the epoxy-modified mixture’s E modulus
was 278 MPa. This suggests that under these circumstances, the combination treated with
epoxy is softer and more flexible. Given that asphalt tends to grow softer and more prone
to rutting in high-temperature environments, the epoxy mix’s lower modulus indicates
that it can better absorb and disperse stress.

In high-frequency simulations of frigid climate or fast traffic, the E modulus values
of the modified and control mixtures were around 190,000 MPa. This high rigidity is
essential to preserving the integrity of the structure and guarding against damage from
chilly or fast-moving traffic. However, the similar modulus values for both mixtures at
high frequency indicate that while they provide comparable resistance to deformation,
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the control mixture’s higher stiffness might lead to brittleness and increased susceptibility
to cracking under cold conditions. In contrast, the slightly lower modulus of the epoxy-
modified mixture allows for better absorption and dissipation of stresses, reducing the
likelihood of cracking and deformation, which is beneficial in preventing brittle failure in
cold climates.
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For the 10 cycles group as shown in Figure 12, the dynamic modulus values were gen-
erally higher compared to the 0 cycles group, indicating increased stiffness after repeated
drying and wetting cycles. This suggests that the asphalt mixtures gain stiffness over time
due to the effects of moisture exposure and subsequent drying, enhancing their resistance
to permanent deformation under certain conditions.
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At low frequencies, the E modulus of the control mixture was 720 MPa, while the
E modulus of the epoxy-modified mixture was 460 MPa. This indicates that the epoxy-
modified mixture remains more flexible and softer under these conditions, even after
10 cycles. The lower modulus suggests that the epoxy mix can continue to absorb and
dissipate stress effectively, reducing the likelihood of cracking and deformation in high-
temperature conditions where asphalt tends to become softer and more susceptible to
rutting.

At high frequencies, the E modulus values were significantly higher for both mixtures.
The control mixture showed an E modulus of 341,462 MPa, whereas the epoxy-modified
mixture had an E modulus of 277,476 MPa. These higher values reflect the increased
stiffness of the asphalt mixtures under such conditions, which is crucial for maintaining
structural integrity and preventing damage from high-speed traffic or low temperatures.
However, the control mixture’s higher modulus indicates it is stiffer, which might offer
better resistance to deformation under heavy and fast-moving traffic. Conversely, the
slightly lower modulus of the epoxy-modified mixture suggests that it can better absorb
and dissipate stress, reducing the likelihood of cracking and deformation in cold weather
conditions or high-speed traffic scenarios. The enhanced flexibility of the epoxy-modified
mixture is beneficial in preventing brittle failure and maintaining pavement integrity in
varying environmental conditions.

Overall, the Dynamic Modulus Test results highlight the differences in the perfor-
mance characteristics of the control and epoxy-modified mixtures across different loading
conditions and cycles. The control mixture’s higher stiffness at both low and high frequen-
cies suggests it might be more resistant to deformation under certain conditions, but this
comes at the cost of reduced flexibility, which can lead to increased susceptibility to crack-
ing. Conversely, the epoxy-modified mixture, with its lower modulus at both frequency
ranges, demonstrates greater flexibility and the ability to absorb and dissipate stresses more
effectively. This balance of properties makes the epoxy-modified mixture a versatile option
that can perform well under a variety of environmental and traffic conditions, offering
enhanced durability and longevity for asphalt pavements.

3.6. Discussion on Anti-Stripping Effects of Pellet-Type Slaked Lime and Hydrated Lime Powder

The primary focus of this study was to evaluate the combined effects of the pellet-
type slaked lime agent with epoxy resin; however, the importance of comparing the
anti-stripping effects of pellet-type slaked lime to traditional hydrated lime powder is
recognized. Both forms of slaked lime are widely used as anti-stripping agents in asphalt
mixtures due to their ability to enhance moisture resistance and prevent the stripping of
the asphalt binder from the aggregate.

Existing research has demonstrated that the pellet-type material offers several advan-
tages over the traditional powder form, particularly in terms of handling, storage, and
ease of distribution within the asphalt mixture. The pellet form reduces the dust-related
issues commonly associated with the use of hydrated lime powder, improving both safety
and environmental conditions during mixing. Additionally, the uniformity of the pellets
ensures a more consistent distribution of slaked lime throughout the asphalt matrix, which
contributes to enhanced moisture resistance and durability.

Although this study did not include a direct comparison between the anti-stripping
performance of pellet-type slaked lime and traditional powder, the performance tests,
including the TSR and HWT tests, demonstrated that the pellet-type material provides
significant improvements in moisture resistance and rutting resistance. These results align
with findings from previous studies where pellet-type material has been shown to perform
comparably or better than hydrated lime powder under similar conditions.

Given the promising results, a direct comparative study between the pellet-type
slaked lime and traditional hydrated lime powder could offer further insights into the
differences in anti-stripping performance. Such a comparison would provide a more
comprehensive evaluation of their respective effectiveness in asphalt mixtures. Future
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research is recommended to conduct such a direct comparison to fully assess the potential
benefits of the pellet-type material relative to the traditional powder form.

3.7. Discussion on Mechanisms of Epoxy Resin in Enhancing Asphalt Mixtures

Epoxy resin enhances moisture resistance and bonding in asphalt mixtures through
several key physical and chemical mechanisms:

Epoxy resin forms strong covalent bonds with both organic and inorganic materials.
When incorporated into asphalt mixtures, it reacts with both the asphalt binder and the
aggregate surface, creating a robust adhesive layer that strengthens the bond between them.
This chemical bond is highly resistant to moisture infiltration, preventing the weakening or
stripping that typically occurs when water penetrates asphalt layers. Additionally, epoxy
resin forms cross-links, further reinforcing the bond and contributing to a cohesive and
durable structure.

A key physical property of epoxy resin is its hydrophobic nature. It forms a protective
barrier within the asphalt mixture, repelling water and preventing its penetration into the
binder–aggregate interface. This water-repellent effect reduces the potential for moisture-
induced damage, such as stripping or debonding, which is especially beneficial in tropical
climates with high humidity and frequent rain.

Epoxy resin enhances the adhesive properties of the asphalt binder, improving the
overall bond between the binder and aggregate. This increased adhesion improves cohesion
within the mixture, preventing aggregate particles from dislodging under stress or moisture
exposure. Furthermore, the resin imparts flexibility to the asphalt mixture, allowing it
to absorb and dissipate stresses from traffic loads and environmental conditions, such as
temperature fluctuations, thus preventing cracking and maintaining the structural integrity
of the pavement.

In addition to moisture resistance, epoxy resin improves the long-term durability
of asphalt mixtures by resisting oxidation and aging. Asphalt binders tend to become
brittle over time due to oxidative aging, which can lead to cracking and pavement distress.
Epoxy resin slows down this aging process, creating a chemically stable mixture that is less
susceptible to oxidation, thereby contributing to the extended lifespan of the pavement and
reducing maintenance frequency.

4. Conclusions

This study aimed to evaluate the durability and performance of a pellet-type stripping
prevention material incorporating slaked lime and epoxy resin for pothole restoration,
particularly under tropical climate conditions. The following key quantitative findings
were observed:

• The TSR test results demonstrated that the modified asphalt mixture with 3% epoxy
resin maintained significantly higher moisture resistance compared to the control.
Initially, at 0 cycles, the modified mixture had a TSR value of 90%, whereas the control
had 84%. Following 10 drying–wetting cycles, the changed mixture’s TSR value
was 80%, while the control mixture’s value was 75%, indicating a 6.67% increase in
moisture resistance.

• The HWT test results showed superior rutting resistance for the modified mixture.
After 20,000 passes under 0 drying–wetting cycles, the modified mixture had a rut
depth of 4.27 mm, whereas the control mixture had a rut depth of 4.49 mm, indicating
a 4.9% reduction in rut depth for the modified mixture. After 10 drying–wetting cycles,
the rut depth for the modified mixture was 6.89 mm, whereas the control reached
7.67 mm, indicating a 10.16% improvement in rutting resistance for the modified
mixture.

• Under double load conditions designed to simulate heavy traffic loads, the modified
mixture showed significantly better performance. The rut depth for the modified mix-
ture after 20,000 passes was 16 mm, compared to 22 mm for the control, highlighting a
substantial 27.27% improvement in rutting resistance under heavy loading.
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• The Cantabro test results highlighted the enhanced resistance to abrasion and aggre-
gate loss in the modified mixture. After 5 drying–wetting cycles, the modified mixture
had a mass loss of 6.38%, significantly lower than the control mixture’s 12.53%. After
10 cycles, the modified mixture maintained a mass loss of 12.37%, compared to 22.21%
for the control mixture. This indicates a substantial 44.29% improvement in resistance
to abrasion and aggregate loss for the modified mixture.

• The dynamic modulus test results showcased the viscoelastic properties of the modi-
fied mixture under different frequencies and temperatures. At low frequency (simulat-
ing hot weather conditions with slow traffic), the epoxy-modified mixture exhibited
a modulus of 460 MPa, compared to 720 MPa for the control mixture, indicating
greater flexibility. At high frequency (simulating cold weather conditions or high
traffic speeds), the modified mixture had a modulus of 277,476 MPa compared to
341,462 MPa for the control, suggesting better stress absorption and reduced likeli-
hood of cracking. After 10 drying–wetting cycles, the modified mixture’s dynamic
modulus values increased, reflecting enhanced stiffness and durability under repeated
moisture exposure.

• Despite the promising results, this study is limited by the use of simulated tropical
climate conditions and laboratory tests, which may not fully replicate real-world
environments and long-term performance.

• Future research should focus on field trials to validate these findings, assess long-term
durability under actual traffic and environmental conditions, and explore the cost-
effectiveness and scalability of implementing the pellet-type materials on a larger scale.
Additionally, investigating the environmental impact and lifecycle sustainability of
these materials will provide a more comprehensive understanding of their benefits
and potential limitations.
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