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Abstract

The asphalt industry is aiming to produce high quality materials and efficient technologies for
pavement construction. One such technology that attracts attention is epoxy asphalt. This paper
discussed the concepts, theories, and engineering properties of epoxy asphalt technology and products.
As the initial step, the chemical structure of epoxy materials was explained. Then principles of epoxy
asphalt technology were discussed. Subsequently, the rheological characteristics of epoxy asphalt
binder (EAB) were characterized. Engineering properties of an epoxy asphalt mixture (EAM) were
then evaluated. The results indicated that EAB has better rheological properties than the traditional
modified and net asphalts. Moreover, the results showed that superior structural performance of EAM
compared with the traditional hot and warm mixtures. However, recyclability, initial strength, and
total cost of the pavement construction remain matters of concern.

1.Introduction

The asphalt manufacturing industry is currently faced with two challenges. The first one being the
preference of oil refineries to produce high value-added products as opposed to low quality materials
used as asphalt binders. A reasonable explanation may be related to the lack of oil pressure in the oil
fields. Therefore, the production of binders is not the main priority for many refineries. As the main
source of industrial fuel in the plants and raw material of asphalt binder, a lack of crude oil results in
an increase in asphalt mix production costs.

The second challenge is that asphalt binder consumption is dramatically increasing due to the rapid
development of transportation infrastructure worldwide. Therefore, various types of binders are
required to meet all the requirements of utility conditions. At first glance, the higher demand for
asphalt binders is an opportunity for the asphalt industry, but the production of many high quality
binders using the limited sources of bitumen and carbon-based energy carriers are bottlenecks of the
asphalt manufacturing industry. It is necessary to develop various technologies, additives, and
recycling methods to cater the asphalt mix to paving projects to address the challenge. For example,
various types of polymers are used to modify binders. These polymers can be divided into two main
groups: elastomers and plastomers (Polacco et al. 2005, Sengoz et al. 2009). The elastomers, such as
styrene-butadiene-styrene (SBS) and styrene-isoprenestyrene, modified binder produces asphalt
mixtures with good elastic performance, enhanced cracking resistance, and improved complex
modulus (Yildirim 2007).

The plastomers (e.g., polyethylene, polypropylene, and ethylene-vinyl acetate copolymer (EVA)) used
for binder modification produce asphalt mixtures with higher stiffness and good rutting performance
(Sureshkumar et al. 2010, Fuentes-Auden ef al. 2008). Although the plastomer- or elastomer-modified
asphalt mixes meet many structural requirements of pavements, there are still some drawbacks, such
as limited improvement in elasticity, storage stability, and high thermal sensitivity (Lu and Isacsson
2001, Zhu et al. 2013).
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The asphalt pavement technologists have also tried to find sources of asphalt rejuvenators for the
extension of asphalt surface life, such as microalgae, bio-oil, swine manure, wood lignin, and waste
cooking oil (Airey et al. 2008, Fini et al. 2011, Cao ef al. 2019). Such developments have provided
great progress in asphalt pavement technology; however, the quality of asphalt binders is still a
significant concern for flexible pavement technology.

To meet the increasing demand for high-quality asphalt and reduce crude oil-based asphalt binder
consumption, production of synthetic binders represents a potential new strategy. Molecular structures
of such binders can be modified by synthetic methods to produce binders with appropriate properties
in various temperature ranges and pavement ages. For instance, Airey et. al (2008) showed that the
rheological characteristics of synthetic binders are comparable to those of traditional asphalt.
However, the high cost of synthetic binders, and the lack of infrastructure to produce these products
on a large scale have limited their application to date. Therefore, it is necessary to develop a new
generation of asphalt binders that not only have better rheological characteristics than traditional and
modified binders, but can also be produced and tested using current technologies. Epoxy asphalt
technology can fulfill these requirements. There are different types of epoxy glues with a wide variety
of applications from repairing shoes to machine manufacturing, construction materials, shipbuilding,
electronic, electrical, and the aircraft industry. The binding property of epoxy together with asphalt
can make a durable material to adhere to aggregate particles in the asphalt mixture because both are
glues. Epoxy asphalt binder (EAB) as a multi-phase material is one of the reactive polymer-modified
binders, in which thermosetting epoxy resin is mixed with a thermoplastic asphalt binder. Since there
are many types of epoxy, different binders with the required properties can be produced. It is
necessary to understand the rheological characteristics of EAB as well as the laboratory and field
performance of the epoxy asphalt mix (EAM). This state-of-the-art study attempts to promote
understanding of the epoxy asphalt binder rheology and analysis of mixture laboratory performance,
which will support the development and wider application of the technology in academic research and
industry practice. Field and functional performance of EAM were out of scope of this study.

2. Chemical Structure of Epoxy Resin

The most common used epoxy resins are products of epichlorohydrin polycondensation with phenols
(diglycidylether of bisphenol A) (Vyrozhemskyi et al. 2017). Adding sodium hydoxside (Na(oH),
catalyses the formation of hydrochloride intermediates which performs as dehydrohalogens to
neutralize the hydrochloric acid (HCl) (Xiang and Xiao 2020). This chemical reaction happens when
the temperature is 110°C over 16 h. The final organic matters are separated, dried with sodium sulfate
(NaSO4), and then slightly distilled in a vacuum environment (Hsieh et al. 2020, Raquez et al. 2010).
The common chemical structure of the epoxy resin can be expressed as linear polyether with epoxy
groups and the hydroxyl groups in Figure 1. Table 1 shows 6 main typical types of epoxy resin
categorized by ASTM D1763.
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Figure 1: The typically chemical structure of epoxy resin (Osumi 1987).

Every engineering property can be attributed to the chemical structure that exists in the epoxy resin of
the as follows (Osumi 1987, Petrie 2005):
1. Reactivity: this property can be characterized by hydroxyl and epoxy groups at the middle
and ends of main chain respectively.

2. Flexibility and chemical resistance: they are related to inclusion of bonds in the main chain.

W

Thermal stability: this parameter depends on benzene rings.

4. Adhesion: this depends upon secondary hydroxyl groups which are located along the main

chain.

Table 1: Typical types of epoxy resin based on ASTM D1763 (2013)

Types

Name

I

Bisphenol A and epichlorohydrin

II Reaction product of phenol and formaldehyde (novolacresin) and epichlorohydrin

I Cycloaliphatic and peracid epoxies

v Glycidyl esters

\Y Reaction product of epichlorohydrin and paminophenol
VI Reaction product of epichlorohydrin and glyoxal tetraphenol

In order to cure epoxy resin, a substance called curing agents reacts with the epoxy or hydroxyl
groups. The process of curing usually takes place through two different mechanisms: opening- ring
and/or polymerization. It should be noted that catalysts can begin the photopolymerization reaction
within the epoxy resin. The selection of curing agent depends on many variables, including epoxy
type, application, viscosity, pot life, curing temperature and method, shear strength and toughness
(Collyer 2012, Sancaktar 1990). Table 2 lists typical curing agents and their benefits and drawback in

more details.

Table 2: Various types of curing agent and properties (Meath 1990, Cranley 1994, Collyer 2012,

Xiang and Xiao 2020).

Type

benefit

drawback

Aliphatic amines

Easy to use

Low viscosity

Normal cure at room temperature but
rapid cure at the high temperatures
Moderate chemical resistance

Critical mix ratios

Relatively short life cycle

High potential for skin irritant

Rigid, poor peel and impact effects
Relatively weak bond strength above
80°C

High vapor pressure

exothermic

Aromatic amines

Moderate thermal and chemical stability

Solid state at the room temperature
Slow cure at the high temperature

ranges
High thermal and chemical stability Critical mix ratios
Anhydrides Rigid
Slow cure at high temperature
Easy to use High formulation cost
Polyamids Low toxicity High viscosity

High bond strength and flexibility
Normal curing at the room temperature

Weak thermal and chemical resistance
Slow curing at the elevated
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High peel and impact resistance temperatures
Odor
Polysulfides and | High moisture resistance Weak tensile strength
mercaptans Flexible Weak stability at the elevated
temperatures
Quick setting time Low speed curing at the elevated
Catalytic and High heat resistance temperatures
latent hardeners | Long pot life Weak moisture resistance
Catalytic action Rigid

In the next section curing in the epoxy asphalt binder is explained in detail. It should be noted that the
epoxy resin and curing agent can be produced through petrochemical processes and synthetic
chemical reactions. In addition, resin and curing agents can be produced using renewable natural
resources which increases the sustainability in the epoxy industry. For example, epoxy resin can be
made from vegetables, soybean, cellulose, camellia sinensis, and lignin (Kumar et al. 2018). Also, the
bio-based curing agent can be derived from citric acid, cashew nutshell, rosin, corncobs, and gallic
acid (Kumar et al. 2018). This may indicate that the source biomaterials can influence the final epoxy
resin and curing process (Cranley 1994, Mohan 2013).

3.Epoxy Asphalt Technology

3.1. Phase 1: EAB Production

Three different materials are required for the production of EAB: (1) epoxy material, (2) curing agent,
and (3) an asphalt binder. EAB has a two-phase chemical-based system. The first phase is
thermosetting epoxy resin or continuous phase (component A), and the second phase is the petroleum-
based asphalt binder or disperses phase. For the production of EAB, the curing agent and asphalt
binder are blended together (component B), refer to EAB production in Table 3. Subsequently,
component A is mixed with component B. The blend of components is cured, which results in a set of
irreversible chemical reactions. The reaction product is the three-dimensional, continuous spatial
network of epoxy in the EAB structure. The asphalt binder spheres are dispersed among the resin
(disperse phase) (Yu et al. 2009a, Huang et al. 2010, Cong et al. 2010).

Table 3: Different methods of EAB production (Xiang and Xiao 2020)

Source Component Condition of production

Step 1: Preheat the component A to 87 + 5 °C;
Step 2: Preheat the component B to 128 £ 5 °C;
Step 3: Blend the components A and B to achieve
a homogeneous mix

A: epoxy resin
Chemcosystem | B: base asphalt, curing agents
and other additives

Step 1: Preheat the component A to 150 °C

A: base asphalt Step 2: Preheat the component B and Part C 60 °C
Tough (TAF) B: epoxy resin Step 3: Blend the components B and C first,
C: curing agent Step 4: Blend the components B and C with the

component A until it is homogeneous

For EAB production based on TAF, the curing agent is a separate component called component C. In
this production method, the components A and B are asphalt binder and epoxy resin respectively. In
contrast to the previous method, the component B and C are blended together first. Then the blend is
mixed with the asphalt (refer to Table 3 for more details).

Additionally, chemical reactions begin after mixing components. These reactions eventually lead to a
cross-linked polymer structure throughout the binder structure. The final EAB is a rubber-like
elastomeric asphalt binder with a built-up polymer structure. Additionally, EAB can be treated as a
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heterogeneous blend of an asphalt binder and epoxy resin. More details about the curing reaction are
explained in the following section.

3.2. Phase 2: Curing Process of EAB

Curing plays a pivotal role in the toughening or hardening of EAB. The mechanism of curing is
complex and depends on several variables such as temperature, time, and the chemical components of
the curing agent, asphalt binder properties, and aggregate gradation. Curing begins when the epoxy
(component A) and blend of the asphalt binder and the curing agent (component B) are mixed
together. The particle size of the asphalt binder increases as the chemicals cure. Consequently, a
stable cross-linking network is formed between the asphalt binder and the epoxy resin (Yu et al
2009a, Cong et al. 2010, 2019, Huang et al. 2010). The epoxy network structure can improve various
properties of the binder (Dong and Li 2015). The epoxy resin forms a three-dimensional network that
wraps around the asphalt particles (Ai et al. 2016). This network constrains the flow of the binder
particles at elevated temperatures and makes the EAB flexible. The molecular structure obtained after
curing is of a linear and straight-chain type. However, its rigidity and recovery can be compared to
that of the resins (Takahashi et al. 2010). Both the epoxy material and asphalt are glues, and when the
two are blended together, they can bind the particles and become stronger over time as well as absorb
heat (thermosetting characteristics). Therefore, the thermosetting nature of epoxy improves the
stability of EAB against high temperature deformation, thermal cracking, moisture, and resistance to
solvents such as fuel (Alabaster et al. 2008, Chen, 2009, Cong et al. 2011, Mo et al. 2012, Sun et al.
2021).

Epoxy resins and most curing agents, such as anhydrides and aliphatic and aromatic amines, are
petroleum-based products. Some of these products are toxic, which limits their application due to
environmental concerns (Fuhaid et al. 2018). To decrease effects of temperature variation on the
curing, different types of the agents are produced. There are primarily four kinds of curing agents:
low-temperature curing agent (Kim et al. 2000); room-temperature curing (Koji et al. 2015);
Moderate temperature curing agent (Chen et al. 2007) and High-temperature curing agent (Guo 2014).
The curing method also plays a pivotal role in the quality and performance of EAB. Without the
proper curing process, epoxy resin materials may lose the ability to continue the chemical reaction,
which results in a lack of stability (Miller and Bellinger 2003).

The size of asphalt granules in EAB depends on the asphalt content, and the time, rate, temperature,
and method of curing. For example, Ai er al. (2016) reported that the asphalt particles cured by
microwave were bigger than those in EAB cured by the conventional method. The extent of curing
has been evaluated using various tests. As an example, the trend of curing can be characterized
through the evaluation of changes in the peak of the area of the 917 cm™ epoxy band using Fourier-
transform infrared spectroscopy (FTIR) (Herrington, 2010, Cong et al. 2019). Additionally, empirical
tests, such as softening point, viscosity and Marshall Stability, can be useful to study the trend of
curing (Cao et al. 2011, Ei Rahman et al. 2012, Qian et al. 2012).

Curing is a dynamic phenomenon and an endothermal reaction that requires time. Mixing the hot
aggregate and EAB accounts for 50% of curing in EAM (Cao et al. 2011). The rest of the curing
occurs after the construction of the pavement. For example, Chen et al. (2018a) recommended that the
epoxy pavement be opened to traffic after 12 h of paving due to initial curing. Also, A field study of
curing showed that the modulus of epoxy porous EAM increases by 78% after 13 days (Herrington
and Alabaster 2008). Analysis of curing by FTIR showed that at 60 °C (as upper surface pavement
temperature), the curing reaction, consisting of an epoxy ring, is completed after 7 days, while it cures
after 58 days at 20 °C, which is consistent with results of the evaluation of full curing in the field by
Widyatomoko et al. (2006). However, Takahashi et al. (2010) reported that the final strength of EAM
was obtained at 1, 2, and 4 weeks at of curing at 55 °C, 40 °C, and 30 °C, respectively, which means
the higher ambient temperature decreases curing time (Zhu 2013). In a similar study, the curing rate
increased 10-fold if the pavement temperature increases from 30 °C to 60 °C (Cao et al. 2011). In
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another study, Xu et al. (2021a) reported that the open traffic time from 21 h decreases to 6 h when
the ambient temperature raised from 25 °C to 35 °C. It means that the waiting time to open the

pavement to the traffic decreased by approximately 70% when the ambient temperature increased by
40%. It should be noted that aggregate packing plays key role in curing (Min et al. 2020).
Additionally, other environmental factors influence curing in the field. For example, when the wind
speed is higher than 10 m/s, the air is foggy, or there is dew, or relative humidity is more than 90%,
laying EAM is not permitted (Zhu 2013). The reason is that that the EAB is a thermosetting material,
any type of moisture, due to humidity, fog and dew, can absorb thermal energy of EAB which results
in reduction of temperature. Any temperature loss delays curing which results in lack of stiffness.

To simulate curing in the laboratory, the samples were cured for 50 min at 120 °C prior compaction,
and then the samples were cured for an additional 5 h at 120 °C after compaction (Qian et al. 2013,
Chen et al. 2018b). The EAM supplier recommended 121 °C as the mixing and compaction
temperature (Luo et al. 2015). Additionally, Chen et al. (2012a) recommended 5 hours at 130 °C as
the optimum laboratory curing conditioning of EAM.

When the surface is paved with EAM, the mix temperature drops to the ambient temperature. This can
result in a delay in curing. Therefore, it is better to pave the surface during the hot season because
EAM has the heat-storing capacity. For example, the heat-storing capacity of EAM used in the
pavement of the 2nd and 3rd bridge of the Yangtze river was 45 days in the summer (Zhang 2007, Liu
et al. 2010). Furthermore, curing of epoxy depends on the base or chemical compounds of the agent
(Zhou et al. 2017). As an example, to quickly open the pavement to traffic using an acid-based EAM
in cold temperatures in DaGuang Ming, China, 3000 sheets of electric blankets were applied for 13
days, called in-situ curing technique (Yan et al. 2013, Apostolidis et al. 2019a). To overcome such
shortcomings, amine-based curing agents are often recommended (Liu et al. 2010, Yin et al. 2014,
Kang et al. 2016). Amine-curing agents are more expensive than acid-curing agents, which increases
the total price of EAM (Song et al. 2017). Therefore, the best approach to achieve a satisfying curing
is selection of appropriate curing agent based on environmental factors and chemical characteristics of
epoxy resin.

If EAB as a three-component system (unmodified binder, epoxy resin, and curing agent) is compared
with traditional polymer-modified binder (PMB), as a two-component system (unmodified binder +
reactive copolymers such as polyurethanes and unmodified binder + reactive elastomeric terpolymer
(RET)), role of curing agent is the same as accelerators and activator exist in the polymers and
reactive copolymers. In other words, catalyst in EAB production is a separate material added in the
production, while the catalysts and reactive substance are incorporated in the chemical structure of
polymer materials. Furthermore, the catalyst can be added in the binder during modification process.
For example, polyphosphoric acid is added in the binder containing RET pills which leads to
crosslinking in the binder. As polyphosphoric acid is used in the bitumen—polymer mixture, the
amount of polymer needed for the modification is reduced (Jasso et al. 2015, Polacco et al. 2015).
Interaction between the catalyst and polymer improves binder rheological and chemical properties.
Selection of appropriate reactive polymer in PMB or curing agent in EAB is an effective approach to
add functional groups for obtaining specific functions of the resultant binder (Functionalization). It
should be noted that functionalization can improve rheological characteristics and chemical properties
of the binder (Zhu et al. 2014). Obviously, the rheological properties and quality of the base binder
play pivotal in the rheological properties of the PMB and EAB.

4. Rheological Characteristics of EAB

Rheological properties are one of the key indicators for the analysis of deformation and flow of a
binder. Effects of any modification in the binder structures can affect rheological characteristics.
Since asphalt binders are a multi-phase material, it is necessary to analyze binder performance at
various temperatures through different indicators. The rheological tests for asphalt binders can be
grouped into two main groups: empirical and advanced tests. The empirical tests, such as softening,
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penetration or ignition, and ring and ball softening point, provide basic information which can be
useful for contractors and consultants.

Advanced tests, using a dynamic shear rheometer, rotational viscometer, and bending beam rheometer,
and testing direct tensile strength not only provide more information about the structural response of
binder at various temperature ranges but is also useful for asphalt producers, material technologists,
and researchers for the evaluation of mix performance. Both empirical and advanced tests of EAB are
helpful. In this section, results of both the tests are evaluated. Figure 2(a) shows that the softening
point of EAB decreases as the epoxy content increases, which is consistent with results yielded by Yu
et al. (2009b), Huang and Huang (2011), and EI Rahman et al. (2012). Additionally, the penetration
(Figure 2(a)) and ductility (Figure 2(b)) of EAB increase as the epoxy content increases.
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(a) Softeningpoint versus epoxy content (b) Ductility versus epoxy content

Figure 2: Basic properties of EAB as a function of epoxy content; plotted based data reported by
Dong and Li (2015).

Two other parameters affecting the rheological characteristics of EMB are curing time and
temperature. Higher curing time and temperature increase the tensile strength, complex modulus, and
ductility of EAB. For example, Figure 3(a) illustrates the tensile trend of EAB as a function of curing
time. From the figure, the tensile strength increases with the increase in curing time for both curing
temperatures. Additionally, the epoxy type and method of preparation can influence the rheological
properties of the resultant EAB. Figure 3(b) shows that the EAB prepared using epoxy Type A has a
higher complex shear modulus (G*) compared to that of Type B. The complex shear modulus of
Type A is 962 MPa at 10 °C, which is twice that of Type B. Therefore, the stiffness of Type A is
higher than of Type B. As a result, the design of EAB means the selection of the appropriate epoxy
material, content, curing temperature, and curing time. Fuhaid et al. (2018) also reported that G*/sin &
of EAB containing a bio-based epoxy was more than 4 times higher than the value for the neat binder,
indicating that the bio-based EAM is less prone to temperature susceptibility. Moreover, EAB has a
higher storage modulus (G’) compared with the moduli of other asphalt binders (Cong et al. 2015).
The reason is that the elastic property of EAB is dominant at high temperatures (Xiao et al. 2013),
because EAB retains its physical state at the high temperatures, while the conventional binders and
polymer-modified binders become viscous (Kang et al. 2015). As an example, the storage modulus of
EAM is much higher than the loss modulus in the high-temperature ranges (Cong et al. 2015),
meaning higher elastic properties. In contrast, the loss modulus of conventional binders was higher
than their storage modulus, indicating the viscous nature of the binders. Consequently, the high elastic
characteristic of EAB decreases the creep compliance (Xiao ef al. 2011, Kang ef al. 2015, Holleran et
al. 2017) thereby increasing the recovery rate of the binder. However, it is recommended to
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characterize the effects of various epoxy types and curing agents on the viscoelastic characteristics of
EAB through master curves, black and Cole-Cole diagrams. As an instance, Huang et al. (2019)
developed some master curves for characterization of creep compliance of epoxy asphalt.

The optimum rheological design of EAB depends on the appropriate selection of curing time, asphalt
type, and epoxy type and content, and also, the optimum epoxy content depends on temperature and
the frequency test (Dong and Li 2015). Therefore, pavement service conditions, including the
environmental ambient temperature and frequency of traffic loading, should be well understood for an
optimum design of EAB. The curing method can affect the rheological characteristics of EAB. Figure
4 shows the difference in elongation and tensile strength due to curing methods. From the figure, it is
observed that the elongation and tensile strength of microwave-cured EAB is 7.6% higher than the
conventionally cured EAB. The tensile strength of microwave-cured EAB is also observed to be lower
than its conventionally cured counterparts (Figure 4(b)). In addition, use of modifier may change
curing rate and mechanism. To find optimized conditions for curing, more chemical and
microstructural tests are essential (Li et al. 2021).
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(a): Tensile strength versus curing time (b) G* versus temperature

Figure 3: Trends of tensile strength and G*; plotted based on data reported by Xiao ef al. (2011).
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Figure 4: Effect of different curing methods on the engineering properties of EAB; plotted based on
data reported by Ai ef al. (2016).

Figure 5 shows the rotational viscosity of EAB containing various epoxies at various curing times at
160 °C. The viscosity of pure epoxy (100%) is less than the viscosity of EAB immediately after the
materials are mixed (Figure 5a). However, the viscosity increases significantly after 2.5 h after mixing
(Figure 5b), indicating that curing increases the viscosity, which is consistent with the results reported
by Fuhaid et al. (2018) and Zhang et al. (2021). The incremental epoxy molecular weight results in
higher viscosity due to curing (Liu et al. 2017a). For example, Wang et al. (2021) showed that the
viscosity of the EAM increases at the higher temperatures due to the continuous cross-linking reaction
occurs during curing.

EAM is typically mixed at approximately 110 °C to 120 °C that allows 57 to 94 min of hauling (Lu
and Bors 2015). Furthermore, Cong ef al. (2011) recommended 2,000 to 3,000 mPa.s as the optimal
viscosity range of EAB for compaction (Figure 5 (b)), which is consistent with ranges recommended
by Gallagher and Vermillion (1997) and Chen et al. (2012a). From Figure 5(b), the viscosities of the
binders containing 45%, 50%, and 55% epoxy are 1,234; 1,473; and 1,360 mPa.s, respectively, which
are much lower values than the recommended 2,000 mPa.s. Additionally, the time to reach 2,000
mPa.s at the curing temperature of 110 to 130 °C varies from 48 min to 70 min (Yu et al. 2009b). In
another similar study, Li et al. (2014) recommended that the viscosity should be equal to or less than
1,000 m.Pa.s 50 min after mixing. Therefore, by knowing the target viscosity for compaction, a
combination of curing time and epoxy content can be selected. The time until the epoxy reaches 1,000
mPa.s is an indicator of haul time and operational window or reserve time. Beyond that amount of
time, the workability of mix decreases, which may result in poor EAM. For example, Takahashi et al.
(2010) found that the degree of compaction of EAM proportionally decreases over time.
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Figure 5: Viscosity of EAB containing various epoxy; plotted based on data reported by Yin ef al.

(2015).

The use of any additives or modifiers can influence the allowable construction time. For example,
Figure 6 shows the effects of mineral fiber size on the construction time. The fiber size is an effective
variable that affects viscosity. From the figure, two different trends can be observed. The first trend is
that the allowable construction time decreases as the mineral fiber size increases because the bigger
size increases EAB viscosity, thereby decreasing the workability of the mix. Therefore, determining
the optimum size of the mineral fiber is a key factor. The second trend is that the increase in fiber
content decreases the allowable construction time. To compare the effect of fiber content on the
reduction of allowable time, refer to the set Equation (1).

The slope of the equation shows the reduction of allowable time per 1% fiber content. For instance,
the slope of the equation for 8 mm fiber is 2.1 min, which indicates the allowable time decreases 2.1
min as 1% of 8§ mm-fiber is added, which is 41% and 54% larger than those related to 2-mm and 5-
mm fiber, respectively. Consequently, the lower fiber content responds to a lower extension of
allowable time of EAM construction.

In another study, Liu et al. (2017b) reported that the incorporation of ethylene vinyl acetate (EVA)
copolymer in EAM decreases the construction time from 56 min (for the control EAM or 0% EVA) to
38 min (for 4% by weight of EVA). To extend the operational window, different methodologies can
be used. For example, the use of a natural fibrous nanoclay, namely attapulgite (chemical formula
Si8020Mg5(Al)(OH)2(H20)4-4H20 with a 2:1 phyllosilicate structure) (Bradley 1940), in EAB
decreases the viscosity because of the hindrance impact of fibrous nanoclays on the molecular
movement of epoxy monomers, curing agents, and asphalt binder particles (Esmizadeh et al. 2016).
The analysis by a rotational viscometer of different percentages of attapulgite, from 0% (control) to
5%, shows that the viscosity decreases with the increased percentage (Sun et al. 2015, 2018).
Therefore, the higher percentages of attapulgite extend the paving window, and the attapulgite
performance as a viscosity-reducing agent can be compared with the warm-mix additives.
Consequently, the characteristics of modifiers play a key role in the trend of EAB viscosity. For
instance, the incorporation of mineral fibers increases the EAB viscosity, depending on fiber content
and length of the fibers (Xue and Qian, 2016).
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A useful technology to extend the paving window is the foaming process. The binder foaming
phenomenon increases the surface area of the system, resulting in lower viscosity. Afterward, the
lower viscosity of EAM enhances the workability of the mixture, prolonging the allowable time of
EAM construction. In this regard, Yu et al. (2016) found that the construction time, based on the
target viscosity of 1,000 mPa.s, of 64 min for the non-foamed EAB extended to 108, 101, and 97 min
as 1%, 2%, and 3% water was added, respectively concluding that 1% is the optimum foaming-water
percentage in the study. Beyond 1%, the viscosity of foamed EAM increased because of the deeper
degree of the chemical reaction between the epoxy resins and the curing agent, resulting in a higher
viscosity and less workability. The optimum percentage may vary depending on the curing agent and
binder type. In another study, Huang et al. (2017) recommended 2% as the optimum content of
foaming water. Also, the higher percentage of water may deaccelerate the curing process between the
epoxy and curing agent. The higher percentage of water results in an inferior rutting resistance of the
mixture due to a lack of structural consistency. Therefore, the foaming water content should not
exceed the optimum value. However, morphological analysis shows that the higher percentages of
foaming water results in smaller size epoxy granules with a more uniform distribution in the EAM
microstructure. Additionally, there is a new EAM technology that can be mixed at 160 °C to 180 °C,
which increases the hauling time from 60 to 150 min (Liu and Zhang, 2010). The use of warm
mixture asphalt (WMA) additives also decreases the viscosity of EAB, increasing the hauling time of
EAM. For example, Gong et al. (2021) showed that the elongation, tensile strength, and toughness of
EAB modified with 1% Sasobit® (as a common WMA additive) were 12%, 8%, and 15% higher than
neat EAM (without Sasobit®), respectively. Therefore, the crystalline network due to the
incorporation of Sasobit®, together with the higher stiffness of the epoxy materials, increased the
elongation and toughness of EAB. The optimum additive content depends on the additive type. Thus,
different additives have different effects on the rheological properties of EAM. The optimum additive
content or modifier depends on the target rheological characteristics because of various mechanisms.
For example, the optimum content of SBS-modified binder for EAB was 40% (by weight), based on
toughness and tensile strength of the binder, while the results of the elongation test showed the 60%
(by weight) is the optimum content (Liu ef al. 2018). Therefore, it is necessary to choose the critical
rheological property or properties to be targeted for modification.
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Additionally, the complex interaction between the epoxy resin, binder, modifiers, and additives
increases the uncertainty of the conventional thermo-rheological constitute models, such as the
fractional linear solid (FLS) model and the Huet-Sayegh (HS) model (Wu et al. 2018). The
uncertainty is due to the complicated synergistic effects of the resin, binder, additive, temperature, and
intermolecular forces. Consequently, there are no highly accepted models to predict the rheological
properties of EAB. Thus, it is recommended that the rheological behaviors of EAB are modeled by a
set of micromodels valid for a specific temperature and frequency range.

Additionally, it is necessary for the compatibility between the asphalt binder and the epoxy resin to be
evaluated. Compatibility is an essential indicator for selection of binder type and epoxy material (Min
2011). Although the higher toughness of EAB reduces temperature susceptibility, it can lead to low
temperature cracking. To improve the compatibility and toughness of EAM at a low temperature,
three different methods are proposed:

e To add natural rubber, SBS, styrene isoprene styrene block copolymers (SIS), or other elastic
materials, which effectively improve the toughness of EAB (Jiang et al. 2018, Cong et al.
2016, Yin et al. 2014, Kang et al. 2010). However, the shortcoming is that the viscosity of the
modified EAB increases substantially. The lack of compatibility between the modifier and the
epoxy can be problematic.

e To use cis-butenedioic anhydride and maleic acid as an asphalt modifier (Herrington et al.
1999). Although cis-butenedioic anhydride improves the viscoelastic properties of asphalt
binder, the higher viscosity and cost limit its application in epoxy asphalt technology
(Zher'akova and Kochkan'an 1990).

e To use curing agents with a long-chain fatty acid or anhydride that have a high compatibility
with both the asphalt binder and epoxy material (Li ef al. 2014, Zhang et al. 2010, Araki et al.
2008). This method can be consistent with epoxy asphalt technology.

e To use polyethylene glycol (PEG) in EAM. The PEG with number-average molecular weight
(Mn) of 400-800 g/mol could improve the toughness of epoxy asphalt (Min et al. 2021a). As
the Mn of PEG increases, the low-temperature resistance, toughness, and hydrophilicity of
asphalt binder improve. However, PEG chains may slightly decrease high temperature
characteristics of the asphalt.

5. Engineering Properties of EAM

5.1. Marshall Stability and Flow

Marshall Stability and Flow are common conventional asphalt mix tests to determine the optimum
binder content (OBC). This test set is relatively inexpensive and very user-friendly. Therefore, the
required test equipment can be found in many laboratories. Figure 7 shows the Marshall Stability of
EAM. It can be seen that the increase in epoxy has no significant effect on the Marshall Stability but
increases the flow. Therefore, the epoxy resin has no effect on the binder content in terms of the
Marshall Stability. This trend was similar to the other trends reported by Fuhaid et al. (2018).
Additionally, they reported that the air-void percentage of EAM and the control mixture was almost
identical. However, Ei-Rahman et al. (2012) reported that more epoxy materials increased the
Marshall Stability. Consequently, different resin types may result in various effects on the volumetric
properties of the mix and the Marshall properties. Also, the interlocking of aggregate particles plays a
pivotal role in the initial Marshall Stability of EAM (Huang et al. 2011). Further investigations are
required to characterize the effect of the epoxy resin content, type, and their interaction with aggregate
particles. In addition, the method of EAM production can affect the Marshall stability, flow and the
other mix properties. For example, Cong (2009) evaluated the effect of different blending methods of
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components for EAM production (Table 4). The effect of aggregate and filler properties should be
considered in analysis of Marshall Stability of EAM. In this regard, Xu et al., (2021b) evaluated effect
of two types of filler on the Marshal Stability of EAM. The results showed that the Marshall Stability
of EAM containing filler dust was 73% higher than the mixtures with mineral filler.

Table 4: Different blending methods in EAM
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Figure 8 illustrates the effect of different blending methods on the Marshall stabilities and volumetric
properties of EAM. From the Figure, the maximum Marshall Stability can be achieved from the
method I, while the air void and voids in the mineral aggregate (VMA) of EAM in all the methods are
almost identical. As a result, selection of the blending method may play a key role to quality control
and mix design of EAM. It should be noted that every epoxy material supplier will provide
instructions and guidelines to blends of the components and aggregate that should be followed
carefully.

EAM can also be produced with other waste materials and binder modifiers (Figure 9). For example,
Figure 9(a) shows that the Marshall stability of the EAM samples is much higher than the PMB,
indicating the higher structural performance. Furthermore, the Marshall stability of the PMB samples
decrease as the glass content increases, but the Marshall Stability of the EAM samples do not change.
The trend of the flow for both mixes are also similar; however, the flow of EAM are higher than those
of PMB. The Marshall Stability of EAM is consequently less sensitive to the glass content.
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Figure 9: Marshall Stability and flow of EAM.

Figure 9(b) also shows that the Marshall Stability of EAM modified by mineral fibers increases. The
reason is that the fiber increases the binder viscosity and bridge the microcracks formed in the mix
during the loading. Consequently, the structural performance of EAM can be improved by adding
waste glass and mineral fiber. However, the OBC may be different because of the absorption of the
modifiers or additives. For example, the waste glass particles do not absorb the binder because of their
hydrophobic nature, while the mineral fibers are hydrophilic materials. Therefore, it is expected that
the OBC in EAM increases by adding higher percentages of fiber. Moreover, the compatibility of
EAM and fiber or any modifiers/alternative materials needs further investigation. It should be noted
that adding fiber requires facilities in the production line of EAM which incurs initial costs. In
addition, workability of EAM containing fiber is matter of concern. Also, the long-term performance
of the fiber-modified EAM in terms of field aging and durability should be addressed in the life cycle
of mixture. As a result, all the uncertainty and risks in the performance EAB should be analyzed.

Other industrial by-products that can be used as an asphalt modifier are sulfur or sulfur-derived
polymers, resulting from the bulk polymerization reaction between sulfur and dicyclopentadiene
above the melting point of sulfur (Salman et al. 2016, Adam et al. 2003). Additionally, the melting
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point of the polymerized sulfur decreases with the increase in the amount of the dicyclopentadiene.
Kwon et al. (2017) showed that the melting point of the polymerized sulfur decreases to as low as
room temperature when 60% dicyclopentadiene is blended. Therefore, a cold mix of EAM can be
produced using a liquid sulfur polymer. The results show that the Marshall Stability test of the liquid
sulfur polymer EAM is 1.5 to 2.3 times higher than those of neat binders. The reason is a more stable
polymer network formed in the presence of sulfur and the curing of epoxy materials. It should be
noted that the samples should be tested after curing because the Marshall stability of samples without
enough curing does not represent structural consistency of EAM. The lack of curing results in less
stiffness which results in low Marshall stability. In addition, plastic deformation increases because of
the low stiffness in EAB.

Use of alternative aggregate is another approach to improve engineering properties of EAM. In a
laboratory study, Min ef al. (2021b) studied the effect of ceramsite as an aggregate alternative on the
Marshall Stability. The results indicated that EAM samples could meet the Marshall Stability
requirement for all the ceramsite contents under heavy and light compaction, while SBS-EAM could
only meet the requirement at lower percents. The higher strength was achieved under light
compaction of EAM because of less aggregate degradation. As a result, Min et al. (2021b)
recommended the light compaction for EAM containing ceramsite.

5.2. Rutting

EAM is characterized by a high modulus and high resistance to the rutting (Burns 1964, Dinnen 1981).
In this regard, Nakanishi et al. (2000) reported that the dynamic modulus of EAM was higher than the
stone matrix asphalt (SMA) and gussasphalt. EAM is also less prone to premature rutting owing to a
low initial dynamic stability (Ishibashi et al. 1990). The possible reason is that the higher stiffness in
EAM increases the dynamic modulus owing to a relatively higher complex Poisson’s ratio of EAM
(Wang et al. 2021, Bocci et al. 2015, Mayama 1978a, b).

Figure 10 illustrates the trend of rutting with EAM compared with that with the control sample
(traditional asphalt mix) at different instances in a laboratory study for different curing days. From the
figure, the rutting depth of EAM after 14 days of construction is equal to that of the traditional asphalt
mix (1-day mix or control mix). Subsequently, rutting decreases significantly over time with EAM,
and the rate of rutting depth varies. To characterize the effect of time, Equation 2 is proposed, which
corresponds to Figure 10. The slopes of the aforementioned equation show the rate of rutting depth
development over 1,000 cycles of loading. For example, the rutting rate of control mix (1-day control
mix) is 0.1, which means 0.1 mm per 1,000 cycles of loading while the corresponding value is 0.04
for 42-day EAM. The effect of curing on the structural response of EAM can be characterized by the
reduction in rutting using the slopes of Equation 2.
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Figure 10: Trend of rutting as a function of time at
45 °C; plotted based on data reported by Vyrozhemskyi
et al. (2017). Note: 1-day rutting results for the control
asphalt mix, but the other samples are EAM.
495
496  Although the stiffness of EAM is relatively much higher, the behavior of EAB is still assumed to be
497  viscoelastic. Therefore, the dynamic modulus test of EAM should be in the range of linear
498  viscoelasticity, which is lower or equal to 150 microstrains (Yao et al. 2013a). This linear
499  viscoelastic limit of EAB is much higher than that of the conventional and modified asphalt binders,
500 that are 20 and 100 micro-strain, respectively (Airey et al. 2004).
501  Furthermore, the incorporation of modifiers and additives improves rutting resistance and the dynamic
502  stability of EAM. For example, mineral fibers decrease the rut depth of EAM because the fiber
503 increases the stiffness of the EAB (Figure 11). From the figure, the rut depth decreases, and the
504  dynamic stability increases when the mineral fiber content increases. Additionally, the maximum
505  dynamic stability and minimum rut depth (maximum structural capacity regarding rutting) are for 6%
506 fiber.
507  Rutting, together with other failures, can accelerate failures in the asphalt pavement. Therefore, it is
508  better to evaluate the interaction between rutting and other failures. To characterize the effect, Zhong
509 et al (2017) analyzed the performance of EAM using the Hamburg wheel tracking test. The result
510 showed that no yield point after 20,000 loading cycles at 60 °C indicating superior performance. The
511  yield point indicates that rutting depth development transfers from rutting to moisture damage (i.e.,
512  moisture damage is a dominant factor in the development of rutting beyond the yield point). The
513  excellent rutting performance of EAM prevents rapid failures due to moisture because of the high
514  bonding between the aggregate and EAM. Furthermore, moisture sensitivity of EAM increases due to
515  the binder and aggregates adhesion as well as increasing the wettability of the aggregate particles
516  surface with binder (Bahmani ef al. 2021).
517  As discussed earlier, the cured samples should be tested because EAMs without sufficient curing
518  show misleading results. The samples with poor curing show the higher rut depth owing to lack of
519  stiffness.
520  Although laboratory tests, such as Hamburg wheel tracking or traditional wheel tracking test and
521  asphalt pavement analyzer, may provide satisfying results of rutting and the other propertied, it is
522  necessary to develop new test protocols, procedures, and setups to better simulate the realistic
523  conditions in the field.
524
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Figure 11: Effect of fiber content on the rut depth and dynamic stability of EAM; plotted based on
results reported by Xue and Qian (2016).

5.3. Crack Resistance

Indirect tensile strength (ITS) is a parameter used to evaluate the potential of cracking in asphalt
concrete mixtures. Laboratory results showed that EAM has a higher stiffness in terms of ITS
compared with the other modified mixtures (Zhu et al. 2004, Apostolidis et al. 2019b) because of the
high stiffness of EAB (Chen et al. 2018a, Wang et al. 2013). Additionally, oxidative aging of samples
increased the ITS of EAM. For example, Herrington and Alabaster (2008) showed that the ITS of
porous EAM are higher than for the traditional asphalt regardless of oxidation time. Furthermore, they
found that the ITS increases linearly up to 120 h for both pavements. At 186 h, there is an inflection
point, and then the ITS increases in EAM. The same inflection point is observed for the porous
control mix. The change in the trend can be related to the stiffening effects of the binders. Although
both pavements display the same trend, the values are different. It should be noted that aggregate type,
gradation, epoxy content and binder performance grade play pivotal role in crack resistance of EAM
(Bahmani et al. 2021).

Fatigue cracking is another mode of structural failures in the pavement. Cong et al. (2015) and
Nguyen and Tran (2021) carried out research on the fatigue behavior of EAM. Aa role of thumb, the
outputs indicated that the effect of temperature on the fatigue life of EAM significantly depends on
the stress level and epoxy content. The fatigue life of a mixture increases at the lower stress level and
temperature due to the high elastic property (storage modulus) of EAB. The elastic strain recovers
after unloading, which results in the dominant action of the elastic behavior in fatigue. At elevated
temperatures, the EAB may have insufficient elasticity to recover. Therefore, the plastic behavior
becomes the dominant action, which results in micro-cracks. The rates of crack initiation and
propagation are different, which depend on aggregate gradation and particle distribution. The analysis
of crack initiation and propagation based on the results of three-point bending beam samples clearly
showed that crack propagation is stopped when the coarse aggregate particles are in the process of
cracking (Chen et al. 2014), but the crack propagation continues due to cumulative stress and strain
until the pavement fails. However, the performance of EAM is superior to traditional mix in terms of
fatigue life (Yin et al. 2015, Huang 2015).

Additionally, the high ductility of EAB (Figure 2(b)) results in the higher flexural strength in the
EAM (Figure 12). The flexural strength of EAM is almost three times higher than those of PMB-
mixtures, which is consistent with results reported by Zhao et al. (2019). The similar trend was
observed in flexural strength of EAM compared to SBS-modified mixtures (Wang et al. 2021). Also,
Xu et al. (2019a) found that fatigue life of EAM is two to three times higher than SMA and
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gussasphalt. Furthermore, type of filler has significant effect on the fatigue life of EAM. As an
instance, Xu et al. (2021a) reported that the EAM samples containing filler composed of dust from
aggregate had a significantly longer fatigue life than that of the samples containing filler composed of
mineral powder.

The flexural strength of PMB is much higher than for mixes produced using the neat or unmodified
binders. The higher flexural stiffness and strain result in a high structural capacity under traffic
loading. Therefore, the thickness of the pavement layer decreases due to use of EAM. Consequently,
the use of EAM can result in lesser consumption of raw material due to lower pavement thickness.
Similarly, the superior performance of EAM in fatigue leads to less maintenance and rehabilitation,
especially for pavements subjected to heavy traffic loads.

Some field investigations showed significant fatigue failures of EAM (Changjiang et al. 2007,
Xiaohua et al. 2010), which is inconsistent with laboratory results. The reason for these failures
includes the concept of fatigue endurance in the field compared to the laboratory samples.

If the EAM is subjected to stress or strain lower than the fatigue endurance, the fatigue failures do not
appear. Once the cumulative stress/strain reaches the fatigue endurance, the fatigue failures appear
quickly. Consequently, the analysis of fatigue endurance is recommended as a criterion for the EAM
mix design and evaluation (Wang and Zhang 2019). A lack of knowledge of the fatigue response of
EAM can lead to the early failures reported in different studies (Seim 1973, Cheng et al. 2011, Chen
et al. 2011). Furthermore, the structural performance of substrate layers plays important roles in the
fatigue life of the pavement system. Thus, it is necessary to evaluate the surface and the substrate
layers together to understand the combined EAM fatigue properties better.

Moreover, there are different methodologies for the selection of fatigue endurance, which may result
in different fatigue life prediction. For example, Bhattacharjee et al. (2009) used the visco-elastic
theory to find fatigue endurance, while Brown et al. (2006) proposed the Weibull function to find the
fatigue failure criteria. Carpenter et al. (2003) and Schapery (1984) used the concepts of dissipated
energy and work potential theory for the determination of fatigue endurance, respectively.

The potential performance of EAM in terms of fatigue stiffness can be improved using fiber. The fiber
improves the structural performance of asphalt concrete via two different mechanisms:

e The fiber dispersed throughout the mixture forms a network that resists crack propagation and
prevents aggregate material from sliding to the pavement surface. Furthermore, the fiber can
evenly distribute stress and strain throughout the matrix of the mix, reducing local micro-
failures. Furthermore, the fiber bridges the cracks, which results in fewer openings. Also, load
transferring does not develop into micro-cracks due to the fibers. Therefore, fiber decelerates
the propagation of cracking, which results in higher fracture strength.

o The fiber performs as a stabilizer in the asphalt binder which decreases asphalt drain down or
binder creep due to the higher viscosity of the asphalt binder. This property is particularly
important for the porous asphalt mix or open-graded friction courses or mixes constructed for
high-temperature service condition.

There are various types of fiber materials used in asphalt mixtures. Depending on the fiber type, the
optimum content based on fatigue life is chosen. For example, Wang et al. (2019) showed that the
flexural strength of EAM increased as the fiber glass content increased. It was also shown that the
maximum fatigue life was for the EAM containing 6% and 9% fiber glass. Beyond 9%, the fatigue
life decreased because of the poor dispersion of fibers in the EAM. In another study, 9% mineral fiber
increased the fatigue life by 55% (Xue and Qian 2016). Therefore, it is expected that 9% fiber is the
optimum fiber content for EAM.
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Figure 12: Comparison between EAM and mixture using PMB; plotted based data reported by Min
et al. (2019).

6. Conclusion

A new generation of asphalt binders could be produced using a thermosetting epoxy technology
instead of a thermoplastic process relied on by traditional asphalt materials. A network formed by the
curing of epoxy materials in the structure of EAB, improving rheological characteristics. EAB can be
produced using various binder types and additives, but the compatibility should be evaluated for
quality assurance.

Due to the thermosetting nature of epoxy, it cannot be remelted by heat. Therefore, any extra curing
decreases the workability of the mix significantly. As a result, there is a limited time for transportation
of EAM because curing drastically decreases workability. WMA additives, foam technology, and
some nanomaterials can be used to extend the time of paving. However, the optimum content of
WMA additives, water for foam production, and nanomaterials depends on curing type, epoxy content,
chemical properties of the base binder. Additionally, optimum epoxy content, type, and any modifier
can be determined based on results of rheological characteristics of EAM and utility service of
pavement. A well-designed EAB is not prone phase separation, which significantly reduces the
durability of the modified asphalts.

Laboratory structural performance of EAM has been evaluated in terms of Marshall properties, ITS,
rutting, and fatigue. The results clearly indicated that the structural performance of EAM is much
higher than the conventional HMA and WMA due to strong binding of aggregate particles and binders,
as well as high stiffness of EAB. Additionally, the structural performance of EAM can be improved
using waste materials and additives. Epoxy asphalt technology is therefore compatible with many
waste materials available on the market. However, the mixing time must be carefully controlled so
that it is long enough to give a uniform coating of EAB to the aggregate particles and short enough to
delay EAB during construction.

References:

Adam, W., Bargon, R. M., and Schenk, W. A. (2003). Direct epiossification of alkenes and allenes
with elemental sulfur and thiiranes as sulfur sources, catalyzed by molybdenum oxo complexes.
American Chemical Society, 125(13), 3871-3876.

Ai, T., Xiang, S., and Wang, Z. (2016). Effects of microwave curing on the chemical and physical
properties of epoxy asphalt. Materials in Civil Engineering (ASCE), 28(11), 06016013.

Airey, G. D., Mohammed, M. H., and Fichter, C. (2008). Rheological characteristics of synthetic road
binders. Fuel, 87(10-11), 1763-1775.

19



639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687

Airey GD, Rahimzadeh B, Collop AC. (2004). Linear rheological behavior of bituminous paving
materials. Materials in Civil Engineering (ASCE),16(3):212-20.

Alabaster D, Herrington P.R, Waters J.C. (2008). Long life open-graded porous asphalt. In: Third
International Conference on Accelerated Pavement Testing, APT 2008, Madrid, Spain.

Apostolidis, P., Liu, X., van de Ven, M., Erkens, S., and Scarpas, T. (2019a). Control the crosslinking
of epoxy-asphalt via induction heating. International Journal of Pavement Engineering, 1-10.
Apostolidis, P., Liu, X., van de Ven, M., Erkens, S., and Scarpas, T. (2019b). Kinetic viscoelasticity
of crosslinking epoxy asphalt. Transportation Research Record, 2673(3), 551-560.

Araki, W., Wada, S., and Adachi, T. (2008). Viscoelasticity of epoxy resin/silica hybrid materials
with an acid anhydride curing agent. Applied Polymer Science, 108(4), 2421-2427.

ASTM D 1763. (2013). Standard specification for epoxy resins. West Conshohocken, Pennsylvania,
USA.

Bahmani, H., Sanij, H. K., & Peiravian, F. (2021). Estimating Moisture Resistance of asphalt mixture
containing epoxy resin using Surface Free Energy Method and Modified Lottman test. International
Journal of Pavement Engineering, 1-13.

Bhattacharjee, S., Swamy, A. K., and Daniel, J. S. (2009). Application of elastic—Viscoelastic
correspondence principle to determine fatigue endurance limit of hot-mix asphalt. Transportation
Research Record, 2126(1), 12-18.

Bocci, E., Graziani, A., and Canestrari, F. (2015). Mechanical 3D characterization of epoxy asphalt
concrete for pavement layers of orthotropic steel decks. Construction and Building Materials, 79,
145-152.

Bradley, W. (1940). The structural scheme of attapulgite. Am Miner, 25:405-10.

Brown., E.R. (2006). Methods for determining the endurance limit using beam fatigue tests.
International Conference on Perpetual Pavement, 13-15.

Burns C.D. (1964). Laboratory and field study of epoxy-asphalt concrete, Technical Report 3-368, US
Army Engineer Waterways Experiment Station, US Corps of Engineers, USA.

Cao, X.J,, Lei, Y. B., Wang, W., and Tang, B. M. (2011). A curing model for epoxy asphalt concrete
and its implementation for construction. International Journal of Pavement Research and Technology,
4(3), 140-14e.

Cao, W., Wang, Y., and Wang, C. (2019). Fatigue characterization of bio-modified asphalt binders
under various laboratory aging conditions. Construction and Building Materials, 208, 686-696.
Carpenter, S. H., Ghuzlan, K. A., and Shen, S. (2003). Fatigue endurance limit for highway and
airport pavements. Transportation Research Record, 1832(1), 131-138.

Changjiang, H., Zhendong, Q., Jianwei, W., and Guangyi, H. (2007). Research on failures treatment
technique of epoxy asphalt concrete steel deck bridge surfacing. Tramsportation Science and
Technology, 5.

Chen, L.X., Tian, H., Liu, Q.W., and Wang. J. (2007). Curing reaction kinetics of epoxy resin using
dicyandiamide modified by aromatic amines, Wuhan University Journal of Natural Science. 12 (6),
1105-1108.

Chen X. (2009). On the fracture properties of epoxy asphalt mixture with SCB test. Taylor & Francis
Group, ISBN 978-0-415-55854-9, London, UK, 531-540.

Chen., LL., Qian., Z.D., Luo., S. (2011). Assessment of crack sealing materials and techniques for
epoxy asphalt pavement on steel bridges decks. Transportation Research Board of the National
Academies, Washington, D.C. USA.

Chen, L. L., Qian, Z. D., and Jiang, C. L. (2012a). Research on strength developing procedure of
epoxy asphalt mixture. In Ninth Asia Pacific Transportation Development Conference, American
Society of Civil Engineers and International Chinese Transportation Professionals Association T. Y.
Chen, L., Qian, Z., and Lu, Q. (2014). Crack initiation and propagation in epoxy asphalt concrete in
the three-point bending test. Road Materials and Pavement Design, 15(3), 507-520.

20



688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

Chen, C., Eisenhut, W. O., Lau, K., Buss, A., and Bors, J. (2018a). Performance characteristics of
epoxy asphalt paving material for thin orthotropic steel plate decks. International Journal of
Pavement Engineering, 1-11.

Chen, C., Eisenhut, W. O., Lau, K., Ingram, A., and Bors, J. (2018b). Stiffening thin orthotropic deck
structures with thermoset epoxy asphalt for improved fatigue resistance. In Civil Infrastructures
Confronting Severe Weathers and Climate Changes Conference, Springer Publisher, Heidelberg,
Germany, 32-43.

Collyer, A. A. (Ed.). (2012). Rubber toughened engineering plastics. Springer Science & Business
Media.

Cong, P., Jianying, Y., and Shuanfa, C. (2010). Effects of epoxy resin contents on the rheological
properties of epoxy-asphalt blends. Applied Polymer Science, 118(6), 3678-3684.

Cong, P., Chen, S., and Yu, J. (2011). Investigation of the properties of epoxy resin-modified asphalt
mixtures for application to orthotropic bridge decks. Applied Polymer Science, 121(4), 2310-2316.
Cong, P., Liu, N., Shang, H., and Zhao, H. (2015). Rheological and fatigue properties of epoxy
asphalt binder. International Journal of Pavement Research and Technology, 8(5), 370-376.

Cong, P., Tian, Y., Liu, N., and Xu, P. (2016). Investigation of epoxy - resin - modified asphalt
binder. Applied Polymer Science, 133(21).

Cong, P., Luo, W., Xu, P., and Zhang, Y. (2019). Chemical and physical properties of hot mixing
epoxy asphalt binders. Construction and Building Materials, 198, 1-9.

Cranley, P.E. Paint and Coatings Industry, 1994.

Cubuk, M., Giirii, M., and Cubuk, M. K. (2009). Improvement of bitumen performance with epoxy
resin. Fuel, 88(7), 1324-1328.

Dinnen, A. (1981). Epoxy Bitumen for Critical Road Conditions, Proceedings of the 2nd Eurobitume
Symposium, Cannes, France, Vol. 2, p. 294-296.

Dong, Z., and Li, L. P. (2015). Study on dynamic mechanical properties and microstructure of epoxy
asphalt. In 2015 International Conference on Applied Science and Engineering Innovation. Atlantis
Press.

Dubowik DA, Ross GC. (2001). 4 novel waterborne epoxy resin for zero-void, two component
coating. In: 2000, International Waterborne High-Solids and Powder Coatings Symposium, New
Orleans, USA.

El Rahman, A. A., El-Shafie, M., and El Kholy, S. A. (2012). Modification of local asphalt with
epoxy resin to be used in pavement. Egyptian Journal of Petroleum, 21(2), 139-147.

Esmizadeh E, Naderi G, Yousefi AA, Milone C. (2016). Investigation of curing kinetics of epoxy
resin/novel nanoclay—carbon nanotube hybrids by non-isothermal differential scanning calorimetry.
Thermal Analysis and Calorimetry,126:771-84.

Fini, E. H., Kalberer, E. W., Shahbazi, A., Basti, M., You, Z., Ozer, H., and Aurangzeb, Q. (2011).
Chemical characterization of biobinder from swine manure: Sustainable modifier for asphalt binder.
Materials in Civil Engineering (ASCE), 23(11), 1506-1513.

Fuentes-Auden, C., Andres Sandoval, J., Jerez, A., Navarro, F.J., Martinez-Boza, F.J., Partal, P., C.
and Gallegos, C. (2008). Evaluation of thermal and mechanical properties of recycled polyethylene
modified bitumen. Polymer Testing, 25 (8): 1005-1012.

Fuhaid, A. A., Lu, Q., and Luo, S. (2018). Laboratory Evaluation of biobased epoxy asphalt binder for
asphalt pavement. Materials in Civil Engineering (ASCE), 30(7),1-8.

Gallagher, K.P and Vermillion, D.R. (1997). Thermosetting asphalt having continuous phase polymer,
U.S. Pat: 5604274. Lin International Group Chongqing Urban Planning Bureau.

Gong, J., Liu, Y., Jiang, Y., Wang, Q., Xi, Z., Cai, J., and Xie, H. (2021). Performance of epoxy
asphalt binder containing warm-mix asphalt additive. International Journal of Pavement Engineering,
1-10.

Guo. X. (2014). Epoxy resin adhesives with high-temperature and study its curing reaction kinetics,
Donghua University, Shanghai, China.

21



738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788

Herrington, P. R., Wu, Y., and Forbes, M. C. (1999). Rheological modification of bitumen with
maleic anhydride and dicarboxylic acids. Fuel, 78(1), 101-110.

Herrington, P.R, and Alabaster, D. (2008). Epoxy modified open-graded porous asphalt. Road
Materials and Pavement Design, 9(3), 481-498.

Holleran, G., Holleran, 1., Bearsley, S., Dubois, C. J., and Wilson, D. (2017). Epoxy asphalt for
durability of open graded mixes: part 1 performance approaches. In 17th AAPA International
Flexible Pavements Conference, Australian Asphalt Paving Association, Melbourne, Australia, 13-16.
Hsieh, T. H., Kinloch, A. J., Masania, K., Lee, J. S., Taylor, A. C., & Sprenger, S. (2010). The
toughness of epoxy polymers and fibre composites modified with rubber microparticles and silica
nanoparticles. Materials Science, 45(5), 1193-1210.

Huang, K., Xia, J. L., and Ding, H. Y. (2010). Properties of thermosetting epoxy asphalt materials
prepared from modified epoxy resin. Thermosetting Resin, 25(1), 35-39.

Huang, M., and Huang, W. (2011). 4Analyses of viscosity variation in solidifying procedure of epoxy
asphalt. In Third International Conference on Transportation Engineering (ICTE) American Society
of Civil Engineers China Communications and Transportation Association.

Huang, W, Li, X., Qian, Z., and Li, Z. (2011). Analysis on mechanical mechanism of thermosetting
epoxy asphalt concrete using mesomechanics approach. In 11th International Conference of Chinese
Transportation Professionals (ICCTP) American Society of Civil Engineers, National Natural Science
Foundation of China, Nanjing, China.

Huang, W. (2015). Integrated design procedure for epoxy asphalt concrete—based wearing surface on
long-span orthotropic steel deck bridges. Materials in Civil Engineering (ASCE), 28(5), 04015189.
Huang, m., Wen, X., and Wang, L. (2017). Influence of foaming effect, operation time and health
preserving properties of foam epoxy asphalt mixtures. Construction and Building Materials, 151, 931-
938.

Huang, M., and Wen, X. (2019). Experimental study on photocatalytic effect of nano TiO2 epoxy
emulsified asphalt mixture. Applied Sciences, 9(12), 2464.

Ishibashi, et al. (1990). Prefabricated orthotropic steel deck paving, pavement, Vol. 25, No. 9. Japan
Road Association, 2007. Waterproofing Handbook for Highway Bridge Slabs, Tokyo, Japan.

Jasso, M., Hampl, R., Vacin, O., Bakos, D., Stastna, J., & Zanzotto, L. (2015). Rheology of
conventional asphalt modified with SBS, Elvaloy and polyphosphoric acid. Fuel Processing
Technology, 140, 172-179.

Jiang, Y., Liu, Y., Gong, J., Li, C., Xi, Z., Cai, J., and Xie, H. (2018). Microstructures, thermal and
mechanical properties of epoxy asphalt binder modified by SBS containing various styrene-butadiene
structures. Materials and Structures, 51(4), 86.

Kang, Y., Chen, Z., Jiao, Z., and Huang, W. (2010). Rubber-like thermosetting epoxy asphalt
composites exhibiting atypical yielding behaviors. Applied Polymer Science, 116(3), 1678-1685.
Kang, Y., Song, M., Pu, L., and Liu, T. (2015). Rheological behaviors of epoxy asphalt binder in
comparison of base asphalt binder and SBS modified asphalt binder. Construction and Building
Materials, 76, 343-350.

Kang, Y., Wu, Q., Jin, R., Yu, P., and Cheng, J. (2016). Rubber-like Quasi-thermosetting
polyetheramine-cured epoxy asphalt composites capable of being opened to traffic immediately.
Scientific Reports, 6, 18882.

Kim, J.S., Chin, LJ., Lee, B.S. (2000). Curing of DGEBA epoxy with modified low- temperature
curing agents, Environmental Sciences and Pollution Management, Seoul, Korea.

Koji, A., Sawako, K. kenji, K., and Masahiro, F. (2015). Imidazole derivatives as latent curing agents
for epoxy thermosetting resins, Material Letters, 161, 408—410.

Kumar, S., Samal, S. K., Mohanty, S., & Nayak, S. K. (2018). Recent development of biobased epoxy
resins: a review. Polymer-Plastics Technology and Engineering, 57(3), 133-155.

Kwon, H., Lee, A. S., Lee, J. H., Park, N. K., Kim, G. D., Cho, B., and Yu, S. (2017).
Characterization of liquid state sulfur polymer/epoxy blend as asphalt pavement materials. Industrial
and Engineering Chemistry, 53, 386-391.

22



789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839

Liu, X.W. and Zhang, X.N. (2010). Application of Japanese TAF epoxy asphalt concrete in deck
pavement bridge tunnel machinery construction. Technology, 1, 69-71. (in Chinese)

Liu Y, Xi Z, Cai J, Xie H. (2017a). Laboratory investigation of the properties of epoxy asphalt.
Materials and Structure, 50:219.

Liu, Y., Zhang, J., Chen, R., Cai, J., Xi, Z., and Xie, H. (2017b). Ethylene vinyl acetate copolymer
modified epoxy asphalt binders: phase separation evolution and mechanical properties. Construction
and Building Materials, 137, 55-65.

Liu, Y., Zhang, J., Jiang, Y., Li, C., Xi, Z., Jun Cai, J., and Xie, H. (2018). Investigation of secondary
phase separation and mechanical properties of epoxy SBS-modified asphalts. Construction and
Building Materials, 165, 163-172.

Li, S., Huang, K., Yang, X., Li, M., and Xia, J. (2014). Design, preparation and characterization of
novel toughened epoxy asphalt based on a vegetable oil derivative for bridge deck paving. RSC
Advances, 4(84), 44741-44749.

Li, Y., Cao, D., Zhang, Y., & Jia, X. (2021). Performance of a dry-method-epoxy modifier and a
modified epoxy-asphalt mixture. Construction and Building Materials, 266, 120229.

Luo, S., Lu, Q., and Qian, Z. (2015). Performance evaluation of epoxy modified open-graded porous
asphalt concrete. Construction and Building Materials, 76, 97-102.

Lu, X.H., and Isacsson, U. (2001). Modification of road bitumens with thermoplastic polymers.
Polymer Testing, 20 (1), 77-86.

Mayama, M. (1978a). Mechanical Properties of Epoxy Asphalt Mixtures. The Japan Petroleum
Institute, 21(1), 68-76 (In Japanese).

Mayama, M. (1987b). Vibrating and Mechanical Properties of Ferrite-Epoxy Mixtures. Doboku
Gakkai Ronbunshu, (385), 59-68. (In Japanese)

Meath, A.R. Handbook of Adhesives, New York, 1990.

Miller, J. S., and Bellinger, W. Y. (2003). Distress identification manual for the long-term pavement
performance program. Rep. No. FHWARD- 03-031, Federal Highway Administration, Washington,
DC, USA.

Min, Z., Zhou, L., Wang, Q., and Zhang, Y. (2019). Performance Evaluation of epoxy-asphalt mixture
blended with glass aggregate. Materials in Civil Engineering (ASCE), 31(6), 04019083.

Min, Z., Sun, L., Wang, Q., and Yu, Z. (2020). Influence of aggregate packing on the performance of
uncured and cured epoxy asphalt mixtures. Materials in Civil Engineering (ASCE), 32(5), 04020103.
Min, Z., Wang, Q., Xie, Y., Xie, J., & Zhang, B. (2021a). Influence of polyethylene glycol (PEG)
chain on the performance of epoxy asphalt binder and mixture. Construction and Building Materials,
272,121614.

Min, Z., Yu, Z., & Wang, Q. (2021). Behaviours of incorporating ceramsite into epoxy asphalt
mixture as thermal resistance aggregates. International Journal of Pavement Engineering, 1-15.

Mo, L. T., Fang, X., Yan, D. P., Huurman, M., & Wu, S. P. (2012). Investigation of mechanical
properties of thin epoxy polymer overlay materials upon orthotropic steel bridge decks. Construction
and Building Materials, 33, 41-47.

Mohan, P. (2013). A critical review: the modification, properties, and applications of epoxy resins.
Polymer-Plastics Technology and Engineering, 52(2), 107-125.

Nakanishi, H., Okochi, T., and Goto., K. (2000). The structural evaluation for an asphalt pavement on
a steel plate deck. In World of Asphalt Pavements, International Conference, 1st, 2000, Sydney, New
South Wales, Australia.

Nguyen, Q. T., & Tran, T. C. H. (2021). Experimental investigation of fatigue behavior for polymer
modified asphalt and epoxy asphalt mixtures. In Proceedings of the 3rd International Conference on
Sustainability in Civil Engineering, Springer, Singapore, 161-166.

Osumi, Y. (1987). One-Part Epoxy Resin. Three Bond Technical News, 19(1), 1-10.

Petrie, E. M. (2005). Epoxy adhesive formulations. McGraw Hill Professional, New York, USA.
Polacco, G., Berlincioni, S., Biondi, D., Stastna, J., and Zanzotto, L. (2005). Asphalt modification
with different polyethylene-based polymers. European Polymer Journal, 41 (12), 2831-2844.

23



840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888

Polacco, G., Filippi, S., Merusi, F., and Stastna, G. (2015). A review of the fundamentals of polymer-
modified asphalts: Asphalt/polymer interactions and principles of compatibility. Advances in colloid
and Interface Science, 224, 72-112.

Qian, Z., Chen, L., Wang, Y., and Shen, J. (2012). Curing reaction model of epoxy asphalt binder.
Journal of Wuhan University of Technology, Material Science, 27(4), 763-767.

Qian, Z., Chen, C., Jiang, C., and de Fortier Smit, A. (2013). Development of a lightweight epoxy
asphalt mixture for bridge decks. Construction and Building Materials, 48, 516-520.

Qian, Z. D., Liu, Y., Liu, C. B., and Zheng, D. (2016). Design and skid resistance evaluation of
skeleton-dense epoxy asphalt mixture for steel bridge deck pavement. Construction and Building
Materials, 114, 851-863.

Raquez, J. M., Deléglise, M., Lacrampe, M. F., & Krawczak, P. (2010). Thermosetting (bio) materials
derived from renewable resources: a critical review. Progress in Polymer Science, 35(4), 487-509.
Salman, M. K., Karabay, B., Karabay, L. C., and Cihaner, A. (2016). Elemental sulfur - based
polymeric materials: Synthesis and characterization. Applied Polymer Science, 133(28).

Sancaktar, E. (1990). Engineered Materials Handbook, Vol. 3: Adhesives and Sealants.

Schapery, R. A. (1984). Correspondence principles and a generalized integral for large deformation
and fracture analysis of viscoelastic media. International Journal of Fracture, 25(3), 195-223.

Seim., C. (1973). Skid resistance of epoxy asphalt pavements on California Toll bridges. In Skid
Resistance of Highway Pavements. West Conshohocken, Pennsylvania, USA, 41-59.

Sengoz, B., Topal, A., and Isikyakar, G. (2009). Morphology and image analysis of polymer-modified
bitumens, Construction and Building Materials, 23 (5),1986—1992.

Song, M., Liang, R., Deng, J., and Kang, Y. (2017). Sealed accelerants facilitate epoxy asphalt
concretes opening to traffic quickly. Construction and Building Materials, 147, 1-8.

Sun, Y., Zhang, Y., Xu, K., Xu, W., Yu, D., Zhu., L. (2015). Thermal, mechanical properties, and
low-temperature performance of fibrous nanoclay-reinforced epoxy asphalt composites and their
concretes. Applied Polymer Science,132(12), 41694(1-9).

Sun, Y., Liua, Y., Jianga, Y., Xua, K., Xib, Z., and Xie, H. (2018). Thermal and mechanical properties
of natural fibrous nanoclay reinforced epoxy asphalt adhesives. International Journal of Adhesion and
Adhesives, 85: 308-314.

Sun, Y., Liu, Y., Gong, J., Han, X., Xi, Z., Zhang, J., ... & Xie, H. (2021). Thermal and bonding
properties of epoxy asphalt bond coats. Journal of Thermal Analysis and Calorimetry, 1-13.
Sureshkumar, M.S., Filippi, S., Polacco, G., Kazatchkov, I., Stastna, J., and Zanzotto, L. (2010).
Internal structure and linear viscoelastic properties of EVA/asphalt nanocomposites. European
Polymer Journal, 46 (4), 621-633.

Takahashi, M., and Shimazaki, M., and Aoki, M. (2010). Applicability of bright-colored epoxy
asphalt mixture for repair of concrete pavements in tunnels, 11™ International Symposium of Asphalt
Pavements (ISAP), Nagoya, Japan.

Vyrozhemskyi, V., Kopynets, 1., Kischynski, S., and Bidnenko, N. (2017). Epoxy asphalt concrete is
a perspective material for the construction of roads, IOP Conference Series: Materials Science and
Engineering. Building up Efficient and Sustainable Transport Infrastructure (BESTInfra2017), Prague,
Czech Republic.

Wang, Y., Ye, J, Liu, Y., Qiang, X., and Feng, L. (2013). Influence of freeze thaw cycles on
properties of asphalt-modified epoxy repair materials. Construction and Building Materials. 41, 580-
585.

Wang, X., Wu, R., and Zhang, L. (2019). Development and performance evaluation of epoxy asphalt
concrete modified with glass fibre. Road Materials and Pavement Design, 20(3), 715-726.

Wang, X., Ma, B., Chen, S., Wei, K., & Kang, X. (2021). Properties of epoxy-resin binders and
feasibility of their application in pavement mixtures. Construction and Building Materials. 295,
123531.

24



889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937

Widyatmoko, I., Zhao, B., Elliot, R. C., and Lloyd, W. G. (2006). Curing characteristics and the
performance and durability of epoxy asphalts. In Proceedings of the 10th Conference on Asphalt
Pavements, Quebec, Canada, 12-17.

Wu, Q., Wanga, C., Liang, R., Liu, Y., Cheng, J., and Kang, Y. (2018). Fractional linear viscoelastic
constitutive relations of anhydride-cured thermosetting rubber-like epoxy asphalt binders.
Construction and Building Materials, 170, 582-590.

Xiang, Q., and Xiao, F. (2020). Applications of epoxy materials in pavement engineering.
Construction and Building Materials, 235, 117529.

Xiaohua Zhou, Zong Hai, Yihe and Tong, Yuli. (2010). The diseases analysis of steel bridge deck
pavement of Epoxy Asphalt concrete highway. Traffic Science and Technology, 26 (8), pp. 105-107.
Xiao, Y., Van de ven, M.F.C., Molennar, A.A.A., and Zandvoort, F. (2011). Characteristics of two-
components epoxy modified bitumen. Materials and Structures, (44): 611-622.

Xiao, Y., Van de Ven, M. F. C., Molenaar, A. A. A., Su, Z., and Chang, K. (2013). Design approach
for epoxy modified bitumen to be used in antiskid surfaces on asphalt pavement. Construction and
Building Materials, 41, 516-525.

Xue, Y., and Qian, Z. (2016). Development and performance evaluation of epoxy asphalt concrete
modified with mineral fiber. Construction and Building Materials, 102, 378-383.

Xu, X., Yang, X., Huang, W., Xiang, H., and Yang, W. (2019). New damage evolution law for steel—
asphalt concrete  composite pavement considering wheel load and temperature
variation. Materials, 12(22), 3723.

Xu, J., Ma, B., Mao, W., & Wang, X. (2021a). Strength characteristics and prediction of epoxy resin
pavement mixture. Construction and Building Materials, 283, 122682,

Xu, W., Wei, J., Chen, Z., Wang, F., & Zhao, J. (2021b). Evaluation of the effects of filler fineness on
the properties of an epoxy asphalt mixture. Materials, 14(8), 2003.

Yan, C.X., Li, Z.G., and Cao, S.C. (2013). Epoxy asphalt pavements in Chinese cold regions low
temperature. Architecture Technology, 6, 18-20.

Yao, B., Cheng, G., Wang, X., Cheng, C., and Liu, S. (2013a). Linear viscoelastic behaviour of
thermosetting epoxy asphalt concrete — experiments and modelling. Construction and Building
Materials, 48, 540-547.

Yildirim, Y. (2007). Polymer modified asphalt binders. Construction and Building Materials, 21(1),
66-72.

Yin, H., Jin, H., Wang, C., Sun, Y., Yuan, Z., Xie, H., ... and Cheng, R. (2014). Thermal, damping,
and mechanical properties of thermosetting epoxy-modified asphalts. Thermal Analysis and
Calorimetry, 115(2), 1073-1080.

Yin, H., Zhang, Y., Sun, Y., Xu, W., Yu, D., Xie, H., and Cheng, R. (2015). Performance of hot mix
epoxy asphalt binder and its concrete. Materials and Structures, 48(11), 3825-3835.

Yu, J., Cong, P., Wu, S., and Cheng, S. (2009a). Curing behaviour of epoxy asphalt. Wuhan
University of Technology-Material Science Edition, 24(3), 462-465.

Yu, J., Cong, P., and Wu, S. (2009b). Laboratory investigation of the properties of asphalt modified
with epoxy resin. Applied Polymer Science, 113(6), 3557-3563.

Yu, X., Dong, F., Ding, G., Liu, S., and Shen, S. (2016). Rheological and microstructural properties of
foamed epoxy asphalt. Construction and Building Materials, 114, 215-222.

Zhang, D.J. (2007). Epoxy asphalt concrete pavement of Nanjing Changjiang 3rd Bridge, Highways 9,
21-25.

Zhang, X.L., Zhang, W.N., Liu, J., and Chen., Y.R. (2010). Application of hyperbranched polyesters
in modification of epoxy resins, Chemical Adhesion, 32 (3): 51-55.

Zhang, J., Su, W., Liu, Y., Gong, J., Xi, Z., Zhang, J., ... & Xie, H. (2021). Laboratory investigation
on the microstructure and performance of SBS modified epoxy asphalt binder. Construction and
Building Materials, 270, 121378.

25



938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954

Zhao, Y., Jiang, J., Ni, F., and Zhou, L. (2019). Fatigue cracking resistance of engineered
cementitious composites (ecc) under working condition of orthotropic steel bridge decks pavement.
Applied Sciences, 9(17), 3577.

Zher'akova, G., and Kochkan'an, R. (1990). Reactivity and structure investigation of coals in reaction
with dienophiles. Fuel, 69(7), 898-901.

Zhong, K., Yang, X., and Wei, X. (2017). Investigation on surface characteristics of epoxy asphalt
concrete pavement. International Journal of Pavement Research and Technology, 10(6), 545-552.
Zhou, W., Xia, Y., Tsai, F. C,, Jiang, T., Zhao, H., and Wen, J. (2017). Effects of compound curing
agent on the thermo-mechanical properties and structure of epoxy asphalt. International Journal of
Pavement Engineering, 18(10), 928-936.

Zhu, J., Chen, Z, Min, Z., Huang, W., and Wang, J. (2004). Study on epoxy resin modified asphalt
materials for highway. South East University (Natural Science Edition), 515-517 (In Chinese).

Zhu, C. (2013). Japan TAF epoxy asphalt concrete design and steel bridge deck pavement
construction technology. In Applied Mechanics and Materials. Transportation Technical Publications,
Genev, Switzerland, 330, 905-910.

Zhu, J., Birgisson, B., and Kringos, N. (2014). Polymer modification of bitumen: Advances and
challenges. European Polymer Journal, 54, 18-38.

26



