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ABSTRACT
Asphalt pavement is the major type of pavement worldwide for its various advantages, such as
driving comfortability, low noise and ease of maintenance. However, the production and
construction of conventional hot-mix asphalt (HMA) must be conducted at high temperature,
leading to significant energy consumption and potential hazardous emissions. To address the
environmental concerns of HMA, bitumen emulsion can be applied as a cold binder in place
of asphalt cement, because its viscosity is low enough at ambient temperature to achieve good
workability. Nevertheless, bitumen emulsion faces the major concern of poor mechanical
performance especially at high service temperatures. Recently, waterborne epoxy resin has
emerged as a promising high-performance modifier which can significantly improve the
mechanical performance of bitumen emulsion, while maintaining its advantage of ambient
temperature construction. However, the modification mechanism of waterborne epoxy resin
and its effects on the microstructure, rheology, aging, and fatigue of bitumen emulsion have
not been fully understood yet. To fill this gap, this study aims to investigate the modification
mechanism of waterborne epoxy resin and comprehensively evaluate its effects on the
performances of bitumen emulsion.
To achieve the objectives of this study, a waterborne curing agent for epoxy resin was first
synthesized in lab, which was then used to prepare the waterborne epoxy resin emulsion. The
waterborne epoxy resin emulsion was subsequently mixed with bitumen emulsion in various
percentages to produce the waterborne epoxy resin modified bitumen emulsions (WEMBEs),
and the waterborne epoxy resin modified bitumen emulsion residues (WEBERs) were obtained
after the drying process. Finally, comprehensive laboratory tests and constitutive modelling
were conducted to characterize the properties of both WEMBEs and WEBERs, followed by a
case study to demonstrate the performance of WEMBE as a tack coat material.
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The characterization tests conducted on the WEMBEs mainly include the confocal laser
scanning microscopy (CLSM) test, zeta potential test, and viscosity test, which evaluates the
morphology, stability, and viscosity properties of the WEMBEs, respectively. It was found that
stability of bitumen emulsion was not affected by waterborne epoxy resin. All bitumen
emulsions showed shear-thinning behavior within the low shear rate range (0-10 s-1). But
within the high shear rate range (10-200 s-1), the pure bitumen emulsion behaved like a
Newtonian fluid, while WEMBE showed shear-thickening behavior.
To evaluate the performance of the WEBERs, the CLSM test, dynamic shear rheometer (DSR)
test, pressure aging vessel (PAV) test, time-sweep and linear amplitude sweep (LAS) tests,
boiling test, and bond strength test were conducted to characterize the distribution of
waterborne epoxy resin in bitumen, the rheological properties, aging performance, fatigue
performance and moisture susceptibility of the WEBERs, and the bonding between the
WEMBEs and aggregate, respectively. The results indicated that the cured waterborne epoxy
resin formed an inter-connected polymer-rich film when the waterborne epoxy resin content
reached 3wt%. Such structure can dramatically improve the high temperature performance,
fatigue resistance, aging resistance, adhesion with aggregate, and moisture damage resistance
of the bitumen emulsion. Furthermore, it was found that the “2S2P1D” model can well describe
the dynamic response of the WEBERs under loading in the frequency domain irrespective of
the waterborne epoxy resin contents, and the Prony series can well fit the modulus data of the
WEBERs in both the frequency and time domains.
Overall, the outcome of this study suggested that waterborne epoxy resin can effectively
improve the mechanical performance of bitumen emulsion. Apart from the tack coat
application which has been explored in this study, WEMBE is also a very promising highperformance cold binder for various other paving applications, such as pavement surface
treatment, cold recycling, and cold mixes.
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CHAPTER 1 INTRODUCTION
1.1 Background
Over the past decades, Portland cement and bituminous materials have been extensively used
as the bonding materials for rigid and flexible pavements, respectively [1]. Due to its various
advantages, such as quick traffic opening, comfortable riding, and lower traffic noise,
bituminous pavement has become the dominant type of pavement in most countries [2, 3]. As
bitumen is a viscoelastic material, it behaves like an elastic solid at low temperatures, and acts
as a viscous liquid at elevated temperatures [4]. Correspondingly, rutting, fatigue cracking, and
low-temperature cracking are typical distresses for bituminous pavement at high, intermediate,
and low service temperatures, respectively. To improve the performance of the raw bitumen,
various polymers have been used as modifiers [5, 6].
Polymer modified asphalt binders have been successfully used in pavement construction,
which provide increased resistance to permanent deformation and thermal cracking, improved
fatigue performance, and decreased moisture susceptibility [7]. The commonly used polymers
for bitumen modification include styrene-butadiene-styrene (SBS), styrene butadiene rubber
(SBR), ethylene vinyl acetate (EVA), and crumb rubbers. However, these polymers must be
mixed with bitumen and applied at high temperatures, leading to inevitable short-term aging
of the binder due to the high production temperature [8]. In addition, the high-temperature
mixing and application may produce significant amount of volatile organic compounds (VOC)
and greenhouse gas (GHG) emissions, such as carbon dioxide (CO2) and sulfur dioxide (SO2)
[9], which negatively affect the environment and personal health. The preparation and
application of polymer modified asphalt binders also consumes large quantity of fossil fuels.
Thus, from the environmental point of view, it is desirable that asphalt binder is applied at a
lower temperature or even ambient temperature.
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Bitumen emulsion, i.e., an emulsion of bitumen droplets dispersed in water, has been widely
used in various paving applications, such as tack coat, pavement surface treatment, cold
recycling, and cold mixes [10]. Since bitumen emulsion has water as the continuous phase, its
viscosity is low enough to achieve good workability at ambient temperature [11], thereby
eliminating the heating requirement and reducing the energy consumption and hazardous
emissions during the manufacturing and construction. However, bitumen emulsion faces the
major concern of low mechanical strength especially at high service temperatures [12-15]. To
improve the mechanical performance of bitumen emulsion, it is desirable to modify the
bitumen emulsion using polymers. Both solid polymers and polymer latexes have been applied
for such purpose. However, the solid polymers must be mixed homogeneously with bitumen
before emulsification. Such method still constitutes the preparation of polymer modified
bitumen at high temperature, and the emulsification of the polymer modified bitumen is
difficult because of the high viscosity. In contrast, polymer latexes are more favoured as they
can be mixed with bitumen emulsion easily because of their liquid form, which represents a
major advantage over the solid polymer method. In addition, the latex modification generally
leads to similar performance benefits in bitumen emulsion residues as those obtained from solid
polymer modified binders, such as higher resistance to load deformation and reduced thermal
cracking [16]. Polymer latexes, such as SBS latex [17], SBR latex [18], and chloroprene rubber
latex [19], have been commonly applied to modify bitumen emulsion, leading to improved
mechanical performance of the bitumen emulsion. More recently, waterborne epoxy resin has
emerged as a novel waterborne modifier for bitumen emulsion, which has shown significant
effect in improving the performance of the bitumen emulsion [20-22].
1.2 Problem statement
Bitumen or asphalt cement is typically used as the binder for hot-mix asphalt (HMA). However,
the production and construction of HMA are not environment friendly due to the generation of
2

volatile organic compounds (VOCs) and greenhouse gases (GHGs) at high temperature.
Bitumen emulsion, in contrast, is a greener material, since it can be applied at ambient
temperature for its low viscosity. It has been widely used for various pavement construction
and maintenance purposes, such as surface treatment, tack coat, cold recycling, and cold mixes
[23-25]. However, the application of bitumen emulsion is limited by its relatively low
mechanical strength. There lies a question on how to modify and improve the mechanical
performance of bitumen emulsion. Polymer latex, which is partly soluble in water, can be used
to prepare a homogeneous polymer modified bitumen emulsion by simply mixing the latex
with bitumen emulsion. The latex will then disperse evenly in the aqueous phase, with the
evaporation of water, the polymer latex can form the inter-connected networks, thereby
improving the mechanical performance of bitumen emulsion.
Epoxy resin has been conventionally implemented to prepare epoxy modified asphalt by the
hot-mix method, which showed excellent resistance to rutting and fatigue, and it is commonly
used as a bridge deck paving material. However, the hot-mix process of epoxy asphalt
generates significant amounts of hazardous emissions. In addition, the curing of epoxy resin
proceeds rapidly at higher temperature. Thus, the pot life of epoxy asphalt is very short, making
it rather challenging for the mixing, transportation, and paving of this material.
Waterborne epoxy resin is an epoxy in water emulsion system, within which the epoxy resin is
stabilized by surfactant. The incorporation of waterborne epoxy resin into bitumen emulsion is
a relatively new approach to modify bitumen emulsion, and the relevant research is very limited.
The effects of waterborne epoxy resin on the microstructure and the performances of bitumen
emulsion and emulsion residue need to be systematically investigated. In addition, better
understanding on the strength formation mechanism of waterborne epoxy resin modified
bitumen emulsion is desired for future research and applications.
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1.3 Research objectives and scope
The main objectives of this research are to investigate the influences of waterborne epoxy resin
on the microstructure of bitumen emulsion, and to explore the effects of waterborne epoxy
resin on the properties of bitumen emulsion and emulsion residue. To achieve these objectives,
the following research tasks were conducted in this study:
1. Literature review: to understand the current research and application status of bitumen
emulsion, as well as the performances of the polymer latexes modified bitumen emulsion.
2. Synthesis of waterborne curing agent (WCA): to synthesize an appropriate WCA that
can be used to emulsify the epoxy resin. The WCA can act as both an emulsifier for epoxy
resin and a curing agent.
3. Evaluation of the waterborne epoxy resin modified bitumen emulsion (WEMBE): to
investigate the effects of waterborne epoxy resin on the microstructure, stability, and
rheological properties of bitumen emulsion.
4. Evaluation of the waterborne epoxy resin modified bitumen emulsion residue (WEBER):
to evaluate the effects of waterborne epoxy resin on the microstructure, and properties of
bitumen emulsion residues, including rheology, high temperature performance, aging,
fatigue performance, bonding with aggregate, and resistance to moisture damage.
5. Constitutive modelling of WEBER: to investigate the constitutive relations of the
WEBER based on frequency sweep and relaxation test results.
6. Evaluation of WEMBE as a tack coat material: to evaluate the performance of WEMBE
on the interlayer bonding strength of asphalt mixtures.
1.4 Significance of this research
The original contributions of this research are listed below:
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1. A better understanding about the modification mechanism of WEMBE has been
achieved.
2. The overall performances of WEMBE and WEBER were thoroughly investigated. This
thesis provides an enhanced understanding of the effect of waterborne epoxy resin on the
properties of bitumen emulsion.
3. The WEMBE developed in this study represents a high-performance cold paving binder,
which can potentially be applied in pavement surface treatment, tack coat, cold recycling
and cold mixes, and significantly reduce the energy consumption and greenhouse gases
emissions.
1.5 Organization of this thesis
This thesis is divided into seven chapters described as below.
Chapter 1 presents the general introduction of this thesis.
Chapter 2 presents a comprehensive literature review, including (1) modification of bitumen
with polymers; (2) constitutes, stability, wetting on aggregate, and applications of bitumen
emulsions; (3) modification of bitumen emulsions with polymer latexes and their properties;
(4) application of epoxy resin in asphalt pavement; and (5) modification of bitumen emulsion
with waterborne epoxy resin.
Chapter 3 presents the preparation and evaluation of waterborne epoxy resin modified bitumen
emulsions (WEMBEs), including (1) synthesis of waterborne curing agent (WCA); (2)
preparation and characterization of waterborne epoxy resin (WER) emulsion; and (3)
characterization of WEMBEs, such as fluorescence microscopy images, zeta potential, shearthinning and thixotropy properties.
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Chapter 4 presents the performance evaluation of the waterborne epoxy resin modified bitumen
emulsion residues (WEBERs), including (1) chemical analysis using the infrared spectra; (2)
phase distribution of the waterborne epoxy resin and bitumen based on fluorescence
microstructure; (3) rheological performance evaluation, such as temperature sweep and
multiple stress creep recovery (MSCR) test; (4) aging effect on both the chemical and
rheological properties of WEBERs; (5) fatigue evaluation employing the time-sweep test as
well as the linear amplitude sweep (LAS) test; (6) bond strength between emulsion residues
and aggregate; and (7) moisture susceptibility of bitumen emulsion aggregate mixture by
boiling test.
Chapter 5 presents the constitutive modelling of the WEBERs. The data was fitted with both
the “2S2P1D” model and the generalized Maxwell model.
Chapter 6 presents a case study of using WEMBEs as tack coat materials, and the inter-layer
shear strength was compared for different contents of waterborne epoxy resin.
Chapter 7 presents the major findings and recommendations of this thesis study.
The overall research framework is depicted in Figure 1.1.
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Figure 1.1 Research framework
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CHAPTER 2 LITERATURE REVIEW
This chapter systematically reviewed the previous studies about bitumen emulsion and the
polymer latexes modified bitumen emulsion. Section 2.1 presents the conventional method of
bitumen modification and its drawbacks. Section 2.2 describes the constitutes, stability, wetting,
and applications of bitumen emulsion. Section 2.3 and 2.4 describes the modification of
bitumen emulsion with polymer latexes, and the properties, respectively. Section 2.5 presents
the applications of epoxy resin in pavement construction, including the hot mix epoxy asphalt,
and the waterborne epoxy resin modified bitumen emulsion.
2.1 Modification of bitumen
Neat asphalt binders generally cannot meet the requirements of high-level pavements, and thus
polymers are commonly applied to improve the performance. The modification of bitumen
using polymers has been extensively investigated in the past few decades. These polymers
include

styrene-butadiene-styrene

(SBS),

styrene-isoprene-styrene

(SIS),

styrene-

ethylene/butylene-styrene (SEBS), polyethylene (PE), polypropylene (PP), ethylene-vinyl
acetate (EVA), and crumb rubber, etc. [7, 26]. It is reported that these polymers generally lead
to improved properties of the asphalt pavement, such as increased resistance to rutting and
thermo-cracking, improved durability, and better moisture resistance [7]. Among all these
polymers, SBS is recognized as the most appropriate polymer for bitumen modification,
because of the excellent properties that can be achieved [26]. On the other hand, the addition
of polymers increases the viscosity of bitumen binders, thus the polymer modified binders are
usually used in hot-mix asphalt. However, concerns about the properties degradation and,
particularly, environmental issues during the production and construction of hot-mix asphalt
(HMA) are rising in recent years. When mixed with aggregate, asphalt binder will inevitably
undergo the short-term aging induced by the high temperature [27, 28]. In addition, HMA
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produces significant amounts of volatile organic compounds (VOC) and greenhouse gas (GHG)
emissions such as carbon dioxide (CO2) and sulfur dioxide (SO2) [9]. These emissions
dramatically affect the environment and personal health. Furthermore, HMA consumes large
quantity of fossil fuels to reach the required temperature. To implement greener and more
sustainable approaches of pavement construction, this industry has been seeking alternative
techniques to produce asphalt mixture at lower temperature such as warm-mix asphalt (WMA,
100~140℃), half-warm mix asphalt (HWMA, 60~100℃), and even cold-mix asphalt (CMA,
0~40℃) [29, 30]. Such techniques significantly reduce the consumption of fossil fuels and
hazardous emissions [31]. It is reported that a 10℃ decrease in the production temperature of
asphalt mixture contributes to the reduction of 1L fossil fuel consumption and 1 kg carbon
dioxide emission per ton [32].
2.2 Bitumen emulsion
Bitumen emulsion is the most widely used cold construction material in the pavement industry
at present. The main applications include pavement surface treating, tack coat, cold recycling,
and cold mixes [10, 15, 23-25, 33-35]. With bitumen droplets dispersed in the aqueous phase,
the viscosity of bitumen emulsion is low enough to achieve good workability at ambient
temperature.
2.2.1 Constitutes of bitumen emulsion
2.2.1.1 Bitumen
Bitumen emulsions are mainly composed by bitumen, emulsifiers, and water. Bitumen is a
semi-solid viscoelastic material with an extremely high viscosity (~7000 Pa·s) at ambient
temperature [36, 37]. Owing to their pronounced waterproofing, adhesive, and rheological
performance, bituminous materials are recognized as the most eligible materials for pavement
construction. Bitumen is predominantly composed by carbon and hydrogen (>wt90 %), and the
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rest elements are mainly sulfur, nitrogen, and oxygen [4]. Generally, bitumen is divided into
four fractions based on their polarity and aromaticity: saturates, aromatics, resins, and
asphaltenes (SARA) [38]. The fractions with lower molecule weight: saturates, aromatics, and
resins are defined as maltenes, while asphaltenes are the heaviest fraction in bitumen [39]. It is
generally recognized that the SARA fractions form the so-called ‘colloid’ structure [4, 40], that
the asphaltenes are surrounded by the maltenes, and the resins act as the interface layer between
the solid-like asphaltenes and the liquid-like oily phase.
2.2.1.2 Emulsifiers
Typically, bitumen emulsion is characterized by high solid content (50~70%), and the average
size of bitumen droplets generally falls in the range of 5-50 μm [10, 41, 42]. As the highlydispersed droplets possess enormous interfacial energy, bitumen emulsion is a
thermodynamically unstable system [43]. The bitumen droplets tend to coalescence and form
larger bitumen particles, inducing phase separation of the bitumen emulsion [44, 45]. To
increase the bitumen emulsion stability, emulsifiers are essentially an indispensable part. In
general, emulsifiers are surfactant molecules with a hydrophilic head and a hydrophobic
backbone [46]. When producing bitumen emulsions, emulsifiers are normally applied as
stabilizer, which will then diffuse from water to the interface of bitumen and water, thereby
reducing the interfacial energy and increasing the stability [47]. Based on the electric properties
of the hydrophilic head, emulsifiers can be divided into three categories: cationic, anionic, and
non-ionic [48-50]. Emulsifiers are generally used with a concentration no more than 3wt% of
the emulsion system [51, 52]. As the non-ionic emulsifiers are rarely used in bitumen emulsion,
only cationic and anionic emulsifiers are discussed here.
The cationic type emulsifiers are the most widely used emulsifiers in bitumen emulsions [3].
They are mainly composed by the fatty amines, alkyl-amide polyamines or lignin derivatives
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[53]. The cationic emulsifiers are activated in acid conditions (e.g., addition of chlorine hydride)
[10]. These emulsifiers then arrange themselves around the bitumen droplets, thus making the
bitumen droplets positively charged. As most aggregates are of electronegative nature, the
cationic type emulsifiers can effectively absorb to a wide variety of mineral aggregates,
resulting in strong bitumen-aggregate adhesion. This is the reason why the cationic emulsifiers
are more favoured in manufacturing bitumen emulsions [54]. Meanwhile, cationic emulsifiers
are capable of reacting with both alkaline aggregates (e.g., limestone) and acid aggregates (e.g.,
basalt and granite). The salts (ammonium carbonates or ammonium silicates) formed following
the chemical reaction can further enhance the adhesion between bitumen and aggregate [55].
The anionic emulsifiers, on the other hand, consist of long hydrocarbon chains terminated with
a negatively charged head, mostly carboxylate (R-COO-) and sulfonate (R-SO3-) [56]. The
anionic bitumen emulsions can provide effective coating or bonding properties when mixed
with alkaline aggregates (normally positively charged) [49]. However, the weak adhesion with
acid aggregates (negatively charged) is the main drawback for anionic bitumen emulsions.
Owing to this fact, the application of anionic emulsifiers is less common compared with the
cationic emulsifiers.
2.2.2 Stability of bitumen emulsion
The stability of bitumen emulsion plays a significant role in the process from preparation to
application [57]. One important requirement for bitumen emulsions is that the bitumen
emulsion must remain stable during storage and transportation, and break in an appropriate
speed upon application [58]. Various factors, creaming, sedimentation, flocculation, Ostwald
ripening, and coalescence, may contribute to the destabilization of an emulsion [59]. It has been
demonstrated that Ostwald ripening and coalescence are the main destabilizing mechanisms
for nano-scale emulsion and micro-scale emulsion, respectively [60]. As the sizes of bitumen

11

emulsion droplets are in the order of microns, coalescence is the key factor that influences the
stability of bitumen emulsion. Researchers have found that the thinning and disruption of liquid
film between bitumen droplets will lead to coalescence [61, 62], resulting in larger bitumen
particles [63]. This process is energetically favourable, for larger bitumen particles possess
lower surface energy.
When bitumen emulsions are stabilized by cationic or anionic surfactants, the surface of
bitumen droplets becomes positively or negatively charged. Meanwhile, the bitumen droplets
are surrounded by opposite electric ions dispersed in the aqueous phase. According to the
classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, both the repulsive and attractive
forces between bitumen droplets appear simultaneously [39]. This theory assumes that the
electrostatic double layer forces and the van der Waals forces are independent and therefore
can be superimposed or added at each interacting distance for two particles. Figure 2.1 depicts
the electrical double layer based on the DLVO theory [64]. For the cationic bitumen emulsion,
the surface of bitumen particles is surrounded by the cationic emulsifiers, thus the surface is
positively charged and provides the surface potential. A thin layer of ions of the opposite charge
is then closely absorbed on the particle surface, making up the stern layer. The rest of ions,
both positive and negative, are distributed in the outer diffuse layer. The so-called zeta potential
is defined as the electric potential at the boundary of the double layer on the particle surface
[64]. The zeta potential largely determines the stability of the system. In general, a solution is
relatively stable if the magnitude of the zeta potential is larger than 30 mV [65].
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Figure 2.1 Electrical double layer of DLVO theory

According to the classical DLVO theory, the total interaction energy VT is the sum of the
attractive energy VA and the repulsive VR energy (Figure 2.2). The total interaction energy VT
results in a deep attractive well at the small distance, which is referred to as the primary
minimum Vprimary . At larger distances, the energy profile goes through a maximum, and
subsequently decreases to a shallow minimum, which is referred to as the secondary minimum
Vsec . It is found that the secondary minimum can result in flocculation of the droplets, which is

weak and reversible [66]. The stability of the particles depends on the balance of the attraction
and the repulsion. When the repulsion overcomes the attraction, the particles are prevented
from approaching and the emulsion is stable. Whereas when the attraction exceeds the
repulsion, the particles tend to contact with each other, and this results in coalescence.
13

Figure 2.2 Total energy-distance curve according to the DLVO theory

Some previous studies [39, 67] have employed the zeta potential to evaluate the stability of the
bitumen emulsions based on the chemical and interfacial properties of the bitumen. The zeta
potential is positive for a cationic emulsion and negative for an anionic emulsion [68]. Jada, et
al. [69] measured the zeta potentials for various cationic bitumen emulsions having different
sizes and emulsifier contents, and concluded that zeta potential can be used to explain the
emulsion behavior and predict the breaking mechanism in emulsion-aggregate mixes. Recently,
Pinto and Buss [65] systematically investigated the effects of pH, emulsifier dosages, and
temperature on the zeta potential of bitumen emulsion. The results indicate that zeta potential
correlates well with the level of stability of the emulsion.
The zeta potential is calculated according to the Smoluchowski’s equation,

 = (  )U e

(2-1)

where U e is the electrophoretic mobility,  and  are the viscosity and permittivity of the
aqueous phase, respectively.
The electrophoretic mobility U e is then calculated as,

Ue =
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Vp
Ex

(2-2)

where Vp is the particle velocity, and Ex is the applied electrical field.
2.2.3 Bitumen emulsion wetting on aggregate
The bitumen droplets are stabilized within the emulsifier micelles, while some free emulsifier
molecules can also be found in the aqueous phase (Figure 2.3(a)). When mixed with mineral
aggregates, emulsifier molecules in the aqueous phase first absorb onto the solid surface and a
monolayer of emulsifiers on the aggregate is formed (Figure 2.3(b)), which in turn changes the
aggregate surface from hydrophilic to hydrophobic [70, 71]. The absorption of emulsifiers by
aggregates decreases the concentration of emulsifiers in water. To restore equilibrium,
emulsifiers will dissociate from the bitumen-water interface until a point that the remaining
emulsifiers are unable to support the bitumen droplets, thereby decreasing the zeta potential of
the bitumen droplets, and resulting in coalescence of bitumen droplets. Meanwhile, the
evaporation and absorption of water on the porous aggregate surface would reduce the aqueous
film thickness, thus the bitumen droplets become closer to each other. However, the repulsive
force is insufficient to keep bitumen droplets from contacting, which further accelerates the
bitumen coalescence [49]. As the aggregate surface has turned into hydrophobic, it becomes
ideal for the wetting of bitumen. The strong physicochemical interactions between bitumen
droplets and aggregate then initiate the bitumen emulsion breaking (Figure 2.3(c)). In the
meantime, water is expelled out and then evaporates into air. Eventually, the bitumen adheres
onto the solid surface and a bitumen film is formed around the aggregate (Figure 2.3(d)).
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Figure 2.3 Process of bitumen emulsion wetting on aggregate

2.2.4 Applications of bitumen emulsion
Conventionally, bitumen emulsion was used in non-structural layers due to their weak strength,
such as tack coat, surface treating, cold recycling or cold mixes [18, 72].
2.2.4.1 Tack coat
Weak interlayer bonding of different pavement layers usually leads to distresses like slippage
[73, 74], especially at areas of frequent braking and accelerating [75]. Tack coat is generally
used to enhance the interlayer bonding of different pavement layers [76]. A survey conducted
by Mohammad et al. [77] shows that bitumen emulsion is the most commonly used material
for tack coat. Collop et al. [78] found that bitumen emulsion improves the shear strength of
different pavement layers in comparison with that without bitumen emulsion. Diakhaté et al.
[79] compared the bonding fatigue performance of two asphalt concrete layers with and without
tack coat, and the result indicated that bitumen emulsion tack coat increased the fatigue
performance substantially. From these studies, it is concluded that the interlayer bonding
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strength of different pavement layers is rather important to reduce premature distresses, and
bitumen emulsion plays a crucial role in improving the interlayer bonding.
2.2.4.2 Surface treatment
Due to the impact of weathering and repeated vehicle loadings [80], many different kinds of
premature distresses will occur on asphalt pavements during their service life. These distresses,
like rutting and cracking, must be treated in time to prevent further deterioration. To preserve
pavement quality and functional performance, maintenance is necessary [81, 82]. Previous
research has found that maintenance could minimize the development of distresses, leading to
an extended service life, reduced life cycle cost of the pavements [83-85], and lower
environmental impact [86]. Chip seal, slurry seal, fog seal, micro-surfacing and thin overlay
have been proven to be effective maintenance methods [87-90]. However, it is worth noting
that one maintenance method may not be universally applicable for all kinds of distresses. To
determine the optimum maintenance method, the pavement conditions, climate, and budget
must be carefully considered [90]. Bitumen emulsion is the major type of material used in
pavement maintenance for ease of application, environmental benefits, and cost-effectiveness
[82, 84, 91]. Table 2.1 lists the various surface treatment methods for different pavement
distresses.
Table 2.1 Comparison between different surface treatment methods for pavement [82, 92]
Treatments
Distress
MicroCrack
Fog
Slurry
Cape
Chip
Thin
surfacing
seal
seal
seal
seal
seal
overlay
Roughness (not associated
with stability)

✓

✓

✓

Roughness (associated with
stability)

✓

Rutting

✓

Fatigue cracking (low
severity)

✓

Longitudinal and transverse
cracking

✓

Bitumen exudation

✓

Ravelling

✓

✓
✓
✓

✓

✓

✓

✓

✓

✓

✓

✓

✓
✓

✓
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✓

✓

✓

2.2.4.3 Cold recycling
Recycling of the reclaimed asphalt pavements (RAP) is becoming increasingly important for
the sustainability of pavement industry. The aggregate and asphalt binder in RAP materials are
still valuable resources which can partially replace the virgin aggregate and binder [93]. The
recycling of RAP brings various benefits, like reduced energy consumption, less GHG
emissions and lower costs [94, 95]. Cold in-place recycling (CIR) can further reduce the
environmental footprint in comparison with other rehabilitation techniques as it is conducted
at ambient temperature [96-98]. Moreover, the RAP mixture is recycled and reused right at the
job site, which substantially decreases the energy consumption on haulage [99]. It is reported
that the pavements with well-drained subbases that suffer from limited damages on the
structure are the most suitable candidates for CIR [100, 101]. Both foamed asphalt and bitumen
emulsion have been evaluated in CIR to bond RAP materials [102]. However, bitumen
emulsion can be more successfully applied than foamed asphalt especially in wet conditions
[103].
2.3 Modification of bitumen emulsion
To improve the performance of bitumen emulsion, polymers, including solid polymers and
polymer latexes are used as modifiers to prepare polymer modified bitumen emulsion (PMBE).
The solid polymers must be mixed homogeneously with bitumen to prepare polymer modified
bitumen (PMB) prior to emulsification, which is known as the polymer pre-blending method.
However, the emulsification of PMB is difficult because of the high viscosity. In addition, it
was also noted that the polymer pre-blending method may not form the continuous polymer
structure in the residue, which affects the final performance of the bitumen emulsion [104]. On
the other hand, the polymer latexes can be directly added into bitumen emulsion by simply
stirring (latex post-blending), in a plant or before application. It is reported by Forbes, et al.
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[105] that an introduction of 3wt% of latex into bitumen emulsion is able to form a continuous
polymer-rich phase for the latex modified bitumen emulsion. In contrast, at least 6wt% to 7wt%
of solid polymers are needed in the PMB to form such polymer-rich continuous phase [4].
Takamura [106] from BASF investigated detailly about the SBR latex modified bitumen
emulsion. Their findings showed that the SBR latex was dispersed in the aqueous phase and
can form a continuous polymer film around the bitumen particles upon the curing of the
emulsion (Figure 2.4). Takamura and Heckmann [107] further demonstrated that the formed
polymer network remained intact even when reheated to “hot mix” temperatures. After
removing of the bitumen by solvent, a honeycomb-like structure of the SBR polymer was then
observed with a scanning electron microscope (Figure 2.5). The continuous polymer structure
is deemed to be responsible for the performance improvement of the residual binder. Because
of their various benefits, including improved stone retention, increased skid-resistance, and
decreased temperature susceptibility, the latex modified bitumen emulsions are now
increasingly used in surface treating, cold recycling, and cold mixes [19, 22, 108-110].

(a)

(b)

Figure 2.4 Morphology of: (a) latex-modified bitumen emulsion and (b) continuous latex polymer phase
after breaking [106]
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Figure 2.5 Scanning electron microscope image of latex modified bitumen emulsion (The bitumen has
been removed by solvent) [107]

2.4 Properties of polymer latex modified bitumen emulsion
Styrene butadiene rubber (SBR) latex and natural rubber (NR) latex are among the most
popular latexes used to modify bitumen emulsion at present [111]. SBR is a random copolymer
of styrene and butadiene, while NR is made up by repeated isoprene monomers. Both SBR
latex and NR latex are water-based dispersion of polymers, and thus can be easily mixed with
bitumen emulsion to prepare the polymer modified bitumen emulsion. Khadivar and Kavussi
[18] compared the effect of SBR latex and NR latex on the performance of bitumen emulsion,
and found that both latexes can improve the high-temperature performance of the residual
binders. In addition, their study also indicated that NR latex substantially increased the stiffness
of the residual binder, while the elastic properties were poor compared with SBR latex bitumen
emulsion. The authors explained that such difference may be related to the fact that the SBR
latex can form a continuous polymer network, which is absent in the NR latex modified
bitumen emulsion. Abedini, et al. [112] studied the residues of different percentages of SBR
latex modified bitumen emulsion, which showed that the increase of SBR dosages led to
increased softening point and decreased penetration. In addition, the rutting parameter G∗/sinδ
was also improved, indicating that the high temperature performance was increased with the
incorporation of SBR latex. Other polymer latexes, like SBS latex [17] and polyurethane latex
[113], were also investigated as modifiers for the bitumen emulsion, and the results

20

demonstrated that both the softening point and ductility were increased, while the penetration
was decreased. Xia and Luo [114] synthesized a poly(styrene-b-isoprene-b-styrene) (SIS)
triblock copolymer latex, which was then used to modify bitumen emulsion. Their results
showed that with an incorporation of 5wt% of SIS latex, the emulsion residue showed a
significant increase in complex modulus at high temperature and a significant decrease in loss
tangent, and the ductility at 5 oC also increased to some degree.
The incorporation of waterborne epoxy resin into bitumen emulsion is a relatively new
approach to modify bitumen emulsion, and the relevant research is very limited. In one of the
previous studies [115], waterborne epoxy resin and SBR latex were mixed with bitumen
emulsion simultaneously as modifiers. The results showed that both the softening point and
ductility of the bitumen emulsion residue increased slightly.
In summary, these studies indicated that the polymer latexes can be dispersed in the aqueous
phase of bitumen emulsion, and a continuous polymer-rich network will be formed at a
relatively small content of polymer latexes. Such continuous polymer-rich structure provides
the residual binders with improved performances, such as increased stiffness, decreased
temperature sensitivity, improved fatigue life, and enhanced elastic recovery.
2.5 Application of epoxy resin in pavement
Epoxy resin is a material that contains one or more epoxy groups (oxiranes) in the molecule
structure. The epoxy groups are chemically active and can react with curing agents or hardeners,
such as amines, amide, carboxy groups or anhydrides. A three-dimensional cross-linked
polymer structure can be formed after the curing reaction. The cured epoxy resin will not
dissolve in solvent or melt at elevated temperature.
The diglycidyl ether of bisphenol A (DGEBA)-based epoxy resin (Figure 2.6) is the most used
epoxy resin at present. Epoxy resins can be cured with different types of hardeners to produce
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products with different mechanical properties [116-118]. During the curing process, the
crosslink density increases and the epoxy-hardener system experiences gelation and
vitrification stages, which leads to higher glass transition temperature (Tg) and mechanical
properties [119, 120]. Amine-based hardeners can react with epoxy resins with relatively fast
rate even at ambient temperature.
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Figure 2.6 Molecule structure of DGEBA-based epoxy resin

The crosslink polymerization reaction between epoxy resin and amines involves a series of
complicated processes as illustrated in Figure 2.7. Epoxy resin group first goes through a ringopening process and the amino alcohols are formed subsequently (Figure 2.7(a)); the secondary
amine then reacts with another epoxy group (Figure 2.7(b)); at the final stage, the hydroxyl
groups react with epoxy to form a three-dimensional inter-connected structure (Figure 2.7(c))
[121, 122]. The hydroxyl obtained in the first stage has the ability to catalyse the curing reaction,
which is typically an autocatalytic chemical reaction [123]. Epoxy curing reaction is
characterized as polyaddition and will not produce any low-molecular weight products, which
is quite important for the manufacturing of high-performance epoxy end products [122].
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Figure 2.7 Curing reaction process of epoxy resin and amine
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2.5.1 Epoxy resin modified asphalt
The use of epoxy resin in pavement construction dates back to the late 1950s. Epoxy resin
modified asphalt was first placed at airfields, which demonstrated outstanding resistance to
permanent deformation and fuel spillage [124]. By mid-1960s, epoxy asphalt was applied to
pave the steel bridge decks and performed extremely well [125]. Epoxy asphalt binder is a twophase system in which the asphalt binder is dispersed in the thermosetting epoxy resin
continuous phase, which changed the thermoplastic nature of asphalt binder. Unlike
conventional asphalt, epoxy asphalt will not melt at high temperature, which results in superior
performance at elevated temperature. Furthermore, epoxy asphalt provides high strength,
prolonged fatigue stability, improved skid and chemical resistance [126, 127]. Consequently,
epoxy asphalt concrete has been extensively used to pave orthotropic steel bridge decks
worldwide. However, the application of epoxy asphalt is not solely limited to bridge decks
surfacing. Over the years, researchers and engineers have successfully explored additional
applications of epoxy asphalt in normal pavement, such as epoxy asphalt chip seals [128, 129],
waterproofing layer [125], open-graded overlayers [130] and long-life wearing courses [131].
Nevertheless, the present epoxy asphalt is still hot mixing, which generates large amount of
VOC or GHG. In addition, the epoxy resin cures rapidly at high temperature, making the
working window rather limited [132]. Hence, it is desirable that epoxy resin be used at ambient
temperature.
2.5.2 Waterborne epoxy resin bitumen emulsions
In recent years, waterborne epoxy resin has attracted considerable attention due to the everincreasing restriction on environment protection. Waterborne epoxy resin is an epoxy in water
system, within which the epoxy resin is stabilized by surfactant. Epoxy resin can be emulsified
with external-surfactant or self-emulsified by attaching hydrophilic polar groups (e.g.,
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carboxylate, sulfonate, quaternary ammonium salt or non-ionic groups) to epoxy resin
backbones [133, 134]. The self-emulsifying method can produce droplets with smaller size,
which is more stable and frequently used [133]. The two components of waterborne epoxy
resin and hardener are mixed together before application. As water evaporates, the epoxy resin
droplets coalesce, which initiates the curing reaction, resulting with the inter-connected
polymer structure.
After curing with hardeners, epoxy resin become a highly crosslinked structure, providing the
material with many useful properties, such as high strength, high adhesive ability, and low
creep. The waterborne epoxy resin modified bitumen emulsion (WEMBE) can be prepared by
mixing the waterborne epoxy resin with bitumen emulsion. The waterborne epoxy resin will
disperse in the aqueous phase, and then cures upon water evaporation. The WEMBE has the
following advantages: (1) ease of preparation, waterborne epoxy resin can be mixed with
bitumen emulsion simply by stirring; (2) increase of mechanical strength; (3) low
environmental footprint, the mixture constitutes no volatile solvents, and will not produce
additional VOC since the mixing and construction are both conducted at ambient temperature;
and (4) broader applications, such as surface treating, interlayer bonding, cold recycling, and
cold mixes.
2.6 Summary
Bitumen emulsion represents a ‘greener’ construction material that can be used in the pavement
industry. However, there is a research gap on how to effectively modify and improve the
mechanical performance of bitumen emulsion. From the literature review in this chapter, it was
found that the incorporation of polymer latexes can effectively improve the mechanical
performance of bitumen emulsion. The following findings are summarized based on the
literature review:
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(1) Hot-mix asphalt generally leads to short-term aging of bitumen binder, which also
produces significant amount of hazardous emissions (e.g., VOC, GHG), thereby
increasing the environmental footprint.
(2) Zeta potential is a suitable indicator for the stability of bitumen emulsion.
(3) When mixed with bitumen emulsion, the polymer latexes can be homogeneously
dispersed in the aqueous phase, and form a polymer-rich film around bitumen particles
upon drying, which significantly increases the mechanical performance of bitumen
emulsion residue.
(4) Waterborne epoxy resin is a novel material to modify bitumen emulsion. Waterborne
epoxy resin cures in the drying process of bitumen emulsion, and can form thermosetting
polymer-rich structures in the bitumen matrix. Such structure can potentially provide
substantial improvement in terms of the mechanical performance of the emulsion residue.
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CHAPTER 3 PREPARATION AND EVALUATION OF WEMBEs
This chapter presents the experimental evaluations of both the waterborne epoxy resin and the
waterborne epoxy resin modified bitumen emulsions (WEMBEs). Section 3.1 describes the
experiments and characterization methods, including the synthesis of the waterborne curing
agent, preparation of waterborne epoxy resin and the corresponding modified bitumen
emulsion, and the characterizations of these materials. Section 3.2 presents the experimental
results, including the particle size measurements of the waterborne curing agent (WCA) and
the waterborne epoxy resin, and the thermal stability of the waterborne epoxy resin; the
microstructure, zeta potential, shear-thinning, and thixotropy properties of the WEMBEs were
also analysed.
3.1 Experiments and methods
3.1.1 Materials
Bisphenol-A type epoxy resin with an epoxy equivalent mass of 196 was supplied by Nantong
Xingchen Synthetic Material Co., Ltd. Triethylenetetramine (TETA), acetic acid (HAc) and
hydrochloric acid (HCl) were all purchased from Sigma-Aldrich. Glycidyl tertiary carboxylic
ester (GTCE) was obtained from HEXION (Netherland). Propylene glycol methyl ether
(PGME) was obtained from Sinopharm Chemical Reagent Co., Ltd. All materials were used
without any further purification.
A base bitumen with a penetration grade of 60/70 (Pen 60/70), commonly used in Hong Kong,
was used in this study. The bitumen emulsifier was provided by Ingevity under the trade name
of INDULIN® W-5. The basic properties of the base bitumen and the emulsifier are listed in
Table 3.1 and Table 3.2, respectively.
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Table 3.1 Properties of base bitumen
Property

Value

Specification

Penetration (25 °C, 0.1 mm)

64.5

ASTM D5

Softening point (°C)

48.5

ASTM D36

Viscosity at 135 °C (mPa·s)

477.5

ASTM D4402

Ductility at 25 °C (cm)

78.5

ASTM D113

SARA
fraction

Saturate

17.58 wt %

Aromatic

46.85 wt %

Resin

26.20 wt %

Asphaltene

9.37 wt %

ASTM D4124

Table 3.2 Properties of INDULIN® W-5 emulsifier
Property

Result

Physical state

Liquid

Color

Dark brown

Odor

Fish amine-like

pH

11.9

Density (25 °C, g/cm3)

1.09

Solid content (wt %)

40.0

Viscosity (25 °C, mPa·s)

1200

3.1.2 Synthesis of waterborne curing agent (WCA)
In this study, the waterborne curing agent (WCA) was synthesized in lab. The obtained WCA
has a linear molecular structure, and there are amine groups at both ends of the WCA molecules,
which is hydrophilic after ionization. On the other hand, the middle part of the WCA molecule
is hydrophobic. Therefore, the WCA can be used as a surfactant for epoxy resin. The epoxy
resin was then emulsified by WCA to prepare the waterborne epoxy emulsion. With the
evaporation of water, the curing reaction between the two parts proceeds. What interesting is
that the synthesized WCA can act as a surfactant for epoxy resin as well as a hardener. The
prepared waterborne epoxy resin emulsion can be then used to modify bitumen emulsion by
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simply stirring. Some previous studies have used commercial waterborne epoxy resins in
bitumen emulsions [135, 136]. Though these products are readily available, their compositions
or molecular structures are generally unknow to the users. To have a better understanding and
control of the material composition and performance, the waterborne epoxy resin was
synthesized in lab. The detailed procedure is described as below.
The synthesis procedure of the WCA is shown in Figure 3.1 [137]: 1) a 250ml four-necked
flask equipped with a stirrer, reflux condenser and nitrogen gas, was heated by a water bath
and charged with TETA; 2) the epoxy dissolved in PGME was added dropwise and reacted for
4 h at 65 °C; 3) followed by the incorporation of GTCE, the temperature was then increased to
70 °C and kept constant for 3 h; 4) the reactant product was vacuum distilled to remove the
solvent; 5) acetic acid (HAc) was added to protonate the curing agent. The mole ratio of epoxy
resin, TETA and GTCE was 1:2.2:1. Figure 3.2 depicts the equipment set-up for WCA
synthesis. The light yellow WCA with a solid content of 60% was obtained by adding deionized
water dropwise with stirring (Figure 3.3 (a)).
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Figure 3.1 Synthesis procedure of waterborne curing agent
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Figure 3.2 Equipment set-up for WCA synthesis
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Figure 3.3 The synthesized (a) waterborne curing agent and (b) waterborne epoxy emulsion

3.1.3 Preparation of waterborne epoxy emulsion
The WCA was mixed with epoxy resin in a three-necked flask to produce the epoxy emulsion
with a solid content of 60% by weight. Based on the stoichiometric calculation, the weight ratio
of epoxy resin and WCA was determined to be 4:3. Deionized water was dropped slowly using
a dropping funnel during the stirring of the two parts of epoxy emulsion. This process was
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continued by stirring at a speed of 700-800 rpm for 5 min at the ambient temperature. The
obtained milky white waterborne epoxy emulsion is shown in Figure 3.3 (b).
3.1.4 Preparation of waterborne epoxy modified bitumen emulsion
To prepare bitumen emulsion, base bitumen was preheated to 150 °C. Meanwhile, by mixing
emulsifier and deionized water at 60 °C, and with the addition of hydrochloric acid solution to
a pH value of 2.0-2.5, the so-called "soap water" was prepared. The amount of emulsifier was
3% by weight of bitumen as suggested by the supplier. The preheated bitumen and “soap water”
were then emulsified in a colloid mill (Jiaxing Mide Machinery Co., Ltd.) at a speed of 2,840
rpm to produce the bitumen emulsion with a solid content of ~63.0% by weight.
The bitumen emulsion and epoxy resin emulsion were mixed and stirred at a speed of 200-300
rpm for about 10 min to prepare a homogeneous WEMBE (Figure 3.4). Figure 3.5 represents
a schematic structure of the WEMBE, where the bitumen particles are stabilized by cationic
emulsifier, while the waterborne epoxy emulsion is distributed in the aqueous phase. Epoxy
resin emulsion were added into bitumen emulsion in three different percentages: 1wt%, 3wt%,
and 5wt%, and the corresponding WEMBEs were denoted as WEMBE-1, WEMBE-3, and
WEMBE-5, respectively. All the percentages were based on the solid weight of emulsions. The
bitumen emulsion without waterborne epoxy resin was also evaluated as a control material and
denoted as WEMBE-0.
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Figure 3.4 Procedure of waterborne epoxy bitumen emulsion preparation

Bitumen

Epoxy resin + WCA

Emulsifie
r
Epoxy emulsion

Water

Figure 3.5 Schematic structure of waterborne epoxy bitumen emulsion

3.1.5 Characterization
Fourier transform infrared spectroscopy (FTIR)
An infrared spectrometer (Spectrum Two, PerkinElmer, Figure 3.6) was used to analyse the
FTIR spectra of WCA in the synthesis procedure with a 4 cm-1 resolution between 400 and
4,000 cm-1. Three replicates were measured for each specimen.
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Figure 3.6 FTIR spectrometer

Particle size distribution measurement
The particle size distributions of WCA and waterborne epoxy emulsion were measured using
the Zetasizer (Nano ZS90, Malvern, Figure 3.7). All the samples were 1000-fold diluted with
deionized water prior to test. At least two measurements were performed for each specimen.

Figure 3.7 Zetasizer

Zeta potential
Zeta potential was also measured with the Zetasizer (Nano ZS90, Malvern). The equipment
first measures the electrophoretic mobility of the droplets dispersed in aqueous solutions by
applying a certain electric field, and then automatically calculates the zeta potential. Three
replicates were measured for each specimen.
Thermogravimetric analysis (TGA)
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The TGA of the epoxy resin, WCA, as well as the cured waterborne epoxy resin was carried
out on a TGA/DSC 3+ instrument (METTLER TOLEDO, Figure 3.8) at a heating rate of
10 °C/min from 30 °C to 800 °C. The sample weight was approximately 5 mg and the
measurement was performed under nitrogen atmosphere at a purge rate of 40 ml/min.

Figure 3.8 Thermogravimetric analysis (TGA)

Confocal laser scanning microscopy (CLSM)
A Leica TCS SPE Confocal Microscope (Figure 3.9) was used to examine the microstructures
of WEMBEs. The images were captured in fluorescent mode using an argon-krypton laser with
a wavelength of 488 nm (blue light). To prepare the WEMBE samples, the emulsion was first
slightly stirred, and then 2 µL of the emulsion was dropped on a microscope glass slide with a
pipette, which was then covered with a glass. The specimens were observed under the CLSM
within 5 min to ensure that the emulsions stay in liquid state.

Figure 3.9 Confocal laser scanning microscopy (CLSM)
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Shear viscosity
The shear viscosity of WEMBEs was measured with the dynamic shear rheometer (DSR,
model MCR702 produced by Anton Paar, Figure 3.10). Because of the liquid state of the
emulsion, the concentric-cylinder measuring system was used. The inner diameter of the
cylinder was measured to be 18.8 mm, and the diameter of the rotator was measured to be 16.6
mm. Thus, the gap between the cylinder and the rotator was 0.6 mm during testing. The
emulsion was slightly stirred prior to measurement. Approximately 5 ml of emulsion was added
into the cylinder with a pipette. The shear viscosity was measured by increasing the shear rate
from 0.01 s-1 to 200 s-1 at 23 ± 0.5 °C. Each measurement would take around 10 min. The shear
rate was then decreased from 200 s-1 to 0.01 s-1 without rest, and the viscosity was recorded.
At least two replicates were measured for each emulsion.

Rotator

Cylinder

(a)

(b)

Figure 3.10 Shear viscosity equipment set-up: (a) MCR 702 concentric-cylinder measuring system, and
(b) a closer look-up of the cylinder and the rotator

35

3.2 Results and discussion
3.2.1 Synthesis of waterborne curing agent
In the first step of WCA synthesis, epoxy resin reacted with TETA. Ring-opening reaction took
place at both end oxirane groups and TETA was attached to the epoxy resin backbone. Then,
the oxirane group in GTCE reacted with the primary amines. Finally, the product was
neutralized with HAc to obtain the self-emulsifying WCA. The hydrophilic amines at both ends
of the molecules can provide emulsifying ability and react with epoxy resin to form an interconnected polymer network.
Figure 3.11 presents the FTIR spectra of Epoxy resin, Epoxy-TETA and Epoxy-TETA-GTCE,
which illustrate the chemical reactions during the synthesis of WCA. Table 3.3 further details
the FTIR band assignment of these materials. The peak at 917 cm-1 corresponding to the
characteristic stretching absorption of the oxirane ring in epoxy resin could hardly be seen in
the FTIR spectra of (b) and (c), indicating that the ring-opening reaction between epoxy resin
and TETA had taken place. The presence of the broad peak located at 3,290 cm-1 in spectrum
(b) ascribed to the absorption of N-H bonding also confirms such reaction. In addition, the
distinct peak at 1,724 cm-1 in spectrum (c) is attributed to the absorption of ester carbonyl group
of Epoxy-TETA-GTCE, revealing the reaction of GTCE with -NH2 in Epoxy-TETA. It can
therefore be inferred that the waterborne curing agent was successfully synthesized.
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Figure 3.11 FTIR spectra of: (a)Epoxy, (b)Epoxy-TETA and (c)Epoxy-TETA-GTCE

Table 3.3 Characteristic FTIR Band Assignments of Epoxy, Epoxy-TETA and Epoxy-TETA-GTCE
Wavenumber (cm-1)

Band assignment

3,362

O−H stretching

3,290

N−H stretching

2,927

methyl groups

2,873

methylene groups

1,724

C=O stretch

1,606, 1,507, 1,454

C−C stretch in aromatic ring

1,230, 1,107, 1,032

C−O−C stretch (ether groups)

1,182

O−H bend

917

oxirane ring

3.2.2 Particle size measurement
Figure 3.12 (a) and (b) present the particle size distributions of the prepared WCA and
waterborne epoxy emulsion, respectively. As shown in Figure 3.12 (a), the diameter of WCA
particles distributed in the range of 24-120 nm with a mean value of 55 nm. The small particle
size evidenced the strong hydrophilic property and emulsifying ability of the synthesized WCA.
While the particle size distribution of waterborne epoxy emulsion was in the range of 140-400
nm, with a mean particle size of 247 nm.
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Figure 3.12 Particle size distribution of: (a) waterborne curing agent and (b) waterborne epoxy resin

3.2.3 Thermal stability
The TGA tests were performed to evaluate the thermal stability of the epoxy resin before and
after curing. Figure 3.13 (a) shows the TGA as well as the DTG (derivative of TGA) curves
for both epoxy resin and WCA, and Figure 3.13 (b) shows the TGA and DTG curves of the
cured epoxy resin. Table 3.4 presents the initial decomposition temperature (Ti, corresponding
to the temperature of the first 5% weight loss) and the maximum decomposition temperature
(Tmax, corresponding to the peak temperature in the DTG curve).
It can be seen that the Ti of epoxy resin was 273 °C, and it degraded rapidly with temperature
increased beyond that. The epoxy resin DTG curve has only one peak, and the maximum
decomposition temperature (Tmax) was determined to be 338 °C. On the other hand, the WCA
showed a three-stage weight loss profile from the TGA curve, and the corresponding DTG
curve shows three peaks. It is noted that the first peak in the DTG curve of WCA is located
around 139 °C, which may result from the evaporation of the residual solvent. The boiling
point of the solvent PGME is around 120 °C, while the decomposition of polymers normally
takes place at much higher temperatures. In addition, the primary decomposition temperature
(the third peak) of WCA is 360 °C, which is higher than that of the epoxy resin, indicating that
the molecular weight of WCA is larger than epoxy resin. Furthermore, the maximum
decomposition temperature of the cured epoxy resin was 364 °C, which is higher than that of
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the uncured epoxy resin and WCA, indicating that the molecular weight increased after curing
reaction of epoxy resin and WCA, and thus the cured epoxy resin become more thermally stable.
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Figure 3.13 TGA and DTG curves of: (a) epoxy resin and WCA, and (b) the cured epoxy resin
Table 3.4 Thermal stability of epoxy resin, WCA, and the cured epoxy resin
Sample

Ti (°C)

Tmax (°C)

Epoxy resin

273

338

WCA

139

135, 280, 360

Cured epoxy resin

271

364

3.2.4 Confocal laser scanning microscopy analysis
There has been quite a lot of studies on the microstructure of polymer modified bitumen (PMB)
employing the fluorescence microscopy (FM) [138-142]. Polymers generally show strong
fluorescence emissions, while bitumen lacks such effect [105]. Hence, the FM is able to
distinguish the polymer phase and the bitumen phase in PMB, and thus the microstructure of
the polymer distribution in PMB can be obtained. CLSM offers several distinct advantages
over traditional FM, such as the ability to control depth of field and reduction of background
information from the focal plane [143]. As a result, the CLSM technique has been widely used
to assess the microstructure of polymer modified bitumen [138, 144, 145].
This study employs the CLSM to characterize the microstructures of WEMBEs. Figure 3.14
compares the CLSM images of WEMBE-0 and WEMBE-3 (the images of WEMBE-1 and
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WEMBE-5 are not presented for simplicity, as they are very similar with WEMBE-0 and
WEMBE-3). It can be seen that both emulsions show identical microstructure, and the presence
of waterborne epoxy resin cannot be identified from the images. The bright yellow particles
represent the bitumen droplets. It can be observed that the bitumen droplets are very close to
each other, and they are separated by thin films of aqueous phase. Note that the size of the
waterborne epoxy resin droplets is in the range of a few hundred nano meters, which may be
too small to be observed. On the other hand, the epoxy resin could also show fluorescence
emissions, which cannot be distinguished from the fluorescence emissions of the bitumen
particles.
(a)

(b)

Figure 3.14 CLSM of: (a) WEMBE-0 and (b) WEMBE-3 (scale bar: 25 μm)

Generally, bitumen has very few fluorescence effects, but the bitumen particles were observed
under CLSM. The reason may be that all the bitumen particles are surrounded and stabilized
by emulsifier in bitumen emulsion, and the emulsifier, coming from the lignin derivatives, may
induce this fluorescence effect. To confirm this hypothesis, the emulsifier was then evaluated
by the CLSM. From the image of the emulsifier in Figure 3.15, it is clear that emulsifier shows
the fluorescence effect. Thus, the fluorescence effect in bitumen emulsion is mainly induced
by the emulsifier.
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Figure 3.15 CLSM of emulsifier (scale bar: 25 μm)

The bitumen particles in Figure 3.14 are too concentrated and difficult to analyse. Thus, the
bitumen emulsions were 10-times diluted with deionized water. The CLSM images of the
diluted bitumen emulsions are shown in Figure 3.16, which indicates that the bitumen droplets
became more dispersed after dilution. It can be noticed that most of the bitumen particles are
within the size of 10 μm.
(a)

(b)

Figure 3.16 CLSM of the 10-times diluted bitumen emulsion: (a) WEBMBE-0, (b) WEMBE-1, (c)
WEMBE-3, (d) WEMBE-5 (scale bar: 25 μm)
Continued
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Figure 3.16 Continued
(d)

(c)

Bitumen emulsion is a thermodynamically unstable system [44], and the bitumen droplets
would generally flocculate and coalescence to form bigger particles, thus reduce the interfacial
energy. To evaluate such effect, the four groups of bitumen emulsions with different amounts
of waterborne epoxy resin were stored at ambient room conditions for 5 days. The emulsions
were then 10-times diluted with deionized water, and the CLSM images were subsequently
taken as shown in Figure 3.17.
(a)

(b)

Figure 3.17 CLSM of bitumen emulsion after 5 days: (a) WEBMBE-0, (b) WEMBE-1, (c) WEMBE-3, (d)
WEMBE-5 (scale bar: 25 μm)
Continued
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Figure 3.17 Continued

(c)

(d)

It can be seen that the bitumen particles generally become larger after storing for 5 days, and
flocculation of particles is also observed. It is interesting to note in Figure 3.17 that WEMBE0 and WEMBE-1 have larger bitumen particles compared with WEMBE-3 and WEMBE-5.
The presence of waterborne epoxy resin increased the viscosity of the aqueous phase. On the
other hand, the waterborne epoxy resin acted as a barrier between the bitumen droplets, thereby
reducing the possibility of the bitumen droplets flocculation. Hence, less large particles in
WEMBE-3 and WEMBE-5 were observed after 5 days of storage in comparison with those of
the WEMBE-0 and WEMBE-1.
Flocculation of emulsions may occur when the van der Waals attractive energy exceeds the
repulsive energy [146], and coalescence mainly results from the thinning and disruption of the
liquid film between the droplets, with the ultimate joining of these droplets [147]. Generally,
the flocculation of bitumen droplets takes place first, when the droplets become close enough,
coalescence happens subsequently (Figure 3.18). Figure 3.19 shows the flocculation and
coalescence of the bitumen emulsion. The flocculation is weak and reversable. Thus, the
particles can dissociate with each other by slightly shearing. However, the coalescence is not
reversable. As a result, the size of the bitumen particles would increase with time during the
storage of bitumen emulsion.
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Figure 3.18 Schematic of bitumen emulsion flocculation and coalescence
(a)

(b)

Figure 3.19 Flocculation (a) and coalescence (b) of bitumen droplets (scale bar: 25 μm)

3.2.5 Zeta potential of WEMBEs
Figure 3.20 shows the zeta potentials of WEMBEs. Three measurements were performed on
each specimen. It can be found that the zeta potential of the pure bitumen emulsion was around
50 mV. The zeta potentials of the waterborne epoxy resin modified bitumen emulsions were
similar with that of the pure bitumen emulsion, indicating that the stability of the bitumen
emulsion was not affected by the incorporation of waterborne epoxy resin. As both the bitumen
emulsion and waterborne epoxy resin were of cationic type in this study, and the particle size
of the waterborne epoxy resin missiles were smaller than that of the bitumen emulsion particles,
the waterborne epoxy resin has good compatibility with bitumen emulsion. The good
compatibility between waterborne epoxy resin and bitumen emulsion plays an important role
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in the manufacturing and application of this novel material. This result indicates that the
waterborne epoxy resin and bitumen emulsion can be simply mixed prior to application.
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Figure 3.20 Zeta potential of bitumen emulsions

3.2.6 Shear-rate dependence of viscosity
Figure 3.21 shows the shear-rate dependence of viscosity for the bitumen emulsions, which
demonstrates the typical shear-thinning behavior of the bitumen emulsions. The viscosity of
bitumen emulsion generally decreases with increasing of shear rate at lower shear rate, which
represents pseudoplastic behavior below 10 s-1. Such viscosity profile can be attributed to the
interaction between the bitumen droplets in bitumen emulsion. As can be seen from Figure
3.14, the closely packed bitumen droplets would form certain flocs at rest, which are weak and
reversable upon shearing. The interactions between the bitumen droplets are disrupted when
subjected to shear stress, resulting in a reduction in the viscosity of bitumen emulsion. With
further increasing of the shear rate, the bitumen emulsions with different amount of waterborne
epoxy resin emulsions showed quite different behaviors. For WEMBE-0, the viscosity dropped
to a constant value at higher shear rate, which demonstrated typical Newtonian behavior. The
shear-thinning effect of bitumen emulsion was also reported by Mercado and Fuentes [148],
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however, the Newtonian region was not observed in their study presumably because the shear
rate they applied was not high enough.
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Figure 3.21 Shear rate dependence of viscosity for bitumen emulsion

On the other hand, the viscosity profile of waterborne epoxy modified bitumen emulsions is
quite different, which shows a shear-thinning region at lower shear rate, followed by a shearthickening region at higher shear rate. The shear-thickening behavior is also called dilatancy.
The dilatancy effect becomes more pronounced with higher contents of waterborne epoxy resin,
indicating that indeed the waterborne epoxy resin is responsible for the dilatancy effect at
higher shear rate. The reason may be that the epoxy resin is stabilized by WCA, and the
molecular structure of WCA is very long. Thus, at higher shear rate, the WCA emulsifiers
began to get entangled with each other, which contributed to the increase of the overall
viscosity. Figure 3.22 represents a schematic structure of the waterborne epoxy resin modified
bitumen emulsion. Similar effect was also reported by Otsubo and Prud'homme [149] in a
paraffin oil-in-water emulsion, which also showed pseudoplastic behavior at lower shear rate
and dilatancy at higher shear rate.
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Bitumen particle

Shearing

Waterborne epoxy
resin

Figure 3.22 Schematic structure of the waterborne epoxy resin modified bitumen emulsion

To simulate the shear-rate dependence of the viscosity of emulsions or polymer melts, the
Carreau model described by the following equation is generally applied [150].

 =  +

0 − 
(1 + (  )2 )

(3-1)

where  0 is the zero-shear viscosity,  is the viscosity at infinite shear rate,  is a
dimensionless parameter,  is a time constant, and  is the shear rate.
The fitting error is given as,

Error =

1 n | e _ i −  m _ i |
100%
 
n i =1
e_i

(3-2)

where e _ i is the ith experiment data, m _ i is the ith modelled data, and n is the total number
of experiment data.
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Figure 3.23 Viscosity simulation using Carreau model
Table 3.5 Fitting parameters of the Carreau model
Bitumen emulsion

 0 (mPa·s)

 (mPa·s)





Fitting error (%)

WEMBE-0

60,253

43.3

0.37

3,811.9

4.17

WEMBE-1

55,520

45.0

0.37

3,534.8

5.78

WEMBE-3

86,178

60.6

0.40

3,776.9

5.14

WEMBE-5

1,083,954

82.7

0.43

48,699.4

7.14

Figure 3.23 shows the viscosity simulation of the bitumen emulsion with the Carreau model.
For simplicity, only the viscosity simulations for WEMBE-0 and WEMBE-5 are presented. It
can be seen that viscosity profile at the lower shear rate was simulated fairly well. However,
significant deviation occurred at the higher shear rate, and the discrepancy increased for the
bitumen emulsion modified by waterborne epoxy resin. The fitting parameters are shown in
Table 3.5, and it is found that the fitting error increased with increasing concentrations of
waterborne epoxy resin, which reached to 7.14% for WEMBE-5. The reason is that the Carreau
model is a decreasing function. While the viscosity of WEMBE-0 demonstrates Newtonian
behavior at higher shear rate. Regarding the waterborne epoxy resin modified bitumen
emulsion, the dilatancy behavior at higher shear rate is observed. Both the Newtonian and the
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dilatancy behavior cannot be simulated with the Carreau model. To solve this limitation, a
power law model is added to the original Carreau model, which is referred to here as a
“modified-Carreau” (MC) model given as below,

 =  +

0 − 
+ m n
(1 + (  )2 )

(3-3)

where m and n are the fitting parameters.
Figure 3.24 shows the bitumen emulsion viscosity simulated using the modified-Carreau model.
It is clear that the viscosity of both WEMBE-0 and WEMBE-5 was well simulated with high
accuracy. With respect to WEMBE-0, the modified-Carreau model can not only simulate the
shear-thinning behavior at lower shear rate, but also the Newtonian behavior at higher shear
rate. In addition, the dilatancy region of the waterborne epoxy resin modified bitumen emulsion
at the higher shear rate was also successfully simulated.
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Figure 3.24 Viscosity simulation using the modified-Carreau model

Table 3.6 shows the fitting parameters of the modified-Carreau model. It can be seen that the
fitting errors decreased significantly compared with the original Carreau model, which are all
lower than 5%. The results indicate that the fitting accuracy of modified-Carreau model
increased significantly compared with that of the original Carreau model. The original Carreau
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model can only simulate the shear-thinning behavior, while the modified-Carreau model can
also simulate the Newtonian behavior as well as the dilatancy behavior. Thus, the modifiedCarreau model can be more widely used.
Table 3.6 Fitting parameters of the modified-Carreau model
Bitumen emulsion

 0 (mPa·s)

 (mPa·s)





m

n

Fitting error (%)

WEMBE-0

30,912.0

38.0

0.36

1,794.8

0.2

0.74

3.18

WEMBE-1

85,859.3

34.7

0.35

9,856.2

0.9

0.55

4.83

WEMBE-3

438,087.3

47.0

0.38

43,340.1

1.5

0.58

2.60

WEMBE-5

405,121.6

49.9

0.40

29,519.6

7.8

0.45

2.27

Figure 3.25 shows the shear-rate dependence of the stress for WEMBEs. The stress data at the
shear rate of 0.01~200 s-1 were obtained simultaneously with the viscosity described above. It
can be seen that the stress was similar in the shearing rate range of 0.01~10 s-1 and was very
close for different WEMBEs. The stress of the waterborne epoxy resin modified bitumen
emulsions increased more rapidly with shearing rate larger than 10 s-1, because of the dilatancy
effect at higher shearing rate.
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Figure 3.25 Shear-rate dependence of stress

The Herschel-Bulkley model as shown below is generally applied to simulate the shear-rate
dependence of the stress [151].
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 =   + k n

(3-4)

where   is extrapolated yield value, k is a dimensionless parameter, and n is the power index.
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Figure 3.26 Shear stress fitted by Herschel-Bulkley model

It can be seen in Figure 3.26 that the HB model can well simulate the low shear rate stress,
however, significant deviation was observed at higher shear rate region. The fitting parameters
are presented in Table 3.7, which shows that the fitting errors are all larger than 9%.
Table 3.7 Fitting parameters of the Herschel-Bulkley model
Bitumen emulsion

  (Pa)

k

n

Fitting error (%)

WEMBE-0

0.05

0.11

0.78

10.16

WEMBE-1

0.05

0.12

0.77

9.49

WEMBE-3

0.06

0.12

0.84

12.21

WEMBE-5

0.06

0.10

0.98

11.15

To solve this problem, one more power series is added into the original Herschel-Bulkley
model, which gives the following modified Herschel-Bulkley (MHB) model,

 =   + k1 n + k2 n
1

2

(3-4)

where   is extrapolated yield value, k1 and k2 are dimensionless parameter, and n1 and n2 are
the power indexes.
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Figure 3.27 shows the shear-rate dependence of the stress simulated by the MHB model. It can
be seen that the model agrees very well with the test data for all the WEMBEs, and the fitting
errors are all less than 3% (Table 3.8), which represents a significant decrease in comparison
with the original Herschel-Bulkley model. It is noted that the   for the bitumen emulsions
was very small, which also indicates that the bitumen particles in the emulsion are only slightly
contacted, and they disassociate easily when subjected to shearing.
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Figure 3.27 Shear stress fitted by modified Herschel-Bulkley (MHB) model
Table 3.8 Fitting parameters of the modified Herschel-Bulkley model
Bitumen emulsion

  (Pa)

k1

n1

k2

n2

Fitting error (%)

WEMBE-0

0.03

0.01

1.21

0.12

0.47

2.95

WEMBE-1

0.03

0.01

1.26

0.13

0.51

2.49

WEMBE-3

0.03

0.02

1.25

0.14

0.45

2.43

WEMBE-5

0.04

0.02

1.33

0.11

0.53

1.44

3.2.7 Thixotropy of WEBMEs
For some emulsions, the viscosity decreases with increasing shear rate, and recovers to its
original value with decreasing shear rate. Such reversible behavior of viscosity is referred to as
the so-called thixotropy [152]. As figure 3.28 shows, all WEMBEs exhibited strong thixotropy.
The viscosity at the decreasing shear rate curve (red dots) overlaps with that at the increasing
shear rate (black dots). As shown in Figure 2.2, the secondary minimum depth becomes
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significant at intermediate zeta potential. Thus, weak flocculation of the bitumen emulsions
could occur at static situation. Such flocculation is reversible, i.e., the flocs are disrupted by
shearing, which can then reform on decreasing shear force or shear rate. In addition, the
presence of waterborne epoxy resin did not affect the thixotropy of the bitumen emulsion.
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Figure 3.28 Thixotropy of emulsions: (a) WEMBE-0, (b) WEMBE-1, (c) WEMBE-3, and (d) WEMBE-5
(Note: ‘up’ indicates increasing of shear rate, and ‘down’ indicates decreasing of shear rate)

3.3 Summary
In this chapter, the waterborne curing agent (WCA) was synthesized and used to prepare the
waterborne epoxy emulsion. The waterborne epoxy resin was subsequently used to modify
bitumen emulsion. As the waterborne epoxy resin was a hydrophilic emulsion, it can be mixed
with bitumen emulsion directly to prepare the WEMBE. In addition, both the waterborne epoxy
resin emulsion and the bitumen emulsion were cationic type emulsions, thus they were
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compatible with each other. Therefore, the stability of the bitumen emulsion was preserved.
The microstructure and rheological properties of the modified bitumen emulsion was then
evaluated. The main findings of the study presented in this chapter are summarized below:
(1) The WCA synthesized in this study was dispersed in water with a very small mean
particle size of 55 nm, indicating strong self-emulsifying ability. In addition, the WCA
can effectively emulsify the epoxy resin, and the average diameter of the obtained epoxy
resin droplets is 247 nm.
(2) The cured waterborne epoxy resin showed good thermal stability, which was generally
stable below 270 °C.
(3) The zeta potential of the bitumen emulsion containing waterborne epoxy resin were
similar with that of the pure bitumen emulsion, indicating the stability of bitumen
emulsion was not affected by waterborne epoxy resin.
(4) The bitumen particles in the manufactured bitumen emulsion are mostly smaller than
10 μm, and become larger after storing for 5 days. However, the bitumen particles in
bitumen emulsion with waterborne epoxy resin was smaller than the pure bitumen
emulsion, indicating that the waterborne epoxy resin acts as a barrier between bitumen
particles, thus hindered the bitumen particles from coalescence.
(5) Bitumen emulsion showed significant shear-thinning behavior at the lower shear rate
region (0-10 s-1). The pure bitumen emulsion then behaved like a Newtonian fluid at higher
shear rate, while the waterborne epoxy resin modified bitumen emulsion showed shearthickening behavior. The difference may be caused by the waterborne epoxy resin, which
could become entangled with each other at higher shear rate, thus increasing the viscosity.
Such phenomenon about the waterborne epoxy resin modified bitumen emulsion has not
been reported previously.
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(6) The bitumen emulsion demonstrated strong thixotropy effect. The interactions
between bitumen particles in the emulsion can be disrupted by shear stress, and, when
decreasing the shear rate, such interactions can reform subsequently.
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CHAPTER 4 PERFORMANCE EVALUATION OF WEBERs
This chapter presents the overall evaluations of the waterborne epoxy resin modified bitumen
emulsion residues (WEBERs). Section 4.1 describes the experiments conducted, including the
infrared spectra, confocal laser scanning microscopy, dynamic shear test, aging, bond strength,
and boiling test. Section 4.2 presents the results and discussions, including the microstructures
of the emulsion residues, the temperature sweep and the multiple stress creep and recovery of
the emulsion residues, the chemical and rheological analysis of the emulsion residues before
and after being aged in the pressure aging vessel (PAV), the fatigue life characterization of
WEBERs based on both time-sweep test and linear amplitude sweep (LAS) test, the bond
strength with aggregate, and the resistance to moisture damage using the boiling water test.
4.1 Experiments and methods
Attenuated total reflection - Fourier transform infrared spectroscopy
ATR-FTIR (Spectrum Two, PerkinElmer) was used to analyse the FTIR spectra WEBERs
(both the unaged and PAV aged specimens) with a 4 cm-1 resolution between 400 and 4,000
cm-1. Each spectrum represents the accumulation of 32 spectra. The emulsion residues with
0wt%, 1wt%, 3wt%, and 5wt% of waterborne epoxy resin are denoted as WEBER-0, WEBER1, WEBER-3, and WEBER-5, respectively. Three measurements were performed for each
specimen.
Confocal laser scanning microscopy (CLSM)
A Leica TCS SPE Confocal Microscope was used to examine the fluorescence images of the
emulsion residues. The images were recorded in fluorescent mode using an argon-krypton laser
with a wavelength of 488 nm (blue light). The emulsion residue was obtained by placing a drop
of emulsion on a microscope slide and dried at ambient temperature for 3 h, the cover glass
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was then placed on the specimen, and finally the specimen was put into a forced air oven at
60 °C for 3-4 h to fully evaporate the water.
Temperature sweep test
The rheological properties of WEBERs were characterized through dynamic shear tests using
a DSR (model MCR702, Anton Paar, Figure 4.1). A thin layer of waterborne epoxy resin
bitumen emulsion was spread on a silicone paper and kept at room temperature for 3 days,
followed by 24 h conditioning in oven at 60 °C. Such a procedure was adopted to ensure the
evaporation of water and fully curing of epoxy resin. Temperature sweep from 40 to 94 °C at
6 °C increments was applied with a testing frequency of 10 rad/s. All tests were conducted
within the linear viscoelastic region. The complex modulus (G*) and phase angle (δ) of each
sample were determined. Two measurements were performed for each specimen.

Figure 4.1 Dynamic shear rheometer (MCR 702, Anton Paar)

Frequency sweep test
Bulk rheological properties of the WEBERs were tested employing a dynamic shear rheometer
(DSR, MCR 702, Anton Paar). Frequency sweeps over the range of 0.1-30 Hz at -10 °C, 0 °C,
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10 °C, 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C were conducted in the linear viscoelastic domain
on all the specimens. The master curves of complex modulus were then constructed using the
time-temperature superposition principle (TTSP) at the reference temperature of 10 °C. Two
measurements were performed for each specimen.
Multiple stress creep and recovery (MSCR) test
The MSCR tests were conducted at 50 °C, 60 °C, and 70 °C according to ASTM D7405. During
the MSCR test, constant stress was applied to the sample for 1 s followed by a recovery period
of 9 s at zero stress. Ten cycles of creep and recovery were applied at the two stress levels of
0.1 kPa and 3.2 kPa. The 0.1 kPa shear stress level reflects the linear viscoelastic response of
the bitumen binder, while the 3.2 kPa shear stress level was adopted to evaluate the non-linear
viscoelastic behavior of the bitumen binder [153]. Two important parameters, the average
strain recovery (R) and nonrecoverable creep compliance (Jnr), were calculated to analyse the
binder response to shear stress. Two replicates were measured for each specimen.
PAV aging of WEBERs
Since bitumen emulsions are generally applied at ambient temperature without heating, no
short-term aging is experienced. Thus, aging in the pressure aging vessel (PAV), was
performed directly on the WEBERs according to ASTM D6521 to simulate the long-term inservice aging.
Time-sweep fatigue test
The fatigue tests were conducted using the dynamic shear rheometer (DSR) with an 8 mm
diameter parallel plates and a 2 mm gap. All the fatigue tests were carried out at 20 °C on the
PAV aged WEBERs. For the time sweep tests, three stress levels were evaluated, i.e., 300 kPa,
400 kPa, and 500 kPa, at a frequency of 10 Hz. The time sweep tests were continued until
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complete failure of the materials. At least two measurements were performed for each
specimen.
Linear amplitude sweep test
The linear amplitude sweep (LAS) test was conducted at 20 °C using the PAV aged samples
following the AASHTO TP-101 [154]. During the LAS test, the frequency sweep from 0.2 30 Hz was first applied at a constant shear strain of 0.1% to capture the material’s response in
the linear viscoelastic domain, followed by the amplitude sweep from 0.1% - 30% at the
frequency of 10 Hz. Two replicates were measured for each specimen.
Test on bond strength between WEMBEs and aggregate
To evaluate the bond strength between WEMBEs and aggregate, the pull-off test was
conducted. The granite stone, which was used as the substrate, was slightly abraded with the
80-mesh size grinding wheel to create a rough surface (Figure 4.2). A small amount of bitumen
emulsion was dropped on the cleaned surface subsequently. The upper pull-off stub was
carefully put on the emulsion after the breaking of bitumen emulsion. The specimens were then
allowed to cure at ambient room conditions for 24 h, followed by 24 h of oven heating at 60 °C.
The test was then performed at two temperatures: 23 °C and 50 °C. In addition, the strength of
WEMBEs evolves with the breaking of the emulsions and the curing of waterborne epoxy resin.
To measure the strength improvement with time, WEMBE-0 and WEMBE-5 were selected for
comparison. After preparation of the specimens, they were allowed to cure at ambient room
conditions for up to 14 days, and the pull-off test was conducted after 1day, 3 days, 7 days and
14 days. All the pull-off tests were conducted at ambient room temperature using a dynamic
testing system (DTS-30, PAVETEST) with a loading rate of 5 mm/min. At least two replicates
were tested and averaged to characterize the bond strength.
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Figure 4.2 Pull-off test: (a) granite substrate, (b) pull-off stub, and (c) test setup

Moisture sensitivity test
The adhesion between bitumen emulsion and aggregate under water was evaluated through the
boiling water tests in accordance with ASTM D3625. Granite, commonly used in Hong Kong,
was used as the testing aggregate. In each test, 465 g of coarse aggregate and 35 g of bitumen
emulsion were first manually mixed for 1 min. The coated aggregate was then cured at ambient
temperature for 1 day and 3 days. The cured mixture was subsequently boiled for 10 min in a
container. Finally, the boiled mixtures were visually inspected to determine the moisture
sensitivity of the mixtures.
4.2 Results and discussion
4.2.1 Infrared spectra of WEBERs
After waterborne epoxy resin emulsion was mixed into bitumen emulsion, it would disperse
evenly in the aqueous phase. The cross-link curing reaction would proceed as water evaporates.
The molecular structure of the cured epoxy resin is shown in Figure 4.3. Epoxy groups at the
other end of R1 can then react with another WCA, leading to an inter-connected polymer
structure. Figure 4.4 demonstrates the FTIR spectra of all the WEBERs. As the dosages of
waterborne epoxy resin were small, no significant difference between the WEBERs was
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observed. However, it can be seen that the peak intensity at 1250 cm-1 corresponding to the
ether group (-C-O-) increased with increasing dosages of waterborne epoxy resin.
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Figure 4.3 Curing reaction of epoxy with waterborne curing agent
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Figure 4.4 FTIR spectra of WEBERs

4.2.2 Microstructure of WEBERs
Figure 4.5 demonstrates the fluorescence images of the cured WEBERs. The dark phase
corresponds to bitumen, and the yellow phase corresponds to epoxy resin. With the increase of
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waterborne epoxy resin dosages, the area of the yellow phase increased as shown in the figure.
What is interesting in the figure is that the cured epoxy resin forms an inter-connected polymer
(or honeycomb-like) structure when the dosages of the waterborne epoxy resin reached 3wt%,
and the bitumen particles were encapsulated in the epoxy film. In a previous study by Liu, et
al. [135], a commercial waterborne epoxy resin was used to modify bitumen emulsion.
However, such polymer-rich film structure was not observed even when 40wt% waterborne
epoxy resin was added. Gu, et al. [155] evaluated the microstructure of a non-ionic based
waterborne epoxy resin modified bitumen emulsion employing FM and SEM. Their findings
indicated that the polymer-rich film structure can only be formed with the dosages of the
waterborne epoxy resin larger than 20wt%, while 3wt% of waterborne epoxy resin has already
been able to form such structure in this study based on the CLSM test results. The reason may
lie in the different compositions of the waterborne epoxy resin. The cationic type of waterborne
epoxy resin is more compatible with the cationic bitumen emulsion compared with the nonionic type, thus the waterborne epoxy resin can be more homogeneously mixed with the
bitumen emulsion in this study. As a result, less quantity of cationic waterborne epoxy resin is
required to form the polymer-rich film structure in the bitumen emulsion residue.
The waterborne epoxy resin was initially dispersed in the aqueous phase after mixing with
bitumen emulsion, as water evaporates and the bitumen droplets become closer, the epoxy resin
particles are squeezed to form a thin layer around the bitumen particles. After the curing process
of the epoxy resin, a continuous epoxy film will be formed around the bitumen particles. It can
be further noticed that the bitumen particles are generally smaller than 10 μm. Recall that most
of the bitumen droplets in the bitumen emulsion were smaller than 10 μm as shown in Figure
3.14, indicating that the majority of the bitumen droplets did not merge to form bigger particles
during the curing process because of the barrier formed by the waterborne epoxy resin. Such
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inter-connected epoxy structure may dramatically change the overall performances of the
emulsion residues, which will be investigated in the rest parts of this chapter.
(a)

(b)

(c)

(d)

Figure 4.5 CLSM images of WEBERs: (a) WEBER-0, (b) WEBER-1, (c) WEBER-3 and (d) WEBER-5
(scale bar: 10 μm)

4.2.3 Temperature sweep of WEBERs
The results of the temperature sweep tests are presented in Figure 4.6. From Figure 4.6 (a), it
can be seen that the WEBERs containing waterborne epoxy resin had much larger complex
modulus |G*| than that of the pure bitumen emulsion residue. With the increase of waterborne
epoxy resin content, the complex modulus of the emulsion residues increased considerably
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within the entire tested temperature range. This increment was more significant at higher
temperature than at lower temperatures. The improvement of the complex modulus indicates
the formation of epoxy resin networks within the bitumen matrix. Particularly, the |G*| of
WEBER-5 is one order greater than that of WEBER-0 at 40 °C, and over two orders larger at
70 °C. The substantial increase of |G*| for WEBER-5 reveals that a denser inter-connected
polymer network was formed, which turned the bitumen into a more elastic material.
Previous research has suggested that phase angle can better reflect the chemical and physical
structure of bitumen [156]. Figure 4.6 (b) shows that the phase angle of WEBER-0 increased
continuously with the increasing temperature and approached 90° when the temperature
reached 70 °C, indicating dominant viscous behavior. However, the addition of epoxy resin
significantly decreased the phase angle, especially at higher temperatures, which also
confirmed the presence of inter-connected polymer networks within bitumen. It is interesting
to notice that the phase angle of the emulsion residues containing waterborne epoxy resin
showed an upward trend until 60 °C and then declined. At lower temperatures, bitumen is stiffer
and plays an important role on the viscoelastic properties, while at higher temperatures,
bitumen becomes viscous, thus the viscoelastic properties are dominated by the epoxy resin.
These results further support the formation of the inter-connected polymer structure observed
in Figure 4.5.
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Figure 4.6 Isochronal plots of: (a) | G*| vs temperature, and (b) phase angle vs temperature (at 10 rad/s)
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In the Strategic Highway Research Program (SHRP) specifications, |G*|/sinδ is defined as the
rutting parameter, which can be used to characterize a binder’s resistance to permanent
deformation. The minimum requirement for |G*|/sin δ is 1 kPa at the highest service
temperature. Figure 4.7 presents the isochronal plots of the rutting parameter versus
temperature. It is evident that the incorporation of waterborne epoxy resin significantly
increased the rutting parameter. The effects of waterborne epoxy resin on binders’ hightemperature performance are shown in Table 4.1. It can be seen that T(G*/sin δ =1 kPa) (temperature
corresponding to a |G*|/sinδ of 1 kPa) reached 86 °C with only 1wt% of epoxy resin, and it
became larger than 94 °C for both WEBER-3 and WEBER-5. Considering the low content of
epoxy resin, the modification effect is rather surprising. To achieve a similar modification
effect for high temperature performance achieved by 1wt% of epoxy resin, the required amount
of SBS is about 3-5wt% [157].
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Figure 4.7 Isochronal plots of rutting parameter versus temperature at 10 rad/s
Table 4.1 High temperature performance of WEBERs
Sample ID

TG*/sin δ =1 kPa (°C)

WEBER-0

68.7

WEBER-1

86.0

WEBER-3

>94

WEBER-5

>94
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4.2.4 Frequency sweep of WEBERs
Figure 4.8 shows the master curves of complex modulus |G*| and phase angle of the original
WEBERs at the reference temperature of 10 °C. According to the time-temperature
superposition principle (TTSP), lower frequency corresponds to higher temperature, while
higher frequency corresponds to lower temperature. As shown in Figure 4.8 (a), the complex
modulus |G*| for all the WEBERs was very close at higher frequency, while larger quantities
of waterborne epoxy resin led to dramatic improvement of the |G*| at lower frequency. This
result indicated that the addition of waterborne epoxy substantially decreased the temperature
susceptibility of the WEBERs. On the other hand, the phase angle in Figure 4.8 (b) showed a
reverse trend, which decreased with larger dosages of waterborne epoxy resin, revealing that
the waterborne epoxy resin increased the elasticity of the emulsion residues. It is worth noting
that 𝛿 of WEBER-0 approached close to 90 ° at lower frequency, demonstrating essentially
Newtonian liquid response at high temperature. What stands out in the figure is that the phase
angle of WEBER-3 and WEBER-5 first increased and then decreased with decreasing
frequency. Such phenomenon is typically associated with the presence of interconnected
polymer structure in polymer modified bitumen [158, 159]. It is also interesting to note that the
phase angle of WEBER-5 was always smaller than 45°, which indicates that WEBER-5
demonstrates elastic-dominated response in the whole frequency spectra. Recall the
fluorescence micro-structure of the WEBERs, the inter-connected structure was identified in
WEBER-3 and WEBER-5. Such distinct structure significantly improved the elasticity of the
emulsion residues. At very low temperature (high frequency) the bitumen is very stiff, and the
overall performance of the polymer modified bitumen is mainly dominated by the bitumen,
thus the difference between different WEBERs was insignificant. Upon increasing the
temperature, both the bitumen and the polymer structure soften to some extent. Thus, the phase
angle increased. With further increasing of temperature, the bitumen transfers to a viscous state,
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however, the polymer structure will not melt at this stage, and the overall performance of the
mixture is dominated by the epoxy resin networks. As a result, the phase angle decreased at
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Figure 4.8 Master curves of: (a) complex modulus, and (b) phase angle for the original WEBERs
(reference temperature: 10 °C)

4.2.5 Multiple stress creep and recovery (MSCR) test
4.2.5.1 High-temperature performance based on MSCR test
Rutting is one of the main distresses of asphalt pavements affecting pavement service life,
driving comfort and safety. To characterize the rutting potential of bituminous binders, the
Superpave rutting parameter |G*|/sinδ has been developed and used in the US binder grading
system. However, many studies have indicated that this parameter is not always adequate in
representing the rutting potential of bituminous binders, especially the polymer modified
binders [160-163]. This is because that polymer modified binders possess substantial delayed
elastic response [162]. Correspondingly, the MSCR test has been proposed as an alternative
approach to characterize the rutting potential of bitumen and polymer modified binders [164,
165]. This test is now listed in the standard specification of AASHTO MP 19. The nonrecoverable creep compliance (Jnr) derived from this test has been reported to correlate well
with the performance of ordinary asphalt pavement mixtures [166-168].
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Figure 4.9 depicts the average percent recovery (R) calculated at the stress levels of 0.1 kPa
and 3.2 kPa. The data were the average of 10 cycles of percent recovery, and the standard
deviation was within 5% of the mean values. It can be seen that the percent recovery generally
increased with increasing of the waterborne epoxy resin content. In addition, the percent
recovery showed a decreasing trend with the increasing temperature, except for those of
WEBER-3 and WEBER-5 at 0.1 kPa. In fact, at the stress level of 0.1 kPa, the percent recovery
for WEBER-0 was less than 15% even at 50 °C, while those of WEBER-3 and WEBER-5
reached more than 90% at the same temperature. The recovery difference between different
temperatures indicates temperature susceptibilities. It is apparent that the recovery difference
was much lower when larger amount of waterborne epoxy resin was used. Thus, the addition
of waterborne epoxy resin in bitumen emulsion can decrease the temperature susceptibility of
the binder.
Moreover, it was found in Figure 4.9 that the strain recovery at 3.2 kPa decreased compared
with that at 0.1 kPa. The larger difference of recovery between different stresses means higher
stress sensitivity. However, the percent recoveries for WEBER-3 and WEBER-5 did not
change much at the two stress levels, while those of WEBER-0 and WEBER-1 decreased
significantly. Thus, it can be inferred that larger quantities of waterborne epoxy could lead to
lower stress sensitivity of the emulsion residues. As larger quantities of waterborne epoxy can
result in more crosslinks of epoxy polymers, those WEBERs with more epoxy crosslinks will
be more damage resistant than those with less epoxy crosslinks.
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Figure 4.9 Average percent recovery of MSCR test: (a) 0.1 kPa, and (b) 3.2 kPa

The non-recoverable creep compliance (Jnr) results are shown in Figure 4.10. It is clear that Jnr
decreased dramatically with the increasing waterborne epoxy resin content. The most distinct
decrease of Jnr was observed in WEBER-3 and WEBER-5 at all test temperatures and stress
levels. In addition, Jnr generally increased with the increase of temperature and stress. The nonrecoverable compliance Jnr has been used as an important indicator for the rutting sensitivity.
Lower Jnr indicates stronger resistance to rutting. It is suggested that a value of Jnr below 0.5
kPa-1 at a stress level of 3.2 kPa represent good resistance to permanent deformation [166]. A
closer look at Figure 4.10 reveals that the values of Jnr of WEBER-3 and WEBER-5 were both
less than 0.02 kPa-1 even at the stress of 3.2 kPa, substantially lower than that of WEBER-0.
Therefore, it can be concluded that waterborne epoxy resin remarkably improved the rutting
resistance of bitumen emulsion residues, and a minimum of 3wt% waterborne epoxy resin is a
reasonable requirement for obtaining good rutting resistance. Such finding is consistent with
the microstructure of the WEBERs. The waterborne epoxy resin has formed the polymer-rich
film structure within the emulsion residue when the dosages reached 3wt%, which dramatically
increased the elasticity of the material, thereby improving the resistant to rutting potential.
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Figure 4.10 Non-recoverable creep compliance Jnr of MSCR test ((a) 0.1 kPa, (b) 3.2 kPa, a close up was
shown for WEBER-3 and WEBER-5)

4.2.5.2 Creep and recovery modelling
In the MSCR test, the lower stress of 0.1 kPa is adopted to evaluate the linear viscoelastic
performance of bituminous binders, while the higher stress of 3.2 kPa is applied to characterize
the nonlinear viscoelastic response of most bituminous binders [153]. In this study, the binders’
responses at the lower stress of 0.1 kPa in the linear viscoelastic range were selected and
modelled using the generalized Burgers model.
The generalized Burgers model (Figure 4.11), which consists of one Maxwell model and a
number of Kelvin-Voigt model in series, has been widely used in modelling the viscoelastic
behavior of bituminous materials [169, 170].

Figure 4.11 The generalized Burgers model

The creep strain response 𝜀(𝑡) is given as,

 (t ) =  D0 +  i =1 Di (1 − e−t / ) +
n

i
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t
0

(4-1)

where 𝜎 is the applied stress, kPa, 𝑡 is the current time, 𝐷0 is the creep compliance of the
standalone spring, 𝐷𝑖 is the creep compliance of the ith Kevin series, 𝜏𝑖 is the retardation time
of the ith Kevin series, 𝑛 is the number of Kevin series, 𝑡0 is the time of creep phase, and 𝜇0 is
the zero-shear viscosity [163, 171].
According to Bolzmann superposion principle, the strain in the recovery phase is given as,

 (t ) =  i =1 Di e−t / (et / − 1) +
n

i

0

i


t
0 0

(4-2)

The least-squre curve fitting method in MATLAB® program was applied in both models to fit
all creep and recovery data.
It was found that the original Burgers four element model, which contains one Kelvin model,
was inadequate to fit the data well, especially for the recovery phase at higher temperature.
When adding one more Kelvin model in series, it can be seen from Figure 4.12 that excellent
fitting can be achieved. The fitting parameters are shown in Table 4.2, and the R2 values are
larger than 0.99 for all cases.

(a)

(b)
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(c)

(d)

Figure 4.12 Generalized Burgers model (GBM) fitting: (a) WEBER-0, (b) WEBER-1, (c) WEBER-3, (d)
WEBER-5
Table 4.2 Fitting parameters for the generalized Burgers model
Sample ID
WEBER-0

WEBER-1

WEBER-3

WEBER-5

Temperature (°C)

𝐷0

𝜇0

𝐷1

𝜏1

𝐷2

𝜏2

R2

50

0.75

0.034

79.98

1.00

13.81

256.46

0.9999

60

0.01

0.006

10.00

1.79

3.16

798.16

0.9983

70

0.01

0.002

999.96

78.93

28.61

29.60

0.9925

50

1.82

0.667

33.00

33.00

3.61

3.61

0.9998

60

3.80

0.022

53.15

900.10

0.63

6.01

0.9993

70

0.01

0.003

834.38

49.49

7.86

0.88

0.9969

50

0.01

21.78

3.40

0.01

0.39

7.81E-07

0.9997

60

0.02

6.10

2.80

0.05

0.33

2.23E-14

0.9998

70

0.07

2.47

2.65

0.18

0.33

1.67E-03

0.9997

50

2.28E-03

174.96

0.27

3.50E-03

0.78

3.88E-03

0.9999

60

0.02

15.84

2.54

0.03

0.34

2.95E-03

0.9998

70

0.05

6.17

2.35

0.09

0.30

1.82E-03

0.9998

In the generalized Burgers model, the viscosity parameter 𝜇0 of the single dashpot represents
the zero-shear viscosity (ZSV). ZSV has been taken as an effective indicator for permanent
deformation of bituminous binders by many researchers [172-174]. Larger values of ZSV
indicate stronger resistance to permanent deformation. Table 4.2 shows that the values of ZSV
generally increased with the increase of epoxy resin content and decreased with the increasing
temperature. Similar results were reported in other studies [167, 171]. The possible mechanism
is that the epoxy resin polymer networks within the bitumen matrix led to higher viscosity of
the emulsion residues. These test results indicated that the temperature dependence of the
bitumen emulsion residues was reduced by waterborne epoxy resin.
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It can be found that the zero-shear viscosity 𝜇0 from the generalized Burgers model was closely
related to bitumen viscosity, and was consistent with the respective material’s performance,
i.e., 𝜇0 increased with larger dosages of waterborne epoxy resin and decreased with higher
temperatures.
4.2.6 Evaluation of aging resistance
Bitumen is subjected to short-term aging during construction of pavement, and long-term aging
in service life as well [175]. In laboratory, the standard rolling thin film oven test (RTFOT)
and the PAV test are recommended to simulate the short-term and long-term field aging,
respectively [176]. However, aging of bitumen emulsion has not been explored in detail so far.
Unlike traditional hot-mix asphalt, bitumen emulsion will not go through the short-term aging,
as no high-temperature heating is performed during its construction. Nevertheless, the
weathering will still lead to long-term aging of bitumen emulsion residues during service life.
It is therefore reasonable to simulate the long-term aging of bitumen emulsion directly on the
residues without short-term aging.
Aging of bitumen comes from both physical and chemical aspects. Physically, loss of volatiles
leads to change of the bitumen structure. Regarding the chemical change, the oxidative reaction
will cause an increase of the carbonyl and sulfoxide groups [177, 178]. The polar groups
containing oxygen can further associate to form more complex and higher weight molecules.
As a result, the bitumen become stiffer after aging, making the material more brittle and more
sensitive to cracking and fracture [179].
4.2.6.1 Chemical analysis of aging
To evaluate the aging of bitumen using FTIR, the peaks located at 1700 cm-1 and 1030 cm-1
corresponding to carbonyl stretching vibration and sulfoxide stretching vibration are of
particular interest. During the oxidative aging of bitumen binders, oxygen diffuses into bitumen
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and reacts with certain molecules and results in an increase of the peak intensity of carbonyl
and sulfoxide functional groups. In an attempt to quantitatively evaluate the aging extent of
bitumen binders, the indices of carbonyl and sulfoxide groups can be calculated as follows,
I C =O =

AC =O
A

(4-3)

I S =O =

AS =O
A

(4-4)

where 𝐴𝐶=𝑂 and 𝐴𝑆=𝑂 are the peak areas of carbonyl group and sulfoxide group, respectively,
and ∑ 𝐴 is the sum of peak areas which is represented by [180, 181],
 A = A724 + A743 + A814 + A864 + A1030 + A1367 + A1460 + A1600 + A1700 + A(2862,2923,2953)

(4-5)

The use of 𝐼𝐶=𝑂 as the index of bitumen oxidative aging is well established [182, 183], while
𝐼𝑆=𝑂 is also used in some other studies [184, 185].
The FTIR spectra of WEBERs before and after PAV aging were presented in Figure 4.13. The
peak around 1700 cm-1 ascribing to carbonyl functional group was not observed in the spectra
of the unaged specimens but emerged after PAV aging. In addition, the sulfoxide peak at 1030
cm-1 shows an increase in peak intensity after PAV aging when compared with that of the
unaged WEBERs. The indices of 𝐼𝐶=𝑂 and 𝐼𝑆=𝑂 were calculated to compare the aging extent
of different WEBERs, which are presented in Figure 4.14 and Figure 4.15, respectively. The
error bars represent the standard deviation of three measurements performed on each WEBER.
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Figure 4.13 FTIR spectra of original and PAV aged WEBERs
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As can be seen from Figure 4.14, the 𝐼𝐶=𝑂 of the aged WEBERs generally decreased with
higher concentration of epoxy resin. On the other hand, the sulfoxide peak intensity was not
very consistent even for the unaged binders (Figure 4.15). The scattering of the sulfoxide peak
intensity may be due to the overlapping absorbance peaks of other functional groups like
phosphate groups, certain alcohol or ether [186, 187]. Therefore, it is not very reliable to use
𝐼𝑆=𝑂 as the oxidative aging index in this case, and consequently 𝐼𝐶=𝑂 was selected in this study.
The decrease of 𝐼𝐶=𝑂 indicates the incorporation of waterborne epoxy resin reduced the
oxidative aging of the bitumen emulsion residues. As shown in the fluorescence microscopy
of the WEBERs, the bitumen particles are encapsulated by the epoxy resin film. The polymerrich film structure acts as a barrier between the bitumen and the air, thus significantly decreased
the diffusion of oxygen to the bitumen phase, thereby reducing the oxidation of bitumen. The
work by Apostolidis, et al. [188] also indicated that epoxy resin was able to decrease the
oxidative aging level of the epoxy modified bitumen. Thus, it can be concluded that the addition
of waterborne epoxy resin improved the emulsion residues’ resistance to oxidative aging.
4.2.6.2 Effect of aging on rheological performance
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To evaluate the aging effect on the complex modulus of WEBERs, the master curves of |G*|
and phase angle were compared in Figure 4.16. It can be seen that the |G*| of the PAV aged
WEBERs increased in comparison with their original counterparts, while the phase angle
generally decreased, indicating that the WEBERs become stiffer after PAV aging. It is
noticeable that the difference become more remarkable at the lower frequency domain. Taken
a closer look at the phase angle, the phase angle trend of the PAV aged group for WEBER-0,
WEBER-3, and WEBER-5 were similar compared with their original (unaged) counterparts.
However, a peak was observed in the phase angle profile of the original WEBER-1, which
disappeared in that of the PAV aged WEBER-1. Note that the epoxy networks were just lightly
connected observed from the fluorescence microscopy of WEBER-1 in Figure 4.5, and such
networks may have largely degraded during the PAV aging. On the other hand, the waterborne
epoxy resin in WEBER-3 and WEBER-5 has formed stronger polymer-rich film, which was
more robust and mostly preserved in the aging process. Thus, the phase angle profiles did not
change much.
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Figure 4.16 Comparison of complex modulus before and after PAV aging: (a) WEBER-0, (b) WEBER-1,
(c) WEBER-3, and (d) WEBER-5 (reference temperature: 10 °C)

To quantitatively evaluate the PAV aging on the complex modulus, the difference of |G*| and
phase angle at the frequency of 10 Hz were compared in Table 4.3. It can be seen that the
difference of both the |G*| and phase angle difference generally decreased with the
incorporation of waterborne epoxy resin, and the decreasing trend of phase angle is more
consistent with the waterborne epoxy resin concentrations. Lower difference of |G*| and phase
angle between the PAV aged specimens and their unaged counterparts indicates better
resistance to aging. These results agree with that obtained from the FTIR outcome, which also
demonstrates that the incorporation of waterborne epoxy resin can help improving the
resistance to oxidative aging.
Table 4.3 Change of complex modulus comparison at 10 Hz
Sample-ID

|G*|-Ori (Pa)

𝛿-Ori (°)

|G*|-PAV (Pa)

𝛿-PAV (°)

|G*|-diff (%)

𝛿-diff (%)

WEBER-0

5.62E+07

34.2

7.31E+07

29.5

30.2

13.7

WEBER-1

5.64E+07

32.9

6.84E+07

29.0

21.3

11.6

WEBER-3

5.92E+07

31.9

7.15E+07

28.6

20.9

10.5

WEBER-5

5.98E+07

30.5

7.30E+07

27.6

22.0

9.5

Note: the |G*|-diff represents the percent difference of |G*|-Ori and |G*|-PAV for each specimen, and 𝛿-diff
represents the percent difference of 𝛿-Ori and 𝛿-PAV.
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4.2.7 Fatigue of WEBERs
Fatigue damage represents one of the major distresses occurred in asphalt pavements, due to
repeated vehicle loading and weathering. Because of the large difference in stiffness between
the binder and aggregate in asphalt mixture, most of the bulk strain is concentrated in the binder
domain [189]. It is found that the fatigue behavior of asphalt mixture is largely determined by
the binders [161]. To evaluate the fatigue performance of bituminous binders, various testing
methods have been developed. Bahia, et al. [161] proposed the repeated cyclic time sweep test
using the dynamic shear rheometer (DSR), with stress-controlled or strain-controlled mode, to
characterize the fatigue behavior of the binders. The damage accumulates faster in the stresscontrolled time sweep test, whereas it accumulates much slower in the strain-controlled time
sweep test. There is apparent failure at the end of the stress-controlled test, which is not
observed for the strain-controlled mode. In fact, the stress becomes so small that it is difficult
to break the sample in the strain-controlled mode. The fatigue life in the strain-controlled time
sweep test is therefore defined as the repeated cycles when the modulus dropped to 50% of the
initial modulus [190].
The criteria of determining the fatigue life mentioned above are arbitrary to some degree. To
evaluate the fatigue life more accurately, the so-called dissipated energy concept was proposed
[191, 192]. The dissipated energy can be obtained from Eq.(4-6). The dissipated energy is the
energy lost in cyclic shear test, due to the mechanical work, heat generation, and damage done
to the material [193]. The previous studies assumed that the all the dissipated energy
contributes to the fatigue damage of the material, which is not correct, as only part of the
dissipated energy is responsible for the damage done to the material [194, 195]. It is found that
only the increment of the dissipated energy of one loading cycle in comparison with the
previous loading cycle will produce further damage [194]. Thus, the ratio of dissipated energy
change (RDEC), defined as the relative dissipate energy of two consecutive loading cycles (Eq.
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(4-7)), was adopted as a failure indicator of the fatigue damage [194]. Moreover, the RDEC is
independent of the loading mode, i.e., stress-controlled or strain-controlled, and provides a
more fundamental indication of the fatigue damage. The failure is defined as the number of
loading cycles at which the value of RDEC starts to rise rapidly. It is believed that significant
damage has been done to the material at this point.
Wi =  i i sin  i

(4-6)

where Wi is the dissipated energy at load cycle i,  i is the stress amplitude at load cycle i,  i
is the strain amplitude at load cycle i, and  i is the phase angle at load cycle i.

RDEC =

DEn − DEm
DEm (n − m)

(4-7)

where DEm and DEn represent the dissipated energy at load cycle m and n, respectively.
The time sweep test is recognized an effective method to evaluate the fatigue life of bituminous
materials, however, it is time-consuming. In contrast, the linear amplitude sweep (LAS) test,
developed by Bahia et al. [196], represents an accelerated fatigue test based on viscoelastic
continuum damage (VECD) theory. It is found that the LAS test correlated fairly well with the
pavement long-term fatigue performance [197]. The LAS test has been extensively employed
to study the fatigue performance of bituminous materials by many researchers in recent years
[197-201].
The epoxy resin can form an interconnected polymer structure within the binder, which turned
the thermoplastic bitumen binder into a thermosetting composite. The crosslinks of the cured
epoxy resin lead to increased stiffness of the binder, thereby decreasing the ductility and thus
risks the reducing of the fatigue performance [202]. However, many studies found that the
fatigue life of epoxy asphalt was increased compared with normal hot mix asphalt [131, 202-
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204]. As a relatively new material, the fatigue of the waterborne epoxy resin modified bitumen
emulsion residue has not been well understood. Thus, the fatigue performance of the
waterborne epoxy resin modified bitumen emulsion residues will be evaluated after PAV aging
in this study.
4.2.7.1 Time sweep fatigue test
The stress sweep tests were first conducted on the four emulsion residues at 20 °C, and the
results are presented in Figure 4.17. The complex modulus |G*| was unstable at the initial stage
because of the very small stress, which then kept almost unchanged until the shear stress
reached around 100 kPa. With further increasing of the shear stress, the |G*| decreased rapidly,
indicating that the response of the materials has become non-linear. The time sweep fatigue
test was then conducted at the stress level larger than 100 kPa. It was found that too much time
was needed with the stress smaller than 200 kPa. Thus, the stress levels were determined to be
300 kPa, 400 kPa, and 500 kPa.
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Figure 4.17 Stress sweep at 20 °C

Figure 4.18 depicts the time sweep tests at 300 kPa, 400 kPa, and 500 kPa, respectively. The
initial shear strain values (average strain of the first 100 loading cycles) are presented in Table
4.4 for comparison. It is clear that the initial strain decreased with larger dosages of waterborne
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epoxy resin at each stress level, because of the increase of the modulus. A typical three-stage
fatigue damage is observed from Figure 4.19. At the initial stage, the modulus decreased to
some degree because of instability. In the second stage, the modulus decreased at a rate that is
almost constant, and the damage accumulated gradually at this stage. The last stage shows that
the modulus decreased sharply, indicating complete fracture of the materials. It is observed that
the loading cycles increased apparently with increasing dosages of waterborne epoxy resin at
all the three stress levels.
Table 4.4 Initial shear strain for the time sweep fatigue tests
Sample ID

300 kPa
1.55
1.19
1.15
1.05

WEBER-0
WEBER-1
WEBER-3
WEBER-5
7

3.0x10

7

2.5x10

7

2.0x10

7

1.5x10

7

1.0x10

7

5.0x10

6

WEBER-0-300
WEBER-1-300
WEBER-3-300
WEBER-5-300

|G*| (Pa)

|G*| (Pa)

3.5x10

Initial strain (%)
400 kPa
2.48
2.22
2.20
1.79
3.0x10

7

2.5x10

7

2.0x10

7

1.5x10

7

1.0x10

7

5.0x10

6

(a)

500 kPa
3.04
3.01
2.53
2.00

WEBER-0-400
WEBER-1-400
WEBER-3-400
WEBER-5-400

(b)
0.0

0.0
0

40000

80000

120000

0

160000

10000

|G*| (Pa)

20000

30000

40000

Loading cycles

Loading cycles

3.0x10

7

2.5x10

7

2.0x10

7
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7

1.0x10

7

5.0x10

6

WEBER-0-500
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WEBER-3-500
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(c)
0.0
0

2000
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10000

Loading cycles

Figure 4.18 Stress-controlled time sweep tests at the stress level of: (a) 300 kPa, (b) 400 kPa, and (c) 500
kPa
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The time sweep fatigue life was then analysed with the RDEC approach and presented in Figure
4.19. It can be seen that the RDEC first decreased, and then kept constant in the second stage,
which increased rapidly at last. It clearly shows that a larger percentage of the dissipated energy
was converted into damage to the material at the early stage. The damage done each cycle then
decreased to a lower ratio and stabilized in the second stage. At the final stage, the damage rate
increased sharply, indicating fracture of the material.
0.030
0.016

(b)

WEBER-0-300
WEBER-1-300
WEBER-3-300
WEBER-5-300

(a)

0.014

WEBER-0-400
WEBER-1-400
WEBER-3-400
WEBER-5-400

0.025

0.012

0.020

RDEC

RDEC

0.010
0.008
0.006

0.015

0.010

0.004

0.005
0.002

0.000

0.000
0

40000

80000

120000

0

160000

10000

0.016
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30000

40000

Loading cycles

Loading cycles

WEBER-0-500
WEBER-1-500
WEBER-3-500
WEBER-5-500

(c)

0.014
0.012
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0.010
0.008
0.006
0.004
0.002
0.000
0

2000

4000

6000

8000

10000

Loading cycles

Figure 4.19 Rate of dissipated energy change (RDEC) at the stress level of: (a) 300 kPa, (b) 400 kPa, and
(c) 500 kPa

The fatigue loading cycles of all the residues at the three stress levels are summarized in Table
4.5. It is clear that the fatigue life of the binders decreased dramatically with increasing of shear
stress (Figure 4.20). On the other hand, it is noticeable that the fatigue life become larger with
increasing contents of the waterborne epoxy resin at all the three tested stress levels, indicating
the epoxy resin networks increased the emulsion residues resistance to fatigue damage. The
incorporation of waterborne epoxy resin formed the inter-connected polymer structure, and the
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bitumen particles are encapsulated by the epoxy resin film, which increased the materials
resistance to damage. Thus, the fatigue life of the emulsion residues containing waterborne
epoxy resin increased compared with the pure bitumen emulsion residue in the tested stress
levels.
Table 4.5 Fatigue life of WEBERs at different shearing stress
Fatigue life (cycles)

Shear stress (kPa)
WEBER-0

WEBER-1

WEBER-3

WEBER-5

300

44,240

73,860

88,200

135,240

400

7,540

16,900

28,620

38,580

500

2,060

2,620

3,020

7,220

160,000

WEBER-0
WEBER-1
WEBER-3
WEBER-5

140,000

Fatigue life (cycle)

120,000
100,000
80,000
60,000
40,000
20,000
0
300

400

500

Shear stress (kPa)

Figure 4.20 Fatigue life at different stress level

4.2.7.2 Linear amplitude sweep test
Despite many studies have employed the RDEC approach to evaluate the fatigue behavior of
bituminous binders and mixes. It is still limited regarding the determination of the failure point.
In addition, the time-sweep fatigue test is time consuming. The LAS test was then used to
evaluate the fatigue life of the emulsion residues. Based on R.A.Schapery’s work on crack
growth of viscoelastic materials [205], the viscoelastic continuum damage (VECD) concept
was employed to evaluated the fatigue performance conducted using the LAS test.
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Figure 4.21 shows the relationships between the shear stress and shear strain for different
WEBERs. It can be seen that the shear stresses first increased rapidly at the lower shear strain
before reaching the peak, and then declined progressively with further increasing of the strain
amplitude. What stands out in the figure is the significant difference regarding the stress drop
rate in the large strain region (>10%) for different emulsion residues. It is clear that larger
dosages of waterborne epoxy resin led to lower drop rate of the stress, indicating that the
emulsion residue become more robust to damage with the formation of the epoxy polymer
networks.
10

6
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Figure 4.21 Stress-strain curves of different WEBERs (20 °C)

Table 4.6 presents the predicted of fatigue lives (Nf) at the strain levels of 2.5% and 5% based
on the VECD model. The results indicate that with the increase of waterborne epoxy, the
predicted fatigue life increased at both strain levels. The increase of fatigue life was more
significant at the lower strain level (2.5%). The predicated fatigue life of WEBER-5 is more
than double of the WEBER-0. However, it should be noted that at the higher strain of 5%, the
predicated fatigue lives for the different WEBERs become very close. The predicated fatigue
life versus shear strain (1%~20%) is shown in Figure 4.22. Based on the VECD model, the
emulsion residues with waterborne epoxy resin had higher fatigue life compared with the pure
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bitumen emulsion residue at lower shear strain (<5%), however, the trend reversed with shear
strain became larger than 5%. The embedded reason may be that the emulsion residues with
waterborne epoxy resin forms a honeycomb-like composite structure, such structure is stronger
than pure bitumen and is more robust under relatively small strain. However, the epoxy resin
polymer structure is also stiffer and more rigid compared with bitumen. Thus, it is more
sensitive to larger strain. Therefore, it is concluded that the WEBERs containing waterborne
epoxy are more resistant to fatigue under smaller strain, while they are more sensitive to larger
strain amplitude compared with the pure bitumen emulsion residue.
Table 4.6 Fatigue life prediction based on VECD model
Sample ID

A

B

Nf2.5%

Nf5.0%

WEBER-0

85,717.9

3.588

3,202

266

WEBER-1

112,330.5

3.784

3,506

255

WEBER-3

200,624.5

4.083

4,758

281

747,132.9

4.955

7,972

257

Fatigue life (Nf)
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WEBER-0
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-1

1

10
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Figure 4.22 Fatigue life predication at different strain

4.2.8 Bond strength evaluation
Figure 4.23 compares the bond strength of different WEBERs at both 23 °C and 50°C. The
specimens were conditioned at ambient room temperature for 24 h, plus 24 h of oven
conditioning at 60 °C. It is clear that the addition of waterborne epoxy resin increased the bond
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strength with aggregate. The bond strength for WEBER-0 was close to 1.0 MPa at 23 °C, which
increased to 3.7 MPa for WEBER-5 at the same testing temperature. It can be further noted
that the bond strength of WEBER-1 (1.3 MPa) was not much different compared with that of
WEBER-0. However, the bond strength of WEBER-3 reached 2.6 MPa, which was double of
that of WEBER-1. However, one previous study [135] showed that the bond strength of
bitumen emulsion was only 1.0 MPa at ambient temperature even with 40wt% of waterborne
epoxy resin. Another study [206] found that the bond strength of the bitumen emulsion with
24wt% of waterborne epoxy resin was less than 2.0 MPa. In other words, the bond strengths in
the previous studies are significantly lower than those obtained in this study. The possible
reason for such difference is the improved compatibility between the waterborne epoxy resin
and the bitumen emulsion in this study.
As shown in Figure 4.5, the waterborne epoxy resin content in WEBER-1 was not large enough
to form a connected polymer structure. Thus, the bond strength of WEBER-1 did not improve
much compared with WEBER-0. On the other hand, the connected polymer-rich phase has
been formed in WEBER-3, and such structure contributes significantly to the strength
improvement. The bond strength at 50 °C decreased in comparison with that at 23 °C. The
bond strength of WEBER-0 and WEBER-5 at 50 °C were 0.16 MPa and 1.4 MPa, respectively,
which dropped 83% and 62% compared with their counterparts at 23 °C. Yet, the bond strength
drop rate was lower for the waterborne epoxy resin modified bitumen emulsion, which
indicated that the waterborne epoxy resin reduced the temperature susceptibility of the
emulsion residues.
The tensile force profiles at both 23 ºC and 50 °C against the displacement were plotted in
Figure 4.24. It is clear that the elongation at break increased with larger concentration of
waterborne epoxy resin, indicating that the waterborne epoxy resin increased the toughness of
the emulsion residues.
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Figure 4.23 Bond strength of different WEBERs
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Figure 4.24 Tensile force profile as a function of displacement at: (a) 23 °C, and (b) 50 °C

To evaluate the bond strength evolution with time under ambient temperature (23 ± 0.5 °C),
the specimens of WEBER-0 and WEBER-5 were prepared and compared after conditioning
for different days, and the results are presented in Figure 4.25. It is clear that the bond strength
of both WEBER-0 and WEBER-5 kept increasing from day 1 to day 14. The bond strength of
WEBER-5 was always larger than that of WEBER-0, and the difference between the two
increased with increasing conditioning duration. On day 14, the bond strength of both WEBER0 and WEBER-5 reached values close to their counterparts conditioned in oven as shown in
Figure 4.23.
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Figure 4.25 Bond strength evolution with time (23 °C)

4.2.9 Moisture susceptibility of WEMBE mixtures
The moisture susceptibilities of bitumen emulsion mixtures with different content of
waterborne epoxy were characterized through the boiling tests. Figure 4.26 demonstrates the
bitumen emulsion mixtures right after mixing and after emulsion breaking. It can be observed
that all aggregates were well coated by bitumen emulsion, indicating good initial adhesion
performance between bitumen emulsion and aggregate.

(a)

(b)

Figure 4.26 Pictures of WEMBE mixture: (a) right after mixing, (b) after water evaporation

Figure 4.27 shows the pictures of 1 day-cured and 3 day-cured bitumen emulsion mixtures after
the boiling tests. It is clear that the water stripping area declines with the increase of waterborne
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epoxy content for both curing periods. The control mixture (WEMBE-0) had the largest boiling
loss area. In contrast, there was almost no apparent stripping when the waterborne epoxy
content was 3wt% or above. Comparing the 1 day-cured and 3 day-cured cured mixtures, the
stripping did not change much for WEMBE-0 mixture, which was substantially worse than the
other three mixtures. However, the boiling loss of WEMBE-1 mixture decreased markedly
after curing for 3 days in comparison with its 1 day-cured counterpart. Furthermore, no
noticeable stripping was observed for the 3 day-cured mixtures of WEMBE-3 and WEMBE-5.

(a) 1 day-cured bitumen emulsion mixture (From left to right: WEMBE-0, WEMBE-1, WEMBE-3,
WEMBE-5)

(b) 3 day-cured bitumen emulsion mixture (From left to right: WEMBE-0, WEMBE-1, WEMBE-3,
WEMBE-5)
Figure 4.27 Images of bitumen emulsion mixtures after boiling (the red circles represent the stripped
aggregates)

From the boiling test results, it can be inferred that waterborne epoxy can significantly improve
the stripping resistance of bitumen emulsion mixture. The cross-linked epoxy networks
strengthened the bonding between the bitumen emulsion and aggregate in the curing process.
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Moreover, the polarity of epoxy resin is higher than bitumen, which further increased the
bonding.
4.3 Cost comparison of WEMBE with traditional polymer modified bitumen
A cost comparison between the WEMBE in this study and traditional polymer modified
bitumen was performed. WEMBE-5, which constitutes 5wt% of waterborne epoxy resin, was
selected as the cold-paving binder in this study. The most commonly used polymer modified
binder is the styrene-butadiene-styrene (SBS) modified bitumen that contains 5-6wt% of SBS.
The price of pure bitumen emulsion and waterborne epoxy resin were around 2,500 RMB/t and
20,000 RMB/t, respectively. It is worth noting that the commercial bitumen emulsion generally
has a solid content of 60wt%, and the rest is water. On the other hand, the price of SBS modified
bitumen is about 4,900 RMB/t. The cost comparison of WEMBE-5 and SBS modified bitumen
is summarized in Table 4.7.
Table 4.7 Direct cost comparison of WEMBE and traditional polymer modified bitumen
Item
Cost (RMB/t)

Bitumen
emulsion

Waterborne epoxy
resin

WEMBE-5 (based on
residue)

SBS modified
bitumen

2,500

20,000

5,550

4,900

The result shows that the cost of WEMBE-5 is approximately 13% higher than that of the
traditional polymer modified bitumen. However, the traditional polymer modified bitumen
must be heated to over 170 °C to ensure good workability, while the WEMBE can be used
directly at ambient temperature without heating. The cost on the energy to heat the polymer
modified bitumen should also be considered. In addition, during the production and
construction of the traditional polymer modified bitumen, significant amounts of greenhouse
gases and volatile organic compounds will be generated, affecting both human health and
environment. Thus, a comprehensive life-cycle cost analysis should be conducted to compare
the overall cost in the next stage.
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4.4 Summary
In this chapter, the overall performances of WEBERs were evaluated, including the
microstructure, the rheological properties, the resistance to aging and fatigue, the bond strength
with aggregate, and the moisture susceptibility. The main findings of this chapter are
summarized below:
(1) The cured waterborne epoxy resin forms an inter-connected polymer film that
encapsulates the bitumen particles when the dosages of waterborne epoxy resin reached
3wt%. The distinct microstructure was first observed in this study with such a low
concentration of waterborne epoxy resin.
(2) The addition of waterborne epoxy resin significantly improved the mechanical
properties of bitumen emulsion. The complex shear moduli of emulsion residues
containing waterborne epoxy resin were much larger than that of the pure bitumen
emulsion residue, while the phase angles decreased markedly, indicating that waterborne
epoxy resin changed the bitumen binder into a more elastic material.
(3) The MSCR results showed that with the increase of epoxy concentration, the percent
recovery increased while the nonrecoverable creep compliance decreased, indicating
improved resistance to permanent deformation. In addition, the generalized Burgers
model can well describe the creep and recovery behavior of the emulsion residues, and
the zero-shear viscosity can also be obtained from the model.
(4) The incorporation of waterborne epoxy resin into bitumen emulsion improved the
resistance to oxidative aging of the residues, because of the formation of the polymerrich film structure that decreased the diffusion of the oxygen into the bitumen phase.
(5) The WEBERs generally become stiffer after PAV aging, and the phase angle normally
decreased. However, the difference of modulus |G*| and phase angle between the PAV
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aged specimens and their unaged counterparts decreased with incorporation of
waterborne epoxy resin, which also indicates that waterborne epoxy resin improved the
resistance to oxidative aging of the emulsion residues.
(6) In all the time sweep tests at 300 kPa, 400 kPa, and 500 kPa, the fatigue life of the
WEBERs increased with larger dosages of waterborne epoxy resin. On the other hand, it
was concluded from the LAS tests results that the fatigue life of WEBERs containing
waterborne epoxy resin was larger than that of the pure bitumen emulsion residue when
the strain amplitude was lower than 5%. While the reverse was true when the strain
amplitude become larger than 5%.
(7) The waterborne epoxy resin substantially increased the bond strength between the
bitumen emulsion and aggregate, and the bond strength of waterborne epoxy resin
modified bitumen emulsion was less affected by temperature. The bond strength of
WEBER-5 was more than two times larger than that of WEBER-0 at ambient room
temperature.
(8) The waterborne epoxy resin modified bitumen emulsion demonstrated good
resistance to moisture damage. With only 1wt% of waterborne epoxy resin, the boiling
loss area reduced dramatically compared with that of pure bitumen emulsion mix after 3
days of curing.
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CHAPTER 5 CONSTITUTIVE MODELLING OF WEBERs
This chapter presents the constitutive modelling of the waterborne epoxy resin modified
bitumen emulsion residues (WEBERs). Section 5.1 introduces different models that have been
applied to simulate the responses of bituminous materials. Section 5.2 describes the models
used in this study more detailly, including the “2S2P1D” model and the generalized Maxwell
model. Section 5.3 presents the experiments conducted, including the frequency sweep test
from -10 °C to 60 °C, and the relaxation test in the time domain at 0 °C. Section 5.4 describes
the modelling results by the “2S2P1D” model, the Prony series was obtained from the data in
both the frequency domain and the time domain.
5.1 Introduction
Bituminous materials are viscoelastic materials, which exhibit both viscous and elastic
behaviors under loading. To simulate the viscoelastic properties of the bituminous materials,
both empirical algebraic and analogical models have been developed and investigated
extensively. Regarding the empirical algebraic approach, the mathematical formulations are
adjusted to fit the experimental data, but the parameters may not represent any physical
meanings. The Christensen and Anderson (CA) Model, one of the representative empirical
algebraic models, was developed during the Strategic Highway Research Program (SHRP)
study [207]. The CA model had been validated using the SHRP core bitumens, and the results
indicated that this model can generally be used over a wide range of frequencies [207].
However, it is found that the CA model lacks the accuracy at low frequency or high temperature
[208]. Another drawback of the CA model is its failure in describing the viscoelastic response
of polymer modified bitumens [209]. In an attempt to resolve such limitations, the original CA
model was modified by introducing one more parameter, which resulted the CAM

94

(Christensen-Anderson-Marasteanu) model. Yet, the CAM model still lacks the fitting
accuracy at high temperature [208].
On the other hand, the analogical approach, a combination of elastic springs, the viscous
dashpots and/or the parabolic elements, were constructed to simulate the viscoelastic
performance of bitumens. Some common examples of the analogical models include the
generalized Maxwell model, the generalized Kelvin-Voigt model, the Huet-Sayegh (HS) model,
the “2S2P1D” (two springs, two parabolic dashpots, and one linear dashpot) model, and the
modified Huet-Sayegh (MHS) model [210]. The generalized Maxwell model is constituted by
a number of Maxwell model in parallel, while the generalized Kelvin-Voigt model is
constituted by a number of Kelvin-Voigt model in series. These two models can generally
describe the viscoelastic properties of bitumen binders and mixtures fairly well as long as
sufficient numbers of elements are implemented. However, the limitations are that too many
parameters are needed to fit the models, and the models are discrete. In contrast, the Huet model
[211], constituted by a spring and two parabolic dashpots in series, has a continuous spectrum
((i.e., can be represented by an infinity number of Maxwell elements in parallel or KelvinVoigt elements in series). The original Huet model, however, lacks the ability to model polymer
modified bitumen correctly. To solve this limitation, Sayegh modified the Huet model by
placing a spring in parallel with the Huet model [212]. Since the linear dashpot is not included
in the HS model, the accuracy of this model in fitting the data at very low frequency is still
limited [210]. In this regard, Olard and Di Benedetto [210] developed the “2S2P1D” model by
placing a linear dashpot in series with the two parabolic elements and the spring of rigidity in
the original Huet-Sayegh (HS) model. It is found that the “2S2P1D” model can simulate the
viscoelastic response of both bituminous binders and mixtures with high accuracy in a wide
spectrum of frequency. In addition, the “2S2P1D” model has only 7 parameters, which is
significantly less than that of the generalized Maxwell model and the generalized Kevin-Voigt
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model. Alternatively, Woldekidan, et al. [213] added a linear dashpot in series with the HS
model, which was named the modified Huet-Sayegh (MHS) model. Like the “2S2P1D” model,
the MHS model agrees well with the viscoelastic responses of most bituminous binders, either
the unmodified or the polymer modified binders [214, 215].
However, no analytical forms exist in the time domain for the HS, the “2S2P1D” and the MHS
models [210]. To describe the material response in the time domain, the “Prony” series
representation of the generalized Maxwell model or the generalized Kevin-Voigt model is more
commonly used. The Prony series can well describe the viscoelastic behavior of bituminous
materials, and it is computational efficiency in the numerical environment because of the
exponential-based formulations [216].
Bituminous materials demonstrate strong time-dependent properties, and such properties are
commonly evaluated using the relaxation test and/or the creep test [217]. In this study, the
relaxation test was applied to capture such properties. During the relaxation test, the specimen
is held with a constant strain, and the stress response is recorded in this process. Given the fact
that the material response in the frequency domain and the time domain are intrinsically related
if the response stays in the linear viscoelastic region, the constitutive relation in the time domain
can be derived if the relation is known in the frequency domain, and vice versa.
The distinct microstructures of the WEBERs may lead to significant viscoelastic change to this
novel material, which has not been well investigated. This research aims to constitutively
model the response of WEBERs. To achieve such objective, the frequency sweep from 0.1Hz
to 30Hz in the temperature of -10 °C to 60 °C was first conducted, followed by the relaxation
test at 0 °C. Because of its accuracy in simulating the viscoelastic behavior of bituminous
materials in a wide spectrum of frequency, the “2S2P1D” model was employed to simulate the
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data in the frequency domain. The Prony series based on the generalized Maxwell model was
then obtained from the data in both the frequency domain and the time domain.
5.2 Model description
5.2.1 The “2S2P1D” model
Figure 5.1 depicts the “2S2P1D” model [210].

Figure 5.1 The “2S2P1D” model

The complex modulus of the “2S2P1D” model is given as,
G *( ) = G0 +

Gg − G0
1 +  (i )

−k

+ (i ) − h + (i ) −1

(5-1)

where ω is the frequency, k and h are exponents with 0 < k, h < 1 (The parabolic element
behaves more like an elastic spring with a smaller value, while it behaves more like a viscous
dashpot with a larger value), α is a constant, G0 is the static modulus when ω=0, Gg is the
glassy modulus when ω =∞, τ is the characteristic time that influenced only by the temperature
for a specific material, and β is a constant defined as,

 = (Gg − G0 )
in which η is the Newtonian viscosity.
5.2.2 The generalized Maxwell model
Figure 5.2 depicts the generalized Maxwell model.
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(5-2)

Figure 5.2 The generalized Maxwell model

The storage modulus G ' and loss modulus G" are given as,
n
Gi i
Gi 2 i2
"
G
(

)
=
,
and

2 2
2 2
i =1 1 +   i
i =1 1 +   i

n

G ' ( ) = 

(5-3)

where Gi and  i are the ith relaxation modulus and the ith relaxation time, respectively.
The relaxation modulus G(t ) based on the generalized Maxwell model is given as,

G (t ) =

 (t ) n
=  Gi exp(−t /  i )
0
i =1

(5-4)

where  0 is the constant strain, t is the relaxation time,  (t ) is the stress at time t.
To construct a master curve of the complex modulus, the data obtained at different temperatures
are shifted to a reference temperature according to the time-temperature superposition principle
(TTSP). The shift factor α(T) is normally calculated using the Williams-Landel-Ferry (WLF)
equation [218],

log a(T ) =

−C1 (T − Tr )
C2 + T − Tr

(5-5)

where C1 and C2 are parameters, T is the testing temperature (°C), and Tr is the reference
temperature (°C).
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The reduced frequency r at the reference temperature can then be obtained from the following
equation,

r =  10log a (T )

(5-6)

5.3 Experiments
Frequency sweep from 0.1Hz to 30Hz was conducted at -10 °C, 0 °C, 10 °C, 20 °C, 30 °C,
40 °C, 50 °C, and 60 °C in the linear viscoelastic region. Furthermore, the relaxation test at
0 °C was performed at a step strain of 0.1% for 15 min. It should be noted that the both the
frequency sweep and the relaxation test used the same specimen to reduce testing errors.
5.4 Results and discussions
5.4.1 Modelling outcome by “2S2P1D” model
The master curves of the complex modulus fitted by the “2S2P1D” model were obtained
employing the regression analysis in the Excel spreadsheet, and the objective function in Eq.(57) was used. Table 5.1 and Table 5.2 present the fitting parameters for the WLF function that
determines the horizontal shifting factors, as well as the parameters for the “2S2P1D” model,
respectively. Figure 5.3 depicts the master curves of the modulus |G*| and the phase angle for
WEBER-0, WEBER-1, WEBER-3, and WEBER-5, respectively. It can be seen that both the
modulus and the phase angle are well fitted with the “2S2P1D” model, and the fitting quality
R2 are larger than 0.96 for all cases as shown in Table 5.3.

| G ' M − G 'T |
| GM" − GT" |
| GM* − GT* |
|  − T |
=
+
+
+ M
'
"
*
GT
GT
GT
T

f min

(5-7)

where G , G , G , and  denote the storage modulus, loss modulus, complex modulus, and
'

"

*

phase angle, respectively. The subscripts of M and T indicate the data obtained from model and
test, respectively.
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Figure 5.3 Master curves of complex moduli and phase angle: (a) WEBER-0, (b) WEBER-1, (c) WEBER3, (d) WEBER-5 (reference temperature: 0 °C)
Table 5.1 Parameters for WLF equation
Sample ID

C1

C2 (K)

WEBER-0

18.52

119.64

WEBER-1

20.60

136.45

WEBER-3

18.06

118.99

WEBER-5

23.10

155.12

Table 5.2 The “2S2P1D” model parameters for WEBERs
Sample ID

k

h

α

β

𝜏 (s)

G0 (Pa)

Gg(Pa)

WEBER-0

0.131

0.581

66.3

1.53E+03

1.39E-04

7.50E-9

2.91E+10

WEBER-1

0.205

0.717

6.3

1.04E+02

2.87E-01

4.42E+02

6.78E+08

WEBER-3

0.131

0.556

26.8

3.59E+05

6.82E-04

6.70E+04

9.46E+09

WEBER-5

0.095

0.464

32.8

5.50E+06

2.37E-05

2.20E+05

1.71E+10
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Table 5.3 Fitting quality of the experiment data (R2 values)
Sample ID

R2-Complex modulus

R2-Phase angle

WEBER-0

0.984

0.987

WEBER-1

0.997

0.991

WEBER-3

0.999

0.972

WEBER-5

0.999

0.969

It is noticed from Table 5.2 that the parameter G0 of the pure bitumen emulsion residue
WEBER-0 was close to 0, indicating that the stand-alone spring can be removed. Comparing
the parameters for the three emulsion residues that containing waterborne epoxy resin, i.e.,
WEBER-1, WEBER-3, and WEBER-5, it is observed that they demonstrated certain trend with
increasing dosages of waterborne epoxy resin. Both the glassy spring parameter Gg and the
static stand-alone spring parameter G0 increased with larger concentration of waterborne epoxy
resin, indicating increased elasticity of the binder. In contrast, the parabolic element parameters
k and h decreased with larger concentration of waterborne epoxy resin, suggesting enhanced
interaction between the bitumen particles and the epoxy resin networks. In addition, the values
of h were over three times larger than those of k for each specimen, which revealed that the
first parabolic element performed more like an elastic spring, while the second parabolic
element performed more like a viscous dashpot. It is further observed that the parameter α
increased with increasing concentration of waterborne epoxy resin. Previous studies [214, 219]
have shown that α generally becomes larger for stiffer materials. This is also consistent from
this study, as larger concentration of waterborne epoxy resin leads to higher stiffness.
Furthermore, the parameter  is related to the viscous character of the linear dashpot, which
demonstrated an increasing tendency with the increase concentration of waterborne epoxy resin,
because of the increment of viscosity.
Figure 5.4 depicts the schematic relation between the WEBER’s microstructure and the
‘2S2P1D” model. The cured epoxy resin film forms the skeleton structure of the material, and
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the bitumen particles are encapsulated by the epoxy resin film. The epoxy resin film represents
the stand-alone static spring, which provides the elasticity to the material. On the other hand,
the interaction between the bitumen particles with epoxy resin and the bitumen particles are
equivalent to the parabolic dashpots and the viscous dashpot, respectively, and they provide
the viscoelasticity and the viscous properties to the material. When a stress in the linear
viscoelastic domain is applied on the material, an instant deformation will occur because of the
elasticity, which increases with time due to the viscoelasticity of the material. Upon removing
of this stress, there is an instant elastic recovery, followed by a slow deformation recovery with
increasing of time. Given the viscous character of the bitumen particles, part of the deformation
may not recover.

Figure 5.4 Schematic relation between the microstructure of WEBER and the “2S2P1D” model

5.4.2 Modelling outcome by the generalized Maxwell model
It has been shown that the scatter of the experimental data can affect the fitting outcome of the
Prony series, and they may also lead to negative coefficients, which is physically unrealistic
[216]. It is therefore desirable that the experimental data be pre-smoothed in advance, which
can generally result in better fitting quality. Various models, such as the CA model, the power
law model, the “2S2P1D” model, and the MHS model, have been employed to perform the
pre-smoothing of the data [217, 220]. In this study, the response data pre-smoothed by the
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“2S2P1D” model were then fitted employing the generalized Maxwell model to obtain the
Prony series.
Previous research has shown that the optimization based only on the data from the frequency
domain or the time domain alone cannot obtain precise fitting outcome [221], thus the data
from both the frequency domain and the time domain are considered in the optimization in this
study. The objective function in Eq.(5-8) was used for the optimization,

f min = 

| G 'M − G 'T |
| GM" − GT" |
| GM* − GT* |
|  − |
| G(t ) M − G(t )T |
(5-8)
+
+
+ M T +


'
"
*
GT
GT
GT
T
G(t )T

where G (t ) M and G (t )T are the relaxation modulus obtained from model and test, respectively.
Figure 5.5 shows that the generalized Maxwell model can describe the complex modulus |G*|
with high accuracy. While the fitting quality of phase angel was not as good, which showed
oscillatory deviation. It was found that 12 Maxwell terms were suitable for the modelling in
this study. The parameters and the fitting quality are presented in Table 5.4 and Table 5.5,
respectively. The discrepancy for the phase angel results mainly form the discrete nature of the
generalized Maxwell model.
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Figure 5.5 Generalized Maxwell model fitting: (a) WEBER-0, (b) WEBER-1, (c) WEBER-3, and (d)
WEBER-5 (reference temperature: 0 °C)
Table 5.4 Fitting parameters of the generalized Maxwell model
WEBER-0

WEBER-1

WEBER-3

WEBER-5

n

Gn

𝜏n

Gn

𝜏n

Gn

𝜏n

Gn

𝜏n

1

1.15E+08

9.86E-03

1.17E+08

1.01E-02

1.26E+08

1.41E-02

1.25E+08

1.15E-02

2

1.23E+08

7.93E-04

1.07E+08

8.60E-04

1.23E+08

9.55E-04

1.16E+08

8.95E-04

3

6.44E+07

1.07E-01

9.21E+07

1.81E-01

9.42E+07

2.30E-01

9.45E+07

1.95E-01

4

4.97E+07

1.07E+00

2.92E+07

3.33E+00

3.85E+07

4.11E+00

3.51E+07

3.07E+00

5

2.38E+07

1.20E+01

7.96E+06

2.57E+01

1.06E+07

7.52E+01

1.08E+07

2.48E+01

6

6.74E+06

1.43E+02

4.21E+06

1.44E+02

2.42E+06

1.14E+03

1.96E+06

2.07E+03

7

9.15E+05

2.17E+03

1.03E+06

2.53E+03

4.76E+05

1.73E+04

5.70E+06

1.76E+02

8

4.36E+04

6.07E+04

1.11E+05

4.29E+04

1.62E+05

1.89E+05

7.82E+05

2.77E+04

9

2.99E+01

1.57E+08

1.12E+04

1.01E+06

8.41E+04

1.39E+10

4.64E+05

1.38E+06

10

3.36E-02

1.58E+00

3.36E-02

1.58E+00

3.36E-02

1.58E+00

3.36E-02

1.58E+00

11

2.99E-10

2.85E+00

3.09E-10

2.85E+00

2.93E-10

2.85E+00

4.39E-10

2.85E+00

12

6.76E-11

4.52E-04

7.17E-11

4.52E-04

6.77E-11

4.52E-04

1.39E-10

4.52E-04

Table 5.5 Fitting quality of experiment data to GMM
Sample ID

R2-Complex moduli

R2-Phase angle

WEBER-0

0.997

0.997

WEBER-1

0.998

0.964

WEBER-3

0.997

0.961

WEBER-5

0.995

0.931
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Since the constitutive relation in the LVE region is inter-convertible for the response in the
frequency domain and the time domain, the relation in the time domain can be obtained given
the relation in the frequency domain.
In the relaxation test, a constant shear strain is applied on the specimen, and the stress response
is recorded during this process. Figure 5.6 depicts the strain profile in the test. It can be seen
that the strain increased to the target strain (0.1%) within 0.1 s and kept constant for the next
15 min.
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Figure 5.6 Strain profile in the relaxation test

Figure 5.7 depicts the relaxation modulus profile from both test and model prediction for all
WEBERs, and Table 5.6 presents the fitting quality. It is observed the predicted values fit the
experiment data fairly well, indicating that the Prony series can also describe the emulsion
residues response in the time domain in an acceptable accuracy.
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Figure 5.7 Tested and predicted relaxation modulus: (a) WEBER-0, (b) WEBER-1, (c) WEBER-3, and
(d) WEBER-5

Table 5.6 Quality of fitting to experiment data
Sample ID

WEBER-0

WEBER-1

WEBER-3

WEBER-5

R2

0.962

0.890

0.885

0.887

Additionally, it can be seen that the relaxation modulus decreased with extension of time from
Figure 5.6. However, the decreasing rate of the relaxation moduli varies for different WEBERs.
With the increase of the waterborne epoxy resin dosages, the decreasing rate of the relaxation
modulus lowered. Table 5.7 presents the ratios of the final relaxation modulus Gfinal to that of
the initial relaxation modulus Gini. This result indicates that the stress relaxed slower under
strain for the waterborne epoxy resin modified bitumen emulsion residues in comparison with
the unmodified emulsion residue. The faster relaxation of the unmodified emulsion residue
WEBER-0 results mainly from the fact that the smaller molecules have better mobility and can
relocate themselves more efficiently, and thus the stress or relaxation moduli decreased faster.
On the other hand, the presence of the inter-connected epoxy structure in the WEBERs
significantly decreased the molecule mobility. As a result, the stress relaxation of the
waterborne epoxy bitumen emulsion residues is largely reduced.
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Table 5.7 Percentage of Gfinal to Gini
Sample ID

WEBER-0

WEBER-1

WEBER-3

WEBER-5

Gfinal/ Gini (%)

0.328

0.329

1.04

1.54

5.5 Summary
The “2S2P1D” model has been used to describe the frequency domain response of WEBERs.
The results show that the model is capable in describing the response over a wide frequency
window, both the pure bitumen emulsion residue as well as the waterborne epoxy resin
modified bitumen emulsion residues. In addition, the microstructure of the WEBERs is closely
related with the parameters of the “2S2P1D” model. Both the glassy modulus parameter Gg
and the static modulus G0 increased with increasing of waterborne epoxy resin dosages, while
the parabolic parameters k and h decreased.
After the pre-smoothing of the experimental data in the frequency domain, the generalized
Maxwell model was utilized to fit the data and generate the Prony series. However, in
comparison to the “2S2P1D” model the phase angle description of the generalized Maxwell
model has been found to be less accurate. This behavior is mainly related to the discrete nature
of the analytical expression that is used to describe the material functions.
In order to establish the relation between the frequency domain response and the time domain
response, the Prony series was obtained from the data in both the frequency domain and the
time domain. The results of the simulations have been compared with experimental data, which
showed good agreement between the experimental data and the predicted data. The obtained
Prony series can be used for future studies like the finite element analysis of this material.
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CHAPTER 6 APPLICATION OF WEMBE AS A TACK COAT
MATERIAL
This chapter presents a case study of using the waterborne epoxy resin modified bitumen
emulsion as the material for tack coat application. Section 6.1 gives the background and
significance of this work. Section 6.2 describes the direct shear test conducted to evaluate the
shear strength of a double-layer asphalt mixture prepared with a Superpave gyratory compactor
(SGC). Section 6.3 presents the findings.
6.1 Introduction
Pavements are constructed by several layers, and the interlayer bonding is crucial to improve
the integrity of the pavement structure. Effective bonding between the layers guarantees the
proper distribution and transfer of the stress between different layers. Many previous studies
have shown that inadequate interlayer bonding may lead to premature failures of pavement like
slippage, cracking and potholes, thereby decreasing the pavement service life [222-224].
Pavement failures caused by bond problems have been frequently found in locations subjected
to high braking and turning forces [75]. It was reported that the pavement service life may
reduce 40% to 80% for lack of sufficient interlayer bonding [225]. To increase the pavement
interlayer bonding, tack coat is commonly applied. Tack coat is defined as a light “application
of bituminous material to an existing relatively nonabsorptive surface to provide a thorough
bond between old and new surfacing”, according to the American Society for Testing and
Materials (ASTM) D8-20. Conventionally, hot asphalt cement, cutback asphalt and bitumen
emulsion have been used as tack coat materials. However, the cutback asphalt is rarely used
now because of safety and environmental concerns [226]. The application of hot asphalt cement
as tack coat material is also limited due to the need of heating, and the difficulty in ensuring
uniform spraying especially at low application rate [227]. On the other hand, the bitumen
emulsion-based tack coat offers many additional advantages, such as ease of handling, reduced
108

energy consumption, and environmental impacts [228]. Thus, bitumen emulsion is more
preferred as tack coat material.
Different types of bitumen emulsions are used based on considerations of existing pavement
surface conditions, weather, and construction window, etc. However, it is reported that the
cationic emulsions are the most commonly used tack coat materials [229]. Additionally, a
survey by Paul and Scherocman [230] indicated that most projects of tack coat in the US used
the slow-setting bitumen emulsions, and the residual application rates of the emulsions
generally varied between 0.06 L/m2 and 0.26 L/m2 depending on the surface conditions of the
existing layer. The reasons for selecting the slow-setting bitumen emulsion includes: 1) they
allow sufficient time for the distributor to function at normal speed when lower application
rates are used, and 2) they flow easily from the distributor at ambient temperatures that ensures
a more uniform application [231, 232]. The application rate of the tack coat depends on many
factors, including type of tack coat, pavement surface texture, and type of pavement (cement
concrete or asphalt concrete) [73].
A series of testing methods, including torsion, tensile and shear tests, have been developed to
evaluate the interlayer bonding strength of different pavement layers. Nevertheless, previous
research indicated that the interface failure of the pavement is mainly caused by shear stress
[233]. As a result, the shear test is the most widely used testing method for evaluating the
pavement interlayer bonding [234, 235]. The Leutner shear test, developed in Germany to
characterize the shear bond strength of asphalt mixture without normal force [236], is now
frequently used. This test is performed on a 150 mm diameter two-layer asphalt mixture
prepared in the laboratory or taken from the field, and the testing temperature is typically 20 °C.
A constant loading rate of 50 mm/min is applied on the two-layer structure, and the shear force
is monitored until failure.
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This chapter presents a case study on investigating the influence of WEMBE to the interlayer
bond strength of asphalt mixture. To achieve this objective, the bitumen emulsions containing
different amounts of waterborne epoxy resin (1wt%, 3wt%, and 5wt%, denoted as WEMBE-1,
WEMBE-3, and WEMBE-5, respectively) were prepared and evaluated as tack coat materials,
and the bitumen emulsion without waterborne epoxy resin was considered as the control group
(WEMBE-0). A two-layer cylindrical asphalt mixture structure was fabricated using the
Superpave gyratory compactor (SGC), and the direct shear strength was then measured and
compared with a dynamic testing system (DTS-30, PAVETEST) after proper conditioning.
6.2 Methods
A bottom layer asphalt mixture with the gradation of BC28 (base course dense-graded mixture
with a nominal maximum aggregate size of 28mm) and a wearing course asphalt mixture with
the gradation of WC20 (wearing course dense-graded mixture with a nominal maximum
aggregate size of 20mm) were used for the two-layer specimen fabrication. Figure 6.1 depicts
the gradations of both BC28 and WC20. The Superpave gyratory compactor was employed to
prepare the specimens with a diameter of 150 mm. The thicknesses of the bottom and the upper
layer were 60 mm and 40 mm, respectively, which were determined in accordance with typical
pavement design in Hong Kong. The air void of the mixture was determined to be 6% ± 1%
according to the specification AASHTO T 312 [237].
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Figure 6.1 Aggregate gradation of: (a) BC28 and (b) WC20
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The bottom layer was compacted first and extruded from the mold, which was then placed at
the room temperature (23



0.5 °C) for 24 h. To measure the mean texture depth (MTD) of

the bottom layer surface, the sand-patch method was employed according to BS EN 13036
[238] (Figure 6.2). The MTD was determined to be 0.337 mm, with a coefficient of variation
(CV) of 5.4% based on three measurements. The bitumen emulsion was then uniformly applied
on the surface using a brush, which was then maintained for approximately 2 hours to allow
the breaking of the emulsion (Figure 6.3). The bottom layer was subsequently put back into the
SGC mold, and the loose mixture of the upper layer was then placed and compacted on top of
the bottom layer. The two-layer structure was then taken out form the mold and cured in an
oven for 4 days at the temperature of 40 °C (Figure 6.4). The specimens were then conditioned
in the chamber for at least 4 hours prior to testing. Two temperatures were considered during
the direct shear test, 25 °C and 50 °C. A loading rate of 50 mm/min was applied during the
direct shear test, and the shear force was recorded in the process.
The optimum amount of bitumen emulsion was first determined in this study. Note that the
newly constructed pavement normally requires less amount of tack coat because of the
smoother surface. Three different application rates of residual bitumen emulsion were
compared in the first stage: 0.12 kg/m2, 0.24 kg/m2, and 0.36 kg/m2. In the second stage, the
influence of different WEMBEs was evaluated at the optimum application rate. A customdesigned shear device was applied for the shear strength test (Figure 6.5). Two specimens were
fabricated and measured for each sample test.
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(b)

(a)

Figure 6.2 Determination of mean texture depth (MTD) using the sand patch method: (a) the bottom
layer asphalt mixture, (b) sand patch method

(a)

(b)

Figure 6.3 Application of the bitumen emulsion: (a) before breaking, (b) after breaking

Figure 6.4 The two-layer asphalt mixture structure
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(a)

(b)

Figure 6.5 Direct shear testing set-up: (a) front view, (b) side view

6.3 Results and discussions
6.3.1 Optimum application rate
Figure 6.6 depicts the shear strength of the two-layer structure for different application rates of
the bitumen emulsion at the temperature of 20 °C. The shear strength for the application of
0.12 kg/m2 and 0.24 kg/m2 were very close (1.59 MPa and 1.58 MPa, respectively), which
dropped to 1.48 MPa at the higher application rate of 0.36 kg/m2. The lower shear strength for
0.36 kg/m2 indicates that an excess of the tack coat may decrease the interlayer bonding and
promote shear slippage. In fact, too much tack coat can act as a lubricating material between
the layer, thereby decreasing the interlocking between the layers. As a result, the application
rate of 0.12 kg/m2 tack coat was selected for further study based on the shear strength and cost
considerations. It should be noted that the maximum shear force was larger than 28 kN at the
temperature of 20 °C, which was close to the upper limit (30 kN) of the equipment. Hence, the
following tests were performed at 25 °C and 50 °C, to represent normal ambient temperature
and high service temperature in hot seasons, respectively.
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Figure 6.6 Effect of application rate of the bitumen emulsion on shear strength

6.3.2 Influence of waterborne epoxy resin contents
Figure 6.7 depicts the shear strength of different WEMBEs with different dosages of
waterborne epoxy resin at both 25 °C and 50 °C. It is observed that the shear strength of the
two-layer structure increased with increasing of waterborne epoxy resin contents at both
temperatures. The shear strength values of WEBME-3 and WEBME-5 were 1.10 MPa and 1.13
MPa at 25 °C, respectively, representing an increase of 15.3% and 18.0% compared with that
of the control bitumen emulsion. It is noticeable that temperature plays a significant role on the
shear strength of the two-layer structure. For example, the shear strength of WEMBE-0 and
WEMBE-5 at 50 °C dropped 77% and 73% compared with their counterparts at 25 °C.
However, the shear strength of the waterborne epoxy resin modified bitumen emulsions are
still larger than that of the pure bitumen emulsion at 50 °C.
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Figure 6.7 Shear strength of different WEMBEs

Figure 6.8 depicts the shear force profile against the displacement during the shear test at both
25 °C and 50 °C. It can be seen that shear force increased linearly at first, and decreased after
the peak. The peak force at 25 °C is 4-5 times larger than that of the values at 50 °C. However,
the force dropped more rapidly after the peak value at 25 °C in comparison with that of the
50 °C. Such phenomenon indicates that the failure is more brittle at the lower temperature, and
the higher temperature failure is more ductile. This finding is similar with that reported by
Recasens, et al. [239]. Nevertheless, it is clear that the peak force increased with larger contents
of waterborne epoxy resin at both testing temperatures.
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Figure 6.8 Plot of shear force-displacement curves at: (a) 25 °C and (b) 50 °C
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3.5

6.4 Summary
In this chapter, the influence of waterborne epoxy resin modified bitumen emulsion on the
bond strength of the two-layer asphalt mixture structure was evaluated through direct shear test.
A two-layer asphalt mixture structure was fabricated in the lab using the Superpave gyratory
compactor, and the bitumen emulsions containing 0wt%, 1wt%, 3wt%, and 5wt% of
waterborne epoxy resin were evaluated. The following conclusions can be drawn from this
study:
(1) The optimum application rate of the bitumen emulsion was determined to be 0.12
kg/m2 based on the residue. Because of the smooth surface of the newly compacted densegraded bottom layer, the application rate of the bitumen emulsion is relatively low.
(2) The shear strength increased with increasing of the waterborne epoxy resin dosages.
The shear strength values of WEBME-3 and WEBME-5 reached 1.10 MPa and 1.13 MPa
at 25 °C, respectively, representing an increase of 15.3% and 18.0% compared with that
of the control bitumen emulsion.
(3) The shear failure is more brittle at the lower temperature, and the higher temperature
failure is more ductile.
The results from this chapter indicates that the application of waterborne epoxy resin modified
bitumen emulsion as a tack coat material can increase the shear strength between different
asphalt mixture layers. Such performance is desirable to reduce the asphalt pavement premature
distresses caused by poor bonding strength, or in the sections where high interlayer shear stress
is expected, such as bus station, road slopes and corners.
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS
Modification of bitumen emulsion with waterborne epoxy resin represents a green and
sustainable technology for producing the high-performance polymer modified bituminous
materials. It can be potentially applied in pavement surface treatment (chip seal, microsurfacing, slurry seal), tack coat, cold recycling, and cold mixes. The overall objective of this
study is to investigate the influence of waterborne epoxy resin on the microstructure and
mechanical performance of bitumen emulsion. To achieve this objective, the following
research tasks were performed: 1) evaluation of the effect of waterborne epoxy resin on the
performance of bitumen emulsion, including microstructure, stability and rheological
properties; 2) investigation of the effect of waterborne epoxy resin on the performance of
emulsion residues, including microstructure, rheology, high temperature performance, aging,
fatigue, bond strength with aggregate, and moisture susceptibility; 3) development of the
constitutive models of the waterborne epoxy resin modified bitumen emulsion residues
(WEBERs) based on frequency sweep and relaxation measurements; and 4) characterization
of the performance of waterborne epoxy resin modified bitumen emulsion (WEMBE) as a tack
coat material.
7.1 Findings and conclusions
Based on the outcomes of this study, the following major findings have been obtained:
1. The waterborne curing agent (WCA) synthesized in this study was dispersed in water
with a very small mean particle size of 55 nm, indicating strong self-emulsifying ability.
In addition, the WCA can effectively emulsify the epoxy resin, and the average diameter
of the obtained epoxy resin droplets was 247 nm.
2. Most of the bitumen particles in the bitumen emulsion were smaller than 10 μm, and
became larger after storing for 5 days. However, the sizes of the bitumen particles in
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bitumen emulsion with waterborne epoxy resin were not so large as those of the pure
bitumen emulsion, indicating that the waterborne epoxy resin acted as a barrier between
bitumen particles, thus hindered the bitumen particles from coalescence.
3. All the bitumen emulsions showed significant shear-thinning behavior at the lower shear
rate region (0-10 s-1). The pure bitumen emulsion behaved as a Newtonian fluid at the
higher shear rate (10-200 s-1), while the waterborne epoxy resin modified bitumen
emulsion showed shear-thickening behavior. The difference may be caused by the
waterborne epoxy resin, which could become entangled with each other at higher shear
rate, thereby increasing the viscosity.
4. Bitumen emulsion demonstrated strong thixotropy behavior. The bitumen particles are
closely packed in bitumen emulsion, and their interaction can be disrupted by shear stress.
However, such interaction can reform again with the decrease of shear rate.
5. The cured waterborne epoxy resin formed a polymer-rich film when the dosages of
waterborne epoxy resin reached 3wt%. Such polymer structure is beneficial for the
improvement of the mechanical performance of the emulsion residue.
6. The addition of waterborne epoxy resin significantly improved the mechanical
properties of bitumen emulsion. The complex shear moduli of WEBERs were much larger
than that of the pure bitumen emulsion residue, while the phase angles decreased markedly,
indicating that the waterborne epoxy resin changed the base bitumen binder into a more
elastic material.
7. The MSCR results showed that with the increase of waterborne epoxy concentration,
the percent recovery increased while the nonrecoverable creep compliance decreased,
indicating that the resistance to permanent deformation was dramatically improved by
waterborne epoxy resin.
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8. The incorporation of waterborne epoxy resin into bitumen emulsion improved the
resistance to oxidative aging of the residues. This effect is attributed to the formation of
the polymer-rich film that encapsulated the bitumen particles, which reduced the diffusion
of oxygen into the bitumen phase.
9. The time sweep test results at the stresses of 300 kPa to 500 kPa indicated that the
fatigue life of the emulsion residue was increased by incorporation of waterborne epoxy
resin. Yet, from the LAS tests, it was concluded that the fatigue life of WEBERs
containing waterborne epoxy resin was larger than that of the pure bitumen emulsion
residue when the strain amplitude was lower than 5%. While the reverse was true when
the strain amplitude become larger than 5%.
10. The waterborne epoxy resin substantially increased the bond strength between the
bitumen emulsion and aggregate, and the bond strength of waterborne epoxy resin
modified bitumen emulsion was less affected by temperature.
11. The waterborne epoxy resin modified bitumen emulsion demonstrated better resistance
to moisture damage by boiling test. With only 1wt% of waterborne epoxy resin, the boiling
loss area reduced dramatically compared with that of pure bitumen emulsion mix after 3
days of maintenance.
12. The “2S2P1D” model was capable of describing the response of the waterborne epoxy
resin bitumen emulsion residues over a wide frequency window. In addition, the Prony
series can describe the material’s response in both the frequency domain and the time
domain fairly well.
13. The shear strength between different asphalt mixture layers was increased with the
increase of the waterborne epoxy resin contents, indicating the feasibility of using the
waterborne epoxy resin modified bitumen emulsion as a tack coat material.
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Correspondingly, the following general conclusions have been drawn:
1. The cured waterborne epoxy resin forms an inter-connected structure in the emulsion
residue when the dosages of waterborne epoxy resin reached 3wt%. Such structure
changes the viscoelasticity of the base bitumen substantially, which is beneficial for the
improvement of the mechanical performance of the emulsion residue.
2. The incorporation of waterborne epoxy resin can significantly increase the
performances of the bitumen emulsion residues, including the high-temperature
performance, fatigue performance, and adhesion with aggregate, while the moisture
susceptibility was decreased.
3. The incorporation of waterborne epoxy resin into bitumen emulsion can improve the
resistance to oxidative aging and fatigue of the residues, because of the formation of the
polymer-rich film structure.
4. The “2S2P1D” model can describe the dynamic response of the waterborne epoxy resin
bitumen emulsion residues with high accuracy.
5. When the waterborne epoxy resin bitumen emulsion is used as a tack coat material, it
can improve the interface bonding between the asphalt layers.
7.2 Recommendations for future research
Since WEMBE is a relatively new research topic, more research is still required to more
extensively explore its properties and applications. Based on the findings and conclusions of
this research, future research is recommended on the following aspects:
•

Effect of storage time on the microstructure and performance of WEMBE should be
further investigated.
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•

The performance of WEMBE in different applications, such as pavement surface
treatment, cold recycling, and cold mixes, should be further evaluated.

•

Comparative life cycle assessment should be conducted between WEMBE and normal
polymer modified bitumen to quantify its overall sustainability performance.
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