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Abstract Cold-mixed epoxy bitumen (CEB) has

been presented as an eco-friendly pavingmaterial used

for steel bridge deck pavements. This study performed

an investigation on three preparation methods of

CEBs, which includes one kind of three-component

and two kinds of two-component methods. The curing

process was characterized through the viscosity mea-

surement. Meanwhile, the microstructure of CEBs was

observed using fluorescence microscopy. Mechanical

properties of CEBs prepared with different methods

were characterized by employing direct tensile tests

and dynamic mechanical analysis (DMA). Finally,

thermogravimetric analysis (TGA/DTG) was con-

ducted to feature the thermal stability of CEBs. The

results indicated that the preparation methods

significantly affected the performance of cured CEBs,

although the samemix design was adopted. The curing

temperature determined the curing rate of CEBs, while

the preparation methods dominated the morphological

characteristic of cured CEBs. The three-component

preparation method can achieve acceptable mechani-

cal performance for engineering requirements. As for

two-component methods, the curing agent is supposed

to be mixed with bitumen to obtain satisfying

microstructures of CEBs.

Keywords Cold-mixed epoxy bitumen � Preparation
method � Mechanical properties � Microscopic

morphology � Thermal stability

1 Introduction

Bituminous materials have been extensively used in

the pavement construction for over a century [1, 2].

Although much effort is being spent improving the

road performance of asphaltic pavement, traffic vol-

ume increase precipitates a need for continual

improvements to pavement materials [3–5]. For this

reason, bitumen modification has been popularized for

decades to expand the service life of pavement [6, 7].

To date, there have been numerous products devel-

oped for bitumen modification, including styrene–

butadiene–styrene block copolymer (SBS) [8], buta-

diene-styrene copolymer (SBR) [9], ethylene–vinyl
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acetate (EVA) [10, 11], Polyethylene (PE) [12], and

epoxy [13, 14]. Among these, epoxy bitumen (EB) has

been most widely accepted in constructing steel bridge

deck pavements [15, 16].

Epoxy bitumen refers to a blend of epoxy resin,

curing agent, bitumen, and other additives [17]. The

thermosetting epoxy resin chemically reacts with the

curing agent, forming a 3-D network during the

blending [18]. Consequently, the thermoplastic bitu-

men and thermosetting epoxy resin comprise a poly-

mer composite with thermoplastic and thermosetting

behavior [19]. The epoxy bitumen presents sound

mechanical properties due to the two-phase structure.

Yu et al. [20] reported that, when the epoxy resin

content was beyond 30%, the epoxy bitumen

microstructure transformed from bitumen-dominant

to epoxy-dominant composite, inducing remarkable

strength improvement. In addition to the prescription

of epoxy bitumen, the mechanical properties of cured

EBs are affected by curing behaviors. A well cross-

linked epoxy bitumen performs superior to one with

low cross-linking densities. It has been demonstrated

that the curing process is associated with the curing

temperature and method [21, 22]. According to the

curing temperature, epoxy bitumen can be subdivided

into high-temperature mixed epoxy bitumen (HEB),

warm-mixed epoxy bitumen (WEB), and cold-mixed

epoxy bitumen (CEB), respectively.

By far, the HEB and WEB have been studied and

well understood [23]. HEB is usually made from

epoxy resin, bitumen, curing agent, and some addi-

tives. In the study of Cong et al. [24], the HEB samples

were prepared by heating modified bitumen above

160 �C. Subsequently, the epoxy resin was added into
the flowable bitumen, and meanwhile, the high shear

mixer was utilized to disperse the epoxy resin in the

bitumen. Finally, a curing agent was incorporated to

form the HEB sample. Unlike the preparation method

conducted by Cong et al. [24], Yin et al. [23] prepared

the HEB sample using the two-component method. In

specific, the epoxy resin was firstly mixed with the

curing agent. In what follows, the bitumen was also

heated to 160 �C, and then added to the mixture of

epoxy resin and curing agent. The preparation method

of WEB usually conforms to that of HEB. The only

difference locates at the use of warm-mixed additives

to low the viscosity of bitumen so that the mixing

temperature can be reduced to 120 �C [25]. Luo et al.

[26] compared the performance of WEB and HEB. In

his research, the HEB was prepared using the three-

component method while the two-component method

prepared the WEB. The results showed that WEB was

preferable to use in the new bridge pavement while the

HEB behaved better in bridge pavement maintenance

and rehabilitation.

Previous studies regarding the HEB and WEB

demonstrated that both two-component and three-

component were acceptable in practice depending on

the construction requirement. In terms of the CEB, the

temperature reduction of epoxy bitumen mixing was

achieved by introducing a diluent into bitumen. The

cold-mixed epoxy bitumen is a promising material due

to its merit in reducing energy consumptions and gas

emission [27]. In particular, the waterborne epoxy

bitumen emulsion (WEBB), which belongs to a

special kind of cold-mixed epoxy bitumen, comprises

the waterborne epoxy resin and bitumen emulsion. At

ambient temperature, both waterborne epoxy resin and

bitumen emulsion are with very low viscosity. In this

case, the preparation of WEBB does not require

additional heating effort. Li et al. [28] demonstrated

that the incorporation of waterborne epoxy resin could

significantly increase the rutting resistance of bitumen

emulsion. By far, many efforts have been made to

improve the mechanical properties and compatibility

of the epoxy bitumen. Zhang et al. [29] introduced a

flexible chain into cured epoxy resin to improve the

fatigue-resistance ability of cold-mixed epoxy bitu-

men. The results indicated the modified cold-mixed

epoxy bitumen satisfied the requirement of engineer-

ing. Chen et al. [30] studied the mechanical and

thermo-mechanical properties of the cold-mixed

epoxy bitumen. They claimed that the addition of a

halogen-free flame retardant could efficiently improve

the tensile strength and thermal stability of cold-mixed

epoxy bitumen. It was also reported that the compat-

ibility between resin and bitumen should be a critical

factor that cannot be ignored. Si et al. [31] adopted the

epoxy soybean oil (ESO) to modify the compatibility

of cold-mixed epoxy bitumen. They demonstrated that

the addition of ESO could not only improve the

compatibility of cold-mixed epoxy bitumen but also

increase the elongation at break and modulus of cold-

mixed epoxy bitumen.

The most representative CEB products originate

from either the USA or Japan [32]. Epoxy bitumen

from the USA consists of two components, namely A

and B. Component A is the Bisphenol-A epoxy resin,
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and component B represents a mix of base bitumen,

curing agent, and other additives. In Japan, a three-

component preparation process is popular that

includes epoxy resin (A), curing agent (B), and base

bitumen with additives (C). To some extent, the three-

component epoxy bitumen is more convenient for

construction as it requires a shorter curing time

compared with the one from the USA [29]. However,

the effect of preparation methods on the CEB is still

unknown.

Therefore, this study aims to investigate the effect

of preparation methods of CEB on the performance of

cold-mixed epoxy bitumen. Three preparation meth-

ods were considered, including the three-component

method and two-component methods. In the following

study, cured samples with different preparation meth-

ods were subjected to viscosity measurement, mor-

phology analysis, mechanical characterization, and

thermal stability analysis.

2 Materials and sample preparation

2.1 Raw materials

The 60/80 pen grade bitumen was used to prepare

cold-mixed bitumen. The properties of base bitumen

are listed in Table 1. The epoxy resin, namely

diglycidyl ether of bisphenol-A type (DGEBA, made

in Wuxi Resin, China), was adopted. The bitumen

diluent was self-synthesized in the laboratory with a

boiling point of 120 �C and a density of 1.156 g/cm3.

In specific, the bitumen was firstly heated to 135 �C.
Following which, the diluent was progressively added

into the bitumen with a 30% mass ratio of bitumen in

total. Low weight polyamide was used as the curing

agent. Additionally, other additives consisted of

sodium dodecyl benzenesulfonate, dibutyl phthalate,

and silane coupling agent KH550.

2.2 Preparation of cold-mixed epoxy bitumen

Three preparation methods marked as PM1, PM2, and

PM3 were employed to prepare CEBs, as illustrated in

Table 2. PM1 refers to the one with three components.

Component A was the DGEBA, and component B was

the curing agent. In terms of component C, it was

produced by mixing bitumen and other additives. The

detailed process for the production of component C is

illustrated as follows. Bitumen was firstly heated to

100 �C for 30 min to obtain sufficient mixability.

Subsequently, the diluent was incorporated into

fluidized bitumen and maintained mixing until no

apparent cluster was observed. Following this, other

additives were added with an additional mixing for

90 min. As shown in Table 2, in PM2, component A

and component C were premixed. As for the PM3, it

was obtained by premixing component B and compo-

nent C in PM1. By measuring epoxy equivalent and

amine equivalent, the ratio of epoxy resin to curing

agent can be determined at 100:60.

Meanwhile, the proportion of bitumen to epoxy

polymer (epoxy resin and curing agent) was deter-

mined by preliminary experiments, aiming to reach

the optimal performance. For all cases in this study,

the prescription was fixed so that the performance of

cold-mixed epoxy bitumen was only affected by the

preparation methods. The mixing procedure was

illustrated in Fig. 1. Components A and B (C) of the

CEB were mixed at the ambient temperature. The

CEB samples were obtained by stirring the mixture for

3 min.

2.3 Curing process

As previously noted, the curing process plays a

significant role in the mechanical properties of CEBs.

However, this study centered on the effect of prepa-

ration methods on the performance of CEBs. For this

reason, all newly blended CEB samples were

Table 1 Conventional

properties of base bitumen
Properties Measured values Methods

Penetration (25 �C)/0.1 mm 65 ASTM D5 [33]

Ductility (10 �C)/cm 65 ASTM D113 [34]

Viscosity (60 �C)/Pa�s 183 ASTM D4402 [35]

Softening point/�C 45.6 ASTM D36 [36]

Density (15 �C)/g/cm3 1.033 ASTM D70 [37]
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subjected to the same curing condition. The curing

process is described as follows: CEB samples were

firstly cured at ambient temperature for 24 h. Subse-

quently, all the samples were maintained in the oven at

60 �C for 48 h.

3 Research programs

3.1 Research scope

Figure 2 shows the research scope of this study. In

particular, the viscosity measurement (RV) was used

to characterize the curing process at the ambient

temperature of newly blended CEB samples. The

sampling process was performed at a 5-min interval.

The cured CEBs produced by all three preparation

methods were subjected to a fluorescence microscope

(FM) to observe the morphology pattern from the

micro-perspective. In addition, the direct tensile test

(DTT) was carried out to compare the mechanical

properties of CEBs with different preparation meth-

ods. Meanwhile, the dynamic mechanical analysis

(DMA) was conducted to observe the phase transition

as the temperature was elevated. The thermal stability

of CEBs was featured using thermogravimetric anal-

ysis (TGA/DTG) in this study. Details of each test

method are explained in the following section.

Table 2 Compositions of CEBs with different preparation processes

Components PM1 PM2 PM3

A DGEBA DGEBA, Bitumen, Diluent, Additives DGEBA

B Curing agent Curing agent Bitumen, Diluent, Curing agent, Additives

C Bitumen, Diluent, Additives – –

Fig. 1 Laboratory preparation of CEBs using three different methods
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3.2 Test methods

3.2.1 Rotational viscometer (RV)

A Brookfield viscometer was used to measure the

viscosity evolution as a function of curing time by

ASTM D4402 [38]. The blend was immediately

poured into the chamber with an appropriate amount

at the testing temperature (25 �C or 60 �C). The

spindle with the number 27 was used. The viscosity of

CEBs is associated with the workability of construc-

tion. The optimal viscosity was supposed to be

2000–3000 mPa s for satisfying workability. The time

duration when the viscosity of CEBs ranges from 2000

to 3000 mPa s is called workability interval. In

practice, the interval time should be sufficient for

pavement construction.

3.3 Fluorescence microscope (FM)

The fluorescence microscope allows for observation of

the morphology of continuous and discontinuous

phases at the microscopic level [23, 39]. Therefore,

fluorescence microscopy was used to investigate the

morphology of cured CEBs by identifying the bitumen

phase and epoxy resin phase, respectively. Samples

were examined at room temperature using an Olympic

IX83 microscope with fluorescent light. The epoxy

resin phase appeared green, while the bitumen phase

was presented in black.

3.4 Direct tension test (DTT)

The direct tensile test was performed on a universal

testing machine at 25 �C. Cured samples in the

dumbbell shape were manufactured according to

ASTM D638-96 [40]. The strain rate applied was

500 mm/min. As a result, the elongation at the

breaking and tensile strength of cured samples

produced by different preparation methods were

recorded. Each reported value was the average of six

measurements.

3.5 Dynamic mechanical analysis (DMA)

The storage and loss moduli and the phase angle were

determined using DMA in the single-cantilever bend-

ing mode at the frequency of 1 Hz with a heating rate

of 3 �C/min from -30 to 120 �C. The dimension of the

specimen was 25 mm 9 5 mm 9 1.5 mm [23].

3.6 Thermogravimetric analysis (TGA/DTG)

TGA/DTG analysis of cured CEBs was performed at

the heating rate of 10 �C/min from 0 to 700 �C in the

nitrogen atmosphere using TGA-Q 50,000 [39]. The

thermogravimetric curve characterized the change of

sample weight over temperature or time during the

programmed temperature. The ordinate was the

weight percentage, representing the weight ratio at

the current temperature/time to the initial weight. The

thermogravimetric differential curve indicated that the

rate of weight change with temperature or time, and its

peak point represents the fastest rate of weight change.

 

Epoxy bitumen 
mixed by PM1

Curing process: 24 hours at ambient temperature and 48 hours at 
60

FM

CEBs produced by different preparation methods

Epoxy bitumen 
mixed by PM2

Epoxy bitumen 
mixed by PM3After mixing

RV DMADTT TGA/DTG

Sampling 
evey 5mins

Fig. 2 The flow chart of this

study
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4 Results and discussion

4.1 Viscosity analysis of cured CEBs

Figure 3 describes the viscosity evolution with curing

time at 25 �C and 60 �C. Before the curing process

(curing time at 0 min), the viscosity measured at

25 �C is higher than the one measured at 60 �C. As the
curing proceeded, the increase of viscosity was

ascribed to the curing process of CEBs. As the curing

process proceeded, the epoxy resin was crosslinked by

the curing agent to larger molecules. Although the

initial viscosity of CEBs measured at 60 �C was

relatively low, a higher curing temperature induced a

more intensive chemical reaction. As a result, CEB

blends cured at 60 �C needed a shorter curing time to

reach a specific viscosity. For example, it took 10 min

for the viscosity of CEBs prepared by PM2 to reach

4800 mPa�s when the curing temperature was fixed at

60 �C, while the curing temperature was at 25 �C, the
duration extended to 30 min. An identical conclusion

could be obtained in the cases of PM1 and PM3. Thus,

the curing temperature is the decisive factor that

influences the viscosity of CEBs.

Conversely, the viscosity evolution varied with the

preparation methods, no matter the curing tempera-

ture. CEBs prepared by PM1 and PM3 complied with a

similar tendency at 25 �C and 60 �C, respectively. As
for CEBs prepared by PM2, the viscosity increased

with curing time at a faster rate. The curing agent was

added later in PM2. However, in PM3, the curing

agent was mixed with bitumen before its incorporation

into epoxy. Previous studies demonstrated that the

presence of bitumen decreased the conversion rate of

CEBs. The results shown herein further revealed that

bitumen primarily reduces the probability of curing

agent connecting to epoxy resin. However, premixing

bitumen and epoxy resin into a stable blend followed

by the incorporation of curing agents can accelerate

the conversion of CEBs. The mechanism probability

can also be used to explain the viscosity evolution

prepared by PM1.

In practice, CEBs require sufficient viscosity for

construction workability. For this reason, the worka-

bility intervals were accordingly summarized, as seen

in Table 3. It can be concluded that increasing curing

temperature significantly decreased the workability

intervals. Based on the workability interval, the

workability performance of different preparation

methods was in line with PM3, PM1, PM2. In other

words, the interval can be extended in practice by

premixing bitumen and the curing agent. It is notice-

able that the workability required for construction

usually is longer than 30 min [24, 41]. It seems that

Fig. 3 Viscosity with time for CEBs at 25 �C and 60 �C
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samples prepared in this study fail to satisfy the

requirement. However, the short workability time can

be extended by selecting another appropriate curing

agent.

4.2 Microscopic morphology of cured CEBs

The morphology of cured CEBs using different

methods was identified to characterize the phases

and detailed particle size distribution, as shown in

Fig. 4. The light phase represented the epoxy resin,

and the black inclusions corresponded to bitumen. It

can be seen that bitumen dispersed in the epoxy resin

relatively uniformly for all preparation methods but

with different particle size distributions. Also, the

average area fraction of the bitumen-rich phase was

calculated for each of the three methods. They are

PM1 (40%), PM2 (32.8%), PM3 (38.6%), respec-

tively. It can be found that premixing bitumen with the

curing agent (PM3) is beneficial for the dispersion of

bitumen particles in the CEB blends, as indicated by

comparing PM2 and PM3. In PM2, the bitumen was

mixed with epoxy bitumen in advance, forming a

stable blend. After adding the curing agent, the curing

agent can easily interact with the epoxy resin, which

leads to more intensive conversion than other meth-

ods. However, it is not good for the dispersion of

bitumen using PM2.

The distribution of particle size was further ana-

lyzed quantitatively, as shown in Fig. 5. In general, the

normal distribution function can be used to describe

the particle distribution. Accordingly, the particle size

for PM1 showed the largest medium value, around

60 lm. As for the PM2 and PM3, the medium value of

particle size was around 30 lm and 20 lm,

respectively.

It is believed that a more uniform distribution with a

small particle size is preferable for the performance of

CEBs since the possible cluster could induce high

interior stress concentration under external loading. In

Table 3 Workability intervals for different preparation

methods

PM1 PM2 PM3

Interval @60 �C 2.6 min 1.6 min 1.8 min

Interval @25 �C 20 min 12 min 30 min

PM1-1

PM1-2

100µm100µm

100µm100µm

100µm

100µm

PM2-1

PM2-2

PM3-1

PM3-2

Fig. 4 Fluorescence images for different preparation methods
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this condition, CEBs using PM3 showed the best

morphological property.

4.3 Mechanical properties of cured CEBs

The tensile test was performed to characterize the

tensile strength and elongation at the breaking of cured

CEBs (Fig. 6). The tensile strength of CEBs using

PM1, PM2, and PM3, was 2.54 MPa, 1.42 MPa, and

5.27 MPa, respectively. The preparation method con-

tributed significantly to the ultimate strength of the

cured samples, as seen in that the tensile strength in the

case of PM3 was approximately 3.7 and 2.1 times

higher than that of PM2 and PM1, respectively. This

conclusion complied with the morphology analysis,

given that a relatively uniform and fine bitumen

particle distribution leads to better mechanical

performance.

The elongations at the breaking for PM1, PM2, and

PM3 were 42%, 98%, and 26%, respectively. Due to

the same epoxy resin content and bitumen, the only

reason attributed to the variation is the dispersion of

bitumen and epoxy resin. Comparing PM1 and PM3,

the uniformity of CEBs using these two methods are

comparable. A previous study indicated that the

thermoplastic component (asphaltene and resin) con-

tributed significantly to the elongation at breaking. In

addition, the increased bitumen content could also

induce an increase of elongation at breaking [41].

Hence, large bitumen particle size could result in

better performance of elongation at breaking since

bitumen played a dominant role in the elongation

performance. As for the PM2, the elongation at

breaking of CEBs showed the highest value. A

plausible explanation could be the lowest strength of

CEBs produced by PM2. The strength formation

mechanical is fundamentally distinct from the other

ones using PM1 and PM3.

4.4 Dynamic Mechanical Analysis of cured CEBs

This study performed the DMA to characterize the

mechanical properties of CEBs as a function of the

temperature (as shown in Fig. 7). CEBs with different

preparation methods showed different dynamic

mechanical properties. In PM2, the modulus fluctuated

with temperature from -30 �C to 30 �C on account of

bitumen’s unwanted dispersibility. This conclusion is

Fig. 5 Particle size distribution for three preparation methods (solid and dashed lines represent two parallel results)
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consistent with the results of the morphology and

mechanical analysis. The modulus of CEB blends with

PM1 decreased considerably as the temperature

increased. In contrast, the modulus of CEB blends

from PM3 changed smoothly with the temperature.

CEB blends from PM3 possessed a lower temperature

susceptibility than PM1, which indicated a relatively

stable microstructure. The peak value of the phase

angle corresponds to the glassy transition temperature

of CEBs. As indicated, the glassy transition temper-

ature of CEB from PM1 was around 33 �C, which is

Fig. 6 Elongation at the breaking and tensile strength for three methods

Fig. 7 DMA analysis of CEBs for three preparation methods
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significantly lower than that from PM3 (around

55 �C).

4.5 Thermal stability of cured CEBs

Figure 8 showed the TGA and derivative TGA (DTG)

curves of bitumen and CEBs from all three preparation

methods. The thermal degradation of bitumen under-

went two distinct stages. The first stage took place

around 413.6 �C, relating to the elimination of some

unsaturated functional groups. The second stage

occurred around 468.6 �C due to the degradation of

the central carbon chain. The pyrolysis of CEBs

presented three stages, although the first stage was not

noticeable. The first stage appeared around 100 �C, as
seen 109.3 �C marked for the PM3. This degradation

could be ascribed to the evaporation of diluent. The

second stage for CEBs corresponded to the first stage

of bitumen. The temperature at the second stage for

CEBs was lower than that for bitumen, as seen at the

308.2 �C for PM1, 331.6 �C for PM2, and 325.7 �C
for PM3. This stage was because of the decomposition

of the cross-linked network and the degradation of

bitumen itself. In terms of the third stage, bitumen and

CEBs were all alike. According to the DTG curves for

the three mixing processes, it can be found that PM1

and PM3 were identical. In contrast, the DTG curve

for PM2 showed significant fluctuation, which indi-

cated the unwanted thermal stability for epoxy bitu-

men. This observation was consistent with the results

of the morphological and mechanical properties.

4.6 A summary of CEB performance with three

preparation methods

To better compare the variation of CEBs prepared with

these three methods, Fig. 9 summarized several typ-

ical indicators to compare the pros and cons of the

Fig. 8 TG and DTG results a Bitumen, b PM1, c PM2, d PM3
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three preparation methods. Part of the indicators were

directly extracted from the measurements above. The

others were subjectively judged (ranking 1–3) accord-

ing to the analysis results. Moreover, for the benefit of

comparison, all the indicators were then normalized to

make the value between 0 and 1.

All indicators with a larger value positively mean

better performance in terms of the practical applica-

tion. It is noticeable that CEBs prepared with PM3

showed the most expected performance, followed by

the ones with PM1 and PM2. Based on the radar chart,

it is not recommended to pre-mix the bitumen and

epoxy when producing the cold-mixed epoxy bitumen.

It is not surprising that PM1 and PM3 are both

acceptable since the current market has related

commercial products. The achievement of this study

provides an insight into the influence of preparation

methods on the performance of CEBs, which is an

essential reference for other similar research and

conditions.

5 Conclusion

To date, the cold-mixed epoxy bitumen (CEB) has

attracted considerable interest in high-quality pave-

ment construction due to its eco-friendly characteris-

tics. However, a low mixing temperature and

complicated composition considerably increase the

difficulty of preparation, aiming to obtain high-quality

construction. To this end, this study performed an

investigation on three preparation methods of CEBs.

The viscosity measurement monitored the conversion

rate during the mixing process. The cured samples

using each of the preparation methods were subjected

to morphology analysis, mechanical tests, and thermal

stability test. Some key findings are concluded as

follows.

1) The curing temperature is the decisive factor

that influences the conversion rate of CEB

blends. In addition, the viscosity evolution was

affected by the mixing sequence of components

in CEBs. The contact probability between the

curing agent and epoxy resin contributed to the

variation of viscosity evolution.

2) Provided that the chemical compositions were

the same, the morphological characteristics of

Fig. 9 Radar chart of typical properties for CEBs
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cured CEB blends played a significant role in

the mechanical performance of CEBs. In par-

ticular, the uniformity of particle distribution

(bitumen-rich phase) and the medium value of

particle size distribution mutually determined

the tensile strength and elongation at the

breaking of CEBs.

3) The superiority of investigated preparation

methods was in line with PM3, PM1, and

PM2. PM3 is classified into a two-component

method, while PM1 refers to a three-component

method. Due to the unwanted microstructures of

CEBs, the PM2 is not recommended in this

study.
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