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Waterborne epoxy emulsified asphalts (WEEA) have high densities, good chemical
stabilities, and high viscosities. However, they have problems in terms of overly high
stiffness and low-temperature brittleness when applied as thin-coat asphalt mixtures.
In this study, testing was conducted to obtain the optimal mixing ratio for WEEA.
Anti-sliding, rutting, water stability, Cantabro, and low-temperature bending tests were
carried out to evaluate the performance of thin coating layers formed from open graded
friction course (OGFC)-5 WEEA mixtures, with the results indicating that the optimal
ratio of waterborne epoxy resin emulsion and curing agent was 2:1 and that the dosage
of waterborne epoxy resin should be maintained between 15 and 30%. The surface
texture depth and British Pendulum Number (BPN) of the OGFC-5 WEEA mixtures
were larger than 0.91 mm and 77.4, respectively, and the WEEA mixtures had better
water stabilities and spalling resistance performance than a mixture without WEEA.
Waterborne epoxy resin dosages of 15 and 30% resulted in WEEA mixture stabilities
of up to 4,285 and 8,798 times/mm, respectively, and tensile strengths at −10◦C
of 2.204 and 4.727 MPa, respectively. The relatively good pavement functional and
low-temperature performance of the optimized OGFC-5 WEEA mixture suggest its
usefulness as a pavement maintenance material.

Keywords: waterborne epoxy resin, emulsified asphalt mixture, thin-layer coating, open-graded friction course,
road performance

INTRODUCTION

Maintenance of the enormous and growing highway network system in China is becoming
increasingly challenging. Cracks, ruts, pits, and asphalt pavement spalling affect traffic safety and
reduce the service life of the pavement (Christina, 2019; Wu et al., 2019). It has been found that the
application of emulsified asphalt is an effective method of pavement maintenance that is compatible
with current developmental trends in asphalt pavement technology (Anthonissen et al., 2016; Law
et al., 2017; Santos et al., 2018). Compared with hot mix asphalt, an emulsified asphalt mixture
has many advantages for use as a construction material, including improving the construction
environment, reducing the effects of environmental factors, saving energy, etc., and has therefore
come to be widely used in preventive and daily pavement maintenance. However, the use of
emulsified asphalt as a cementing material has a number of disadvantages, including low strength
in the early stages of setting, insufficient cohesion, and poor water and temperature stability (Wang,
2015), all of which have restricted the popularization and application of emulsified asphalt.
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Based on the performance of cold-mix asphalts before curing,
a number of studies have focused on their use in strengthening
the performance of asphalts. Some researchers have looked at
cement as an additive and carried out indirect tensile, repeated
load asphalt creep, and water damage tests to evaluate the
performance of cold-mix asphalt mixtures in cement powder.
The results of these assessments revealed that cement-modified
emulsion mixtures often outperformed hot-mix asphalts (Oruc
et al., 2006, 2007). Wang et al. (2015) evaluated various properties
of fresh cement-emulsified asphalt mortar and found that
increasing the asphalt/cement ratio significantly reduced the
compressive strength of the mortar. A further investigation of
the properties of cement-stabilized gravel modified by emulsified
asphalt (Wang et al., 2017) revealed that cement-emulsified
asphalt-stabilized gravel with 5 wt% cement performed well both
mechanically and in terms of frost resistance. And some recent
studies show that surfactants also have a good effect on increasing
the strength of cement asphalt emulsion mixture (Ouyang
et al., 2018, 2019; Yang et al., 2020). Other researchers have
looked at the use of styrene-butadiene rubber (SBR), styrene-
butylene-styrene (SBS), chloroprene rubber (CR), and other
polymers to prepare modified emulsified asphalt. Compared with
ordinary emulsified asphalt, the high-temperature rheological
properties of the modified emulsified asphalts were slightly
improved, but the low-temperature properties were essentially
the same (Pan et al., 2015). Shafii et al. (2011) found that
SBS-modified emulsified asphalt had better high- and low-
temperature performance than other types of modified asphalt.
To improve the compressive strength of cold-mix asphalt,
Chávez-Valencia et al. (2007) added a polyvinyl acetate emulsion
to emulsified asphalt and found that the compressive strengths
of the test specimens were improved by 31% compared to
that of an unmodified mixture. Because the performance of
an asphalt mixture is strongly influenced by the physical
and chemical properties of the minerals and binders used
in the mixture, the adherence between minerals and binders
has been extensively studied, with surface free energy used
to calculate the amounts of adsorbed vapor corresponding to
monolayer occupancy on the surfaces of materials with different
additives. The results of these experiments have shown that
the wet-condition adhesive bond strengths of binders with
various mineral/aggregate combinations are improved through
the use of additives (Khan et al., 2016). Kim et al. (2019)
experimentally evaluated the short- and long-term performance
of SBS-modified asphalt binder added to ground tire rubber and
styrene-isoprene-styrene and found that the addition of styrene-
isoprene-styrene can significantly improve rutting performances.
Hamed et al. (2019) investigated the moisture susceptibility of
emulsified asphalt treated with microbial carbonate precipitation,
finding that the treatment significantly improved the moisture
resistance of the mixture. Jiang et al. (2020) investigated the
properties of asphalt binder in terms of the rutting of the
cold recycling mix, with their results indicating that high-
temperature performance could be improved significantly by
adding polymer modifiers and that adding CR latex appeared to
be a more effective method for improving the rutting resistance
of emulsified asphalt.

The results of these previous lab studies indicate that the
performance of SBS-modified emulsified asphalt that has been
formed and cured is better than that of ordinary emulsified
asphalt. However, the addition of polymers to emulsified asphalt
does not appear to fundamentally change the characteristics
of the emulsified asphalt. Some studies have also mentioned
the difficulty of preparing emulsified asphalt mixtures and the
necessity of further improving the stability of the materials. In
practical applications, the shortcomings of the slow strength
formation and the insufficient bonding of such mixtures with
pavement have not been fully overcome. Furthermore, such
mixtures are not suitable for use in damp environments. To
overcome these problems, some researchers have explored the
use of waterborne epoxy resin. Waterborne epoxy emulsified
asphalts (WEEAs) produced by modification by water-based
epoxy resins can be cured in damp conditions and at
room temperature and have proven to have high densities,
good chemical stabilities, and high viscosities (Yu, 2018). To
obtain binding materials with high bonding strengths at high
temperatures and high flexibilities at low temperatures, several
WEEA preparation methods have been explored, with the
resulting WEEAs exhibiting excellent bonding strength, crack
resistance, and anti-impact properties and, depending on the
preparation procedure, high water stability and the ability to
adhere to aggregates (Yang et al., 2019). WEEA mixtures with
aluminum trihydroxide and zinc borate as additives have been
used in tunnel construction (Chen et al., 2018). Given the
insufficient durabilities of conventional preventive maintenance
techniques using bitumen emulsions, some researchers have
investigated the performance of WEEA as a pavement preventive
maintenance material, with the results indicating that the
waterborne epoxy distributes evenly within the asphalt matrix,
and significantly improves the skid resistance and durability
of pavements maintained with asphalt emulsion coating layers
(Hu et al., 2019). In the other research, WEEA mixtures
have been used as permeating and solidifying seal coat
materials in what could be considered a new generation
of preventive maintenance treatments for asphalt pavements
(Liang et al., 2019). It has been found that the technical
compatibility of cured WEEA mixture is enhanced as the
waterborne epoxy content increases over content ranges below
30% (Gu et al., 2019).

Despite the achievements in the research on WEEA mixtures,
their application as thin-coat layers remain in the early
stages. The shortcomings of the overly high stiffness and
brittleness introduced by the waterborne epoxy resin remain
to be solved. In practical engineering applications, high
levels of stiffness result in enhanced stress on materials
under heavy traffic conditions. Furthermore, the lack of
thickness of thin-coat WEEA mixtures (which are generally
less than 2 cm in depth) makes the material more prone
to cracking in winter. To examine the low-temperature
durability of thin-coat WEEA mixtures under heavy traffic
loads, in this study a WEEA mixture with high strength, good
bonding performance, high stability, and reduced brittleness
for use as a thin-coating layer for pavement maintenance
material was developed.
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MATERIALS AND METHODS

Materials
Emulsified Asphalt
The emulsified asphalt used in this experiment was an SBS-
modified emulsified asphalt produced by Jiangmen Qiangda
Highway Materials Co., LTD. The sample was a dark brown
liquid. All technical indices of the material were tested following
the Standard Test Methods of Bitumen and Mixtures for Highway
Engineering (JTG E20-2011), with the results listed in Table 1.

Waterborne Epoxy Emulsion and Curing Agent
The water-borne epoxy resin emulsion and curing agent used
in the experiments (Shanxi Xinhua Chemical Co. LTD) could
be stored stably at −5–40◦C. The curing agent was a non-ionic
water-soluble epoxy that contained no free surfactants and had a
good compatibility with water-based epoxy resin. The agent could
be cured at room temperature and directly diluted with water.
The technical parameters of the waterborne epoxy resin emulsion
and curing agent are listed in Table 2.

Aggregates and Cement
Diabase aggregates were used in the experiment, with all technical
parameters tested using the Test Methods of Aggregate for
Highway Engineering (2005; JTG E42-2005). Limestone powder
was used in conjunction with Portland P.O42.5 cement. The
results are listed in Table 3.

Mixture Gradation
In consideration of the emulsifying environment requirements
of emulsified asphalt, an open graded friction course (OGFC)-
5 mixture with a 5.2% asphalt-aggregate ratio was used in
the experiment. A designed void of 22% was used to obtain
better conditions for demulsifying. The gradation is indicated in
Table 4.

Test Methods
Asphalt Performance Tests
To test the asphalt performance, waterborne-epoxy-resin-to-
curing-agent mass ratios of 2:1, 1:1, and 1:2, with the proportion
of water-borne epoxy content in the emulsified asphalt ranging
from 5 to 10, 15, 20, 25, and 30%, were used. The WEEAs were
prepared using the following cold mixing process: (1) the water-
based epoxy resin emulsion was added to the emulsified asphalt,
and the mix was stirred for 5 s; (2) the curing agent was then
added and the mix was stirred again for 3 min. The performances
of the respective WEEAs were studied using fluorescence
microscopy, adhesion, and evaporation residue tests.

Particle Dispersion State Observation
A fluorescence microscope uses a color-filtering system to
produce a specific wavelength of light to evaluate the uniformity
of materials (Johann and Juergen, 2004). By using a fluorescence
microscope, the particle size and dispersion state of waterborne
epoxy resin in emulsified asphalt can be observed along with the
micro-morphology of the resin and asphalt mixture. In this study,
three samples were prepared for each mixture ratio. Each asphalt

sample has an area of 30 mm2 and an asphalt film thickness
of 0.1 mm, as shown in Figure 1. The magnification of the
fluorescence microscope was set to 400×.

Boiling Water Test
Boiling tests were carried out at 60◦C using the Standard Test
Methods of Bitumen and Mixtures for Highway Engineering
(JTG E20-2011). The maximum nominal particle size of the
aggregates used in the tests was 9.5 mm. Three specimens of
each WEEA and one control sample without waterborne epoxy
resin were tested.

Properties of Evaporative Residue
The effects of the waterborne epoxy resin emulsions added to
the emulsified asphalts on the evaporative residual properties of
the WEEAs were evaluated via penetration, softening point, and
ductility testing.

Asphalt Mixture Performance Tests
Based on the results of Marshall testing, the asphalt-aggregate
ratio was set to 5.2%. Water-borne epoxy dosages of 0, 15,
and 30% were added, and 3% cement was used. The following
mixture-forming steps were adopted: (1) 25 Marshall double-
sided compactions were applied to preliminarily mold the
specimens; (2) the specimens and molds were placed vertically
in a 60◦C oven for 12 h, and then another 25 Marshall double-
sided compactions were applied; and (3) After demolding,
the specimens were placed in a 60◦C oven for 36 h. After
returning the specimens to the test temperature, follow-up
tests were conducted. A similar process was used to obtain
rutting specimens.

Anti-sliding Performance Test
The British Pendulum Number (BPN) was used as a measure
of the skid resistance of the pavements. Pendulum testing was
carried out using Procedure T0964 of the Field Test Method of
Subgrade and Pavement for Highway Engineering (2008; JTG
E60-2008). As shown in Figure 2, three specimens were tested
for each mixture.

The surface texture depths (TDs) of the asphalt mixture
rutting specimens were measured using Procedure T0731 of the
Standard Test Methods of Bitumen and Mixtures for Highway
Engineering (2011). The TD results were calculated as follows:

TD =
100× V
π× D2/4

=
31831

D2 , (1)

where V is the volume of the standard test sand and D is the
average diameter of the flat sand.

Rutting Tests
The influence of the WEEA on the high-temperature stability
of the mixtures was evaluated using rutting tests, with
the dynamic stability index used to quantitatively evaluate
rutting performance. Three specimens, each with dimensions of
300 mm× 300 mm× 50 mm, were tested for each material, with
the average value of the three taken as the test result for each
material. A solid rubber wheel with an outer diameter of 200 mm
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TABLE 1 | Technical parameters of SBS-modified emulsified asphalt.

Test Unit Results Method

Residual amount % 0.02 T 0652

Charge – Cationic T 0653

Demulsification velocity – Slow T 0658

Properties of evaporative residue of emulsified asphalt Asphalt content % 62.9 T 0651

Penetration at 25◦C 0.1 mm 41 T 0604

Softening point ◦C 80.3 T 0606

Ductility at 5◦C cm 56 T 0605

Dynamic viscosity at 60◦C Pa’s 216,858 T 0620

Rotary viscometer at 135◦C Pa’s 6.317 T 0625

Solubility % 99.02 T 0607

Elastic recovery at 25◦C % 98.4 T 0662

Storage stability 1 d % 0.4 T 0656

5 d % 1.6

TABLE 2 | Technical parameters of waterborne epoxy emulsion and curing agent.

Test Unit Waterborne epoxy emulsion Curing agent

Appearance – Milky white resin emulsion Yellowish uniform fluid

Solid content % 50 ± 2 50 ± 2

Solid component % 22–28 20–32

Viscosity at 25◦C MPa’s 100–450 >2,000

pH – 2–7 8–11

Specific gravity – 1.01–1.08 1.00–1.08

TABLE 3 | Technical parameters of aggregates.

Tests Unit Aggregates size Methods

5–10 mm 3–5 mm 0–3 mm

Crushing value % 4.9 5.3 – T 0316

Los Angeles abrasion value % 6.1 6.1 – T 0317

Water absorption % 0.87 0.96 – T 0307

Density g/cm3 2.93 2.92 2.93 T 0304/T 0328

Sand equivalent % – – 87 T 0334

Methylene blue value g/kg – – 14 T 0349

TABLE 4 | Gradation of OGFC-5.

Gradation Mass percentage of aggregate passing through the following sieve pores (mm)/%

9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

OGFC-5 100 76.5 14.7 9.3 7.7 6.3 5.3 4.5

and a width of 50 mm was used as a test wheel. During the testing,
the contact pressure between the test wheel and the specimen was
maintained at 0.7 MPa. The rolling speed of the test wheel was
42 times/min and the test temperature was 60◦C, as shown in
Figure 3.

Water Stability Tests
Water stability testing was carried out using Procedure T0709 of
the Standard Test Methods of Bitumen and Mixtures for Highway
Engineering (JTG E20-2011). Twelve Marshall specimens were
formed and divided into two groups, one of which was immersed

in a constant temperature bath at 60◦C for 30 min, while the
other was immersed in a constant temperature bath at 60◦C for
48 h. The ratio of the average Marshall stabilities of the respective
groups was used to evaluate the water stabilities of the mixtures.

Cantabro Tests
The adhesion properties of the asphalt and aggregate in each
WEEA mixture were evaluated using the Cantabro test, with
the results expressed as the percentage of mass lost by the
Marshall specimens after a specified number of rotary hits using
a Los Angeles test machine. Four specimens were evaluated for
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FIGURE 1 | Samples for particle dispersion state observation.

FIGURE 2 | Pendulum test.

each material, with the average value taken as the test result
for each material.

Low-Temperature Bending Tests
Low-temperature bending test were carried out using Procedure
T0709 of the Standard Test Methods of Bitumen and Mixtures
for Highway Engineering (JTG E20-2011). Each specimen had
the dimensions 250 mm ± 2.0 mm (l) ×30 mm ± 2.0 mm (w)
×35 mm ± 2.0 mm (h). The specimens are shown in Figure 4.
Testing was carried out at 0 ± 0.5◦C and −10 ± 0.5◦C at a
loading rate of 1 mm/min. For each material, five specimens
were fabricated.

The flexural tensile strength RB, maximum flexural tensile
strain εB at the beam bottom, and flexural stiffness modulus sB
at failure were calculated as follows:

RB =
3× L× PB

2× b× h2 , (2)

FIGURE 3 | Rutting tests.

FIGURE 4 | Bending test.

εB =
6× h× d

L2 , (3)

sB =
RB

εB
, (4)

where b, h, and L are, respectively, the width, height, and length
of the specimen, PB is the maximum load at the time of failure,
and d is the mid-span deflection at the time of failure.
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FIGURE 5 | Fluorescence microscopy analysis results.

RESULTS AND DISCUSSION

Asphalt Performance Test Results
Fluorescence Microscopy Analysis Results
The fluorescence results for the asphalt control group
without waterborne epoxy and the test groups with different
proportions and dosages of waterborne epoxy are shown in
Figures 5A,B, respectively.

FIGURE 6 | Boiling water test results.

From Figure 5A, it is seen that the control asphalt
sample turned yellow under the fluorescence microscope. From
Figure 5B, at a 5% dosage of waterborne epoxy, all the waterborne
epoxy resins are evenly distributed throughout the emulsified
asphalt; as a result of the low content of waterborne epoxy resins,
no network structure has formed. At a waterborne epoxy dosage
of 15%, the oleophilic content of the waterborne epoxy resin and
the oil content of the asphalt molecules have attracted each other
and gradually formed a network structure. At dosages greater
than 20%, the epoxy resin has agglomerated, resulting in unstable
WEEA at ratios of 1:1 and 1:2. A comparison of the results
by ratio indicate that the best distribution effect is reached at
2:1; thus, we recommend a dosage of waterborne epoxy of 30%
with a ratio of 2:1.

Boiling Water Test Results
The water stabilities of the WEEA mixtures are primarily
determined by the adhesive properties of the asphalts and the
adhesion between the binder and aggregate. The adhesive grade
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TABLE 5 | Adhesion level results.

Adhesion level Waterborne epoxy dosage/%

5 10 15 20 25 30

Ratio of waterborne epoxy resin to curing agent 2:1 2 3 4 5 5 5

1:1 2 3 4 5 5 5

1:2 2 3 4 5 5 5

TABLE 6 | Evaporative residue performance test results.

Test Unit Waterborne epoxy dosage/%

0 5 10 15 20 25 30

Penetration at 25◦C 0.1 mm 41 33.9 26.2 24.6 21.9 17.8 15.2

Ductility at 5◦C cm 62 80 63.9 40.1 7.3 – –

Softening point ◦C 80.3 80.7 82.1 84.1 >90 – –

was determined according to the area of spalling, the higher the
grade, the better the adhesion property. The results of the water
boiling tests are shown in Figure 6, with the asphalt control group
without waterborne epoxy resin results shown in Figure 6A, and
the test group results shown in Figure 6B.

From Figure 6A, it is seen that a large post-testing area
of asphalt spall has appeared on the surface of the aggregate,
indicating poor adhesion to the aggregate in the emulsified
asphalt without waterborne epoxy resin. From Figure 6B, it is
seen that increasing the waterborne epoxy dosage decreases the
spall area. At dosages greater than 15%, no spalling is observed.
For a given waterborne epoxy dosage, the ratio of waterborne
epoxy resin emulsion to curing agent has little effect on the
adhesion between asphalt and aggregate. The adhesion grade was
evaluated by visual observation, with the results shown in Table 5.

It is seen from Table 5 that, because the molecular chain of the
waterborne epoxy resin has many polar groups that have strong
adsorption capacities with aggregates, adding an appropriate
amount of waterborne epoxy resin to the emulsified asphalt can
improve the viscosity of the mixture and the adhesion between
the asphalt and aggregates. Based on this, we recommend a
dosage of waterborne epoxy of greater than 15%.

Evaporative Residue Performance Test Results
Three indices—penetration, softening point, and ductility—were
used to represent the viscosity and temperature sensitivity of the
asphalts. The test results are listed in Table 6.

It is seen from the table that increasing the waterborne
epoxy resin dosage changes each of these three indices
significantly. As a result of the thermosetting property of
the waterborne epoxy resin and the spatial network skeleton
structure formed after the curing reaction, the evaporative
residue gains a high strength and degree of temperature
stability; indicating that enhancing the waterborne epoxy dosage
makes the skeleton structure denser and the material harder.
However, the penetration decreases sharply with dosage as
a result of the increases in density and skeleton structure
hardness. In the same manner, the ductility increases first
and then decreases, while the softening point increases. At a

waterborne epoxy dosage of 20%, the softening point increases
to above 90◦C.

Mixture Performance Test Results
The results of the predetermined anti-sliding performance,
rutting, water stability, Cantabro, and low-temperature bending
tests are listed in Table 7.

Anti-sliding Performance Test Results
It is seen from the table that the BPNs of the mixtures range from
77 to 82 and that all surface TDs are greater than 0.91 mm. Under
the Specification for Design of Highway Asphalt Pavement (2017;
JTG D50-2017), the surface texture depth requirement of asphalt
pavement in humid regions (in which the average annual rainfall
is more than 1,000 mm) is not less than 0.55 mm. The anti-sliding
performance of the OGFC-5 mixture meets this requirement. It
is also seen that the waterborne epoxy resin has little effect on
anti-sliding performance.

Rutting Test Results
It is seen from Table 7 that adding waterborne epoxy resin
significantly improves the high-temperature stability of the
mixture. The rutting depths of the mixture decreases, and
the dynamic stability increases with increasing waterborne
epoxy dosage. The dynamic stability of the mixture with 30%
waterborne epoxy dosage is four times that of the mixture
without water epoxy resin; this is because waterborne epoxy resin
is a thermosetting resin that produces a post-curing skeleton
structure that can improve the ability of the cementing material
to resist loading deformation at high temperatures. Increasing
the waterborne epoxy dosage improves the adhesion between
aggregates and hardens the WEEA, leading to a mixture with
a high level of hardness. In addition, the dynamic stability
of the WEEA mixture is much higher than the specification
requirements, indicating that the mixture has excellent high-
temperature stability.

Water Stability Test Results
It is seen from Table 7 that, although the standard and immersion
Marshall stabilities of the mixture increases with the waterborne
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TABLE 7 | Results of mixture performance tests.

Test Unit Waterborne epoxy dosage/%

0 15 30

Anti-sliding performance tests Pendulum test – 77.4 82.0 80.3

Surface texture depth mm 0.91 0.94 0.99

Rutting test Rut depth mm 1.432 1.245 0.963

Dynamic stability times/mm 1,986 4,285 8,798

Water stability test Standard Marshall stability kN 6.10 7.20 15.20

Immersion Marshall stability kN 5.29 7.56 15.79

Residual stability % 86.7 105.0 103.9

Cantabro Test Mass loss % 23.4 20.1 16.0

Low-temperature bending test Flexural tensile strength RB 0◦C MPa 0.728 1.898 4.516

−10◦C 1.014 2.204 4.727

Maximum flexural tensile strain εB 0◦C µε 1,314 1,556 2,130

−10◦C 1,441 1495 2,056

Flexural stiffness modulus sB 0◦C MPa 554 1,220 2,120

−10◦C 704 1,474 2,299

epoxy dosage, the increase obtained at a 15% dosage is not
significant. However, increasing the dosage from 15 to 30%
causes the Marshall stability to double. Looked at in conjunction
with the results of the rutting and bending tests, these results
might indicate that different loading methods lead to different
results, and the unique loading method used by the Marshall test
might not accurately reflect the strengthening effect of the WEEA
on the material.

Compared with the mixture without WEEA, which has a
residual stability of 86.7%, the residual stabilities of the WEEA
mixtures are significantly improved and, in some cases, exceed
100%. This is the result of the hydration reaction of the cement
continuing during the 48-h water bath maintenance, resulting in
a cured waterborne epoxy product with a crosslinked structure
that promotes the strength of the WEEA mixture.

Cantabro Test Results
From Table 7, it is seen that increasing the waterborne epoxy
dosage decreases the mass loss in the mixture significantly.
The appearances of the post-Cantabro test mixtures are shown
in Figure 7. Increasing the waterborne epoxy dosage to 30%
decreases the dispersion loss to 16%, indicating that the addition
of waterborne epoxy resin helps to improve the cohesiveness of
the emulsified asphalt. This result is consistent with that of the
boiling water test.

Low-Temperature Bending Test Results
From Table 7, it is seen that the use of WEEA significantly
improves the flexural tensile strengths of the mixture. At the
test temperature of 0◦C, the flexural tensile strength of the
mixture with 30% waterborne epoxy is five times that of the
mixture without waterborne epoxy; at −10◦C the flexural tensile
strength is increased by a factor of nearly four. This result
indicates that the WEEA significantly increases the strength
of the asphalt mixture in proportion to the waterborne epoxy
dosage. The maximum flexural tensile strain of the mixture
also increases with the waterborne epoxy dosage. Although the

FIGURE 7 | Specimens after Cantabro Test.

increases in tensile strain are not as large as the increases in tensile
strength, this result indicates that the WEEA has increased the
deformation capacity of the material to some extent. The WEEA
also increases the flexural stiffness modulus of the mixtures These
results indicate that the network skeleton structure formed by
WEEA increases the bonding effect and deformation ability of the
asphalts, thereby enhancing the low-temperature performance of
the asphalt mixture.

CONCLUSION

This study investigated the effects of using waterborne
epoxy resin to modify emulsified asphalt. Specifically, the
effects of waterborne epoxy resin dosage on the uniformity,
compatibility, and adhesion of WEEA were studied. Following
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these assessments, the road performance of OGFC-5 WEEA
mixtures were studied. The main conclusions are as follows:

The optimal ratio of the waterborne epoxy resin emulsion
and curing agent was found to be 2:1, while the recommended
dosage range of waterborne epoxy resin was determined to be 15–
30%. The Cantabro test results were consistent with those of the
boiling water tests.

The OGFC-5 WEEA mixtures were shown to have relatively
good pavement functional performance and high temperature
performance. The TDs were all larger than 0.91 mm and the BPNs
were all larger than 77.4. The residual stabilities of some of the
WEEA mixtures exceeded 100%, and the dynamic stabilities of
the WEEA mixtures with 15 and 30% waterborne epoxy dosages
were measured at 4,285 and 8,798 times/mm, respectively.

The addition of WEEA significantly improved the low-
temperature performance of the mixture. Using 15 and 30%
waterborne epoxy resin dosages, the flexural tensile strengths at
−10◦C were 2.204 and 4.727 MPa, respectively. The maximum
flexural tensile strain and flexural stiffness modulus results
indicate that the WEEA increased the deformation capacities
of the materials.
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