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The effect of anionic emulsifiers’
diversity and manufacturing
processes on the stability and
mechanical properties of the water-
based epoxy-emulsified asphalt
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Emulsified asphalt mixtures’ cold mix and paving features facilitate asphalt pavements in fulfilling
dual-carbon and energy-saving demands. Anionic emulsifiers can enhance emulsion stability, ensure
uniform dispersion of oil and water, possess good decompression viscosity, thickening, and lubricating
properties, and maintain good stability under acidic conditions. Nevertheless, anionic emulsified
asphalt is restricted in engineering applications due to problems like its storage stability. In this paper,
eight anionic emulsifiers and two preparation procedures were chosen for stability tests. Through
static tests, storage tests, sieve residue tests, and laser particle size tests, the impacts of emulsifiers
on the storage stability and dispersion of asphalt were analyzed. Waterborne epoxy resin exhibits
excellent adhesive properties, mechanical properties, chemical resistance, and heat stability. A
fluorescence microscope test, static and storage test, laser particle size test, and cementation test
were employed to explore the effects of different preparation processes and waterborne epoxy mixing
ratios on emulsified asphalt’s storage stability, dispersion stability, and structural stability. The results
showed that: (1) the emulsified asphalt prepared with the BWH-02 emulsifier exhibits the best storage
stability, and blending with 20% of the waterborne epoxy modifier can notably enhance the bonding
properties; (2) the shear strength of the BWH-02 waterborne epoxy emulsified asphalt prepared can
reach 1.543 MPa, and the tensile viscosity can reach 0.848 MPa; (3), The emulsified asphalt prepared
by the process of modification has better storage stability than that prepared by the side of the
emulsification process. Moreover, the storage stability of emulsified asphalt prepared by emulsification
and modification is superior to that of the emulsification and modification process. This research
provides theoretical and technical support for popularizing and applying cold-mixed cold-paving
asphalt mixtures.
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Emulsified asphalt, a material with extensive application prospects, boasts the merits of energy conservation
and convenient construction and exhibits a yearly increasing trend!~’”. According to the properties of emulsifier
molecules, emulsified asphalt can be categorized into three types: anionic, cationic, and nonionic. Anionic
emulsified asphalt is extensively employed in preparing materials like CA mortar, cold mix, paving mixtures,
and spray-applied quick-setting waterproofing coatings®!!. Although anionic emulsified asphalt is inexpensive
and accessible from diverse sources, it is relatively less stable, and its performance might deteriorate after long-
term storage or long-distance transportation.
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Researchers have conducted more experiments to explore the various properties of anionic emulsifiers.
Shi et al. investigated the stability of emulsified asphalt prepared with two dodecyl sulfate emulsifiers using
storage stability, particle size distribution, and differential scanning calorimetry (DSC)'%. Wang examined the
effect of anionic emulsifiers on the stability of emulsified asphalt through surface tension, storage stability,
and dynamic shear rheology tests and elucidated the differences in the stability of emulsified asphalt from a
molecular viewpoint by establishing a ternary model and analyzing a series of indices, such as the interaction
energy, roughness, relative concentration distribution, and the mean-square displacement (MSD)'3. Conversely,
Yuan and others explored the mobility of water molecules in the emulsifier head groups based on molecular
dynamics. They determined that the metal cations Ca®* and Mg?" reduce the stability of asphalt emulsions'*.
Wang et al. evaluated the effect of two types of asphalt emulsions, anionic and cationic, on the properties of
two kinds of cement emulsified asphalt mortar (CEAM), low and high modulus CEAM, at different asphalt
cement ratios (A/C)". Kong explored through molecular simulation and conductivity experiments the effect
of five anionic emulsifiers with the same hydrophobic and different hydrophilic groups on the adsorption on
the surfaces of the main chemical components of the aggregates (calcium carbonate: CaCO,, silicon dioxide:
Si0,) with the same hydrophobic and different hydrophilic groups'. Huang et al. discovered that the emulsified
asphalt prepared with an anionic emulsifier, stabilizer, and defoamer at 3.0%, 0.1%, and 0.1%, respectively, with
a soap configuration temperature of 40 °C, an asphalt temperature of 130 °C, and a shear time of 90 s had a
superior emulsified asphalt storage stability!”. Li et al. endeavored to alter the stability of anionic emulsified
asphalt by adding lignin and found that the process requires a stabilizer'®. Most of the current research focuses
on exploring the factors influencing the stability of anionic emulsified asphalt or the preparation conditions.
However, there is a lack of consensus on the choice of anionic emulsifier type, which is universally applicable and
has better stability performance in practical engineering applications.

Under the action of waterborne epoxy resin and curing agent, the emulsified asphalt forms a three-
dimensional network structure, which retains the construction convenience of emulsified asphalt after
modification and enhances the thermal stability, bond strength, and waterproofing properties of waterborne
epoxy resin'®~?3. Kong evaluated the bonding effect of waterborne epoxy resin emulsified asphalt (WEREA) at
different temperatures, application rates, and soaking times. The study results showed that WEREA significantly
improved the bond strength and shear strength of the bonded layer, exhibiting minimal temperature sensitivity.
The optimum concentration of WEREA was 20% and the application amount was 0.9 kg/m?*. Yang analyzed the
effect of WER on the microstructure, rheological properties, and low-temperature stability of emulsified asphalt,
and found that WER had a certain detrimental effect on the low-temperature performance of emulsified asphalt.
Therefore the content of the modifier should be strictly controlled®. Song investigated the effects of emulsion
pH, asphalt temperature, and shear time on the emulsified asphalt storage stability and asphalt droplet size. The
results showed that the emulsion pH, asphalt temperature, and shear time had a significant effect on the particle
size of emulsified asphalt droplets and its storage stability, and the optimal conditions for the preparation of
emulsified asphalt were determined: emulsion pH of 3.2, asphalt temperature of 137.3 °C, and shear time of 74 s.
This study showed that the emulsified asphalt droplet storage stability and storage stability of emulsified asphalt
were significantly affected by the emulsifier content, asphalt temperature, and shear time?®. In this experiment,
a superior waterborne epoxy anionic emulsified asphalt was prepared by blending with waterborne epoxy resin
for modification. Currently, the modification of emulsified asphalt is primarily employed in two manners: to
emulsify the matrix asphalt to form emulsified asphalt, and then add modifiers for modification, known as
modification after first emulsification. Another approach is adding the modifier while emulsifying the matrix
asphalt, which is modified during emulsification. Li et al. investigated the impact of waterborne epoxy content
on the microstructure and rheological properties of the residual asphalt in the emulsion by establishing an
ontological model of modified asphalt emulsion?”. Ji and others utilized a three-factor, three-level orthogonal
test to determine the optimal oil-water ratio, emulsifier dosage, and waterborne epoxy resin dosage?®. Xue and
others compared the curing time and adhesion of waterborne epoxy-modified emulsified asphalt at different
temperatures and with different waterborne epoxy resin dosages. They studied the variation rule of the viscosity
of waterborne epoxy-modified emulsified asphalt to varying temperatures with time?. Meng and others
investigated the effect of different waterborne epoxy resin dosages on the performance of composite-modified
emulsified asphalt by analyzing the three major indexes of residue on sieve, storage stability, evaporation residue,
and Brensted viscosity through indoor tests®®. Nevertheless, the emulsified asphalt preparation process research
mainly focuses on factors such as the oil-water ratio, shear conditions, and the amount of modifier added. The
difference in the stability of modified emulsified asphalt prepared by the two processes of first emulsification and
then modification and modification during emulsification, as well as the extent of this difference, has not been
thoroughly examined.

Given these research gaps, eight common anionic emulsifiers underwent a static observation and a 5-day
storage test to evaluate storage stability. The residue-on-sieve and laser particle size tests were employed to
determine dispersion stability. After selecting the anionic emulsifier, the stability of waterborne epoxy anionic
(modified) emulsified asphalt under two preparation processes and various waterborne epoxy mixing ratios
was compared. Additionally, the centrifugal test was utilized to simulate the long-term usage of the modified
emulsified asphalt, and the particle structure of the modified emulsified asphalt was observed with an inverted
fluorescence microscope test. Ultimately, the structural stability of the modified emulsified asphalt was assessed
using Marshall shear tests and concrete specimen pullout tests. The main technical flow chart of this study is
presented in Fig. 1.

Materials
The primary raw materials of emulsified asphalt are matrix, emulsifier, additives, and water’!. In this paper,
70# matrix asphalt is selected, as presented in Table 1, and the related technical indexes refer to the <Technical
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Fig. 1. Technology roadmap.
Pilot project Unit Technical requirement | Test results
Needle penetration at 25 °C | 0.1 mm | 60-80 70
15 °C delay Cm >100 >100
Softening point °C >46 49
60 °C power viscosity Pas >180 220
Flash point °C >260 318
Relative density at 25 °C / Real measurement 1.03

Table 1. Basic parameters of matrix asphalt.

Specifications for Highway Asphalt Pavement Construction> (JTG F40-2004)3>%. The anionic emulsifier
solution requires adding an alkali to adjust the pH to an appropriate range; in this paper, flake pyrophoric alkali,
namely NaOH, is employed as an alkali adjusting aid. Many emulsified asphalt tests recommend using distilled
water; however, considering the project site and cost, distilled water is not suitable for large-scale application,
thus tap water is selected.

Anionic emulsifiers

The emulsifier determines the asphalt emulsification effect and the basic properties of the emulsion®. This paper
selected eight types of anionic emulsifiers for testing: LT-PA, T14, BWH-02, JY-04, JL-A01, JL-A03, BH-Y, and
LSF-01 emulsifiers. Their technical indexes are presented in Table 2, and the physical appearance of the products
is depicted in Fig. 2.

Water-based epoxy resin

Waterborne epoxy asphalt is a thermosetting polymer material with epoxy resin and asphalt curing agent.
Compared to ordinary asphalt, it possesses the traits of superior thermal stability, robust resistance to
deformation, exceptional fatigue resistance, and high indirect tensile strength, and it can be effectively bonded
with aggregate’>~*. The relevant technical specifications of the chosen waterborne epoxy resins are presented in
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LT-PA Milky white 1.5 Demobilize | Pasty
T14 Milky white 1.5 Demobilise | Pasty
BH-Y Yellowish 1.4 12 Fluid
BWH-02 | Amber 0.6 12-12.5 Fluid
JY-A4 Transparent 2.5 11-13 Viscous
JL-A01 Brown 1.0 10-11 Fluid
JL-A03 | Semi-translucent 1.5 6-8 Pasty
LSF-01 | Sepia 1.2-1.6 Demobilise | Fluids

Table 2. Emulsifier specifications.

a.T14 b. LT-PA c. BH-Y d. BWH-02

—

e. IY-A4 f. JL-A01 g. JL-A03 h. LSF-01

Fig. 2. Emulsifier type and appearance.

White viscous emulsion | Flexographic | 50% | 0.19-0.21 6-8

Table 3. Waterborne epoxy resin performance index.

Table 3, and the composition of the waterborne epoxy resin itself and its corresponding curing agent is depicted
in Fig. 3.

Preparation process parameters

Emulsified bitumen

The quantity of matrix asphalt was fixed at 302.5 g, the maximum dosage range recommended by the
manufacturer was employed for the emulsifier, the milling duration was 3 min, the soap temperature was 60 °C,
and the asphalt temperature was 140 °C. The conditions of the preparation technical parameters are presented in
Table 4, and the process of test sample preparation is elaborated in Fig. 4.

Water-based epoxy emulsified asphalt

In the test, a preferred anionic emulsifier was ascertained after comprehensive analysis to prepare waterborne
epoxy-modified emulsified asphalt. For illustration and analysis, the method of emulsification followed
by modification is denominated as preparation process I, and the preparation process of emulsification and
modification simultaneously is referred to as preparation process II. After modification, the stability of the
preferred anionic emulsified asphalt was appraised by gradually blending 5-20% of waterborne epoxy resin into
the emulsified asphalt under these two distinct preparation processes. The particulars of the component ratios of
the waterborne epoxy-emulsified asphalt are presented in Table 5.
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a. Waterborne epoxy resin

Fig. 3. Waterborne epoxy resin combination.

T-14 239.25 8.25 Unregulated
LT-PA 239.25 8.25 Unregulated
BWH-02 244.2 33 12-12.5
BH-Y 239.8 7.7 12

JY-A4 233.75 13.75 11-13
JL-AO1 242 55 10-11
JL-A03 239.25 8.25 6-8

LSF01 240.9 6.6 Unregulated

Table 4. Preparation parameters of each emulsified asphalt.
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Fig. 4. Emulsified asphalt preparation process.

Emulsified asphalt (%) | 100 | 100 | 100 | 100 | 100
Waterborne epoxy (%) 0|5 10 | 15 20
Curing agent 0105 115 2

Table 5. Proportion of components of water-based epoxy emulsified asphalt.

Test methods

Emulsified asphalt storage stability test

Storage stability is a crucial indicator of whether asphalt can be stored for an extended period*#!. The stability
of the prepared emulsified asphalt was initially assessed using a static observation storage stability test, and the
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observations were documented for up to 14 days. Due to the wide range of emulsifiers, several products with
inferior stability were eliminated from the test.

Next, the preferred anionic emulsifiers were assessed using a more precise 5-day storage stability test
approach. The test outcomes were computed and regarded as absolute values by Eq. (1), and each set of tests was
conducted twice. The test setup is shown in Fig. 5.

Ss=|P,— Pgl (1)

where S is the specimen storage stability, P, is the specimen evaporated residue content (%) in the upper
branched portion after storage, and Py, is the specimen evaporated residue content (%) in the lower branched
portion of the specimen after storage.

Emulsified asphalt dispersion stability test

Studies on dispersion have determined that the particle size distribution of emulsified asphalt particles has a
crucial impact on its stability performance*>**. The emulsified asphalt sieve residue test is devised to assess the
overall dispersion effect of emulsified asphalt from a macroscopic perspective; the test adheres to the relevant test
procedures and methods of T0652-1993. For the emulsified asphalt obtained from the five emulsifiers prepared,
a sample of approximately 500 g was taken after 24 h, and the number of solids remaining on the sieve mesh after
passing through a 1.18 mm sieve was ascertained. The test results were computed according to Eq. (2) and using
the test configuration in Fig. 6.

P, = my —my % 100 (2)
m

where P, is the mass of the remaining residue on the sieve (%), m is the test mass of emulsified asphalt (g), m, is
the mass of the filter sieve, and the metal disk (g), and m., is the combined mass of the filter sieve, the metal disk
and the residue on the sieve (g).

The microscopic angle test was conducted employing a Bettersize2000LD laser particle size distributor for
the wet particle size determination to ascertain the particle size of asphalt in an aqueous medium. The test
apparatus is elaborated in Fig. 7. This test was intended to analyze emulsified asphalt particles’ average particle
size and particle size distribution.

"‘

Fig. 5. Storage stability test device.
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a. Sieve mesh b. Remaining asphalt on sieve

Fig. 6. Sieve residue test apparatus.
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Fig. 7. Laser particle size test devices.

Water-based epoxy emulsified asphalt long-term storage stability

The centrifugal stability test is employed to simulate the long-term storage stability of waterborne epoxy-
emulsified asphalt, and the centrifugal speed and time are required to be pre-tested for determination. After
centrifugation, the tubes were placed in an incubator at 50 °C, and the quantity of residual solids after drying
was documented. The test refers to the <Highway Engineering Asphalt and Asphalt Mixture Test Procedures>
(JTGE20-2011) regarding the evaluation method for the storage stability of emulsified asphalt. The centrifugal
test tube of the test is presented in Fig. 8a, and the centrifuge is depicted in Fig. 8b.

Water-based epoxy emulsified asphalt dispersion stability test

An inverted fluorescence microscope was utilized to observe the particle size distribution of waterborne
epoxy-emulsified asphalt from a microscopic perspective, with the device depicted in Fig. 9a and the principle
illustrated in Fig. 9b. Under the fluorescence microscope, the epoxy particles presented as yellowish-green. At
the same time, the bitumen appeared black**. Images of emulsified asphalt with 5%, 10%, 15%, and 20% epoxy
doping under the two processes were captured to compare and observe the dispersion state and spatial structure
of waterborne epoxy resin particles in the emulsified asphalt®.
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a. Centrifuge tubes b. Centrifuge

Fig. 8. Centrifugal stability test apparatus.
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Fig. 9. Inverted fluorescence microscope test device. (a) Laboratory-equipped Inverted fluorescence
microscope. (b) Inverted fluorescence microscope test principle.

Water-based epoxy emulsified asphalt binder performance test

Emulsified asphalt and cement can effectively collaborate?®?’. To obtain the binder property of emulsified
asphalt, the Marshall specimen straight shear test and cement specimen tensile test are chosen in this study*.
In this paper, the specimens are fabricated by constructing a homemade straight shear apparatus, referring to
the pavement interlayer material shear tester?, by coating the butted surfaces of AC13 Marshall specimens
molded and maintained by the standard method with ample emulsified asphalt. The coated Marshall specimen
is positioned at both ends of the straight shear apparatus, as shown in Fig. 10a, and the axial pressure, as depicted
in Fig. 10b, is applied using the SNS universal testing machine. Record the maximum pressure at the moment of
failure and calculate its shear stress according to Eq. (3), which represents the shear strength.

T = (3)

where 7 is the asphalt shear strength (MPa), F is the vertical load (N).

In this paper, the static mechanical properties of waterborne epoxy-modified asphalt at room temperature were
assessed concerning the mortar tensile strength test in the <Standard for Test Methods of Basic Properties of
Construction Mortars> (JGJ/T70-2009)°. Two 40X 40 mm mortar specimens were employed, clamped after
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a. Straight shear loading b. Straight Shear Schematic

Fig. 10. Marshall straight shear test apparatus.

adhesive
Water-

emulsi
binder

Fig. 11. Bonding tensile test apparatus.

coating emulsified asphalt between them, and maintained at 50 °C for 48 h to obtain the specimens. Tensile
tests were conducted using a universal testing machine at a loading rate of 5 mm/min°'. The loading pattern
is presented in Fig. 11. The tensile bond strength was computed according to Eq. (4). Three specimens were
fabricated for each proportion, and the average value was calculated based on the test results with an accuracy
control of 0.01 MPa.

Friee
.fat = A (4)

where f, is the tensile bond strength of the mortar (Mpa), F,, _is the maximum load at the time of specimen (N)
destruction, and A is the bond area.
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Results and discussion

Effect of emulsifier on the stability of emulsified asphalt

The results obtained after 14 days of the static stabilization test are presented in Fig. 12. After 14 days of
standing, the emulsified asphalt prepared by BWH-02 and BH-Y still had no crust on the surface, no emulsion
delamination, and only a small amount of asphalt particles at the bottom of both metal vessels. Skinning, emulsion
delamination, or asphalt clumping occurred after different standing periods for the remaining emulsifiers. The
initial observations indicated that the stability of the emulsified asphalt prepared by these eight emulsifiers is as
follows: BWH-02>BH-Y > LSF-01 >]JY-A4>JL-A01 > LT-PA > T14 > JLAO3. The test identified three types of
emulsifiers, LT-PA, T14, and JL-A03, which showed poor performance during standing, with obvious crusting
and cohesive asphalt lumps that required a glass rod to be pried apart.

The emulsified asphalt prepared with the remaining five emulsifiers underwent a 5-day storage stability test.
The test results, calculated following Eq. 1, are depicted in Fig. 13. The findings indicated that the 5-day storage
stability of the two emulsifiers, BWH-02 and BH-Y, was approximately 0.1% and 0.29%, respectively. This was
notably superior to that of the other three emulsifiers. The 5-day storage stability of JY-A4 emulsified asphalt
amounted to 5.59%, which does not fulfill the requirements for the storage stability of emulsified asphalt in the
< Technical Specification for Highway Asphalt Pavement Construction> (JTGF40-2011). The storage stability
test results were ranked as BWH-02>BH-Y >]JL-A01 > LSF-01>JY-A4, aligning with the static stability test
outcomes.

Effect of emulsifier on the dispersion of emulsified asphalt
The dispersibility of emulsified asphalt fabricated with five emulsifiers was assessed, and the test outcomes were
computed under Eq. (2) and presented in Fig. 14. In line with the principle of the sieve residue test, the lower the
sieve residue, the superior the emulsification effect. The sieve residues of emulsified asphalt produced by BWH-
02 and BH-Y were 0.01% and 0.05% respectively, significantly lower than those of the other three emulsifiers. The
sieve residue of the five emulsified asphalts was ranked as follows: BWH-02 < BH-Y <JL-A01 < LSF-01 <JY-A4.

The particle size distribution curves of the five emulsified asphalts were determined using the laser particle
size meter as presented in Fig. 7. In these curves, the frequency of particle distribution about size is significant,
with the peak positions indicating the most prevalent size ranges. Figure 15a. reveals that the particle size range
of the prepared emulsified asphalt is primarily concentrated in the 1-2 pum range, featuring a small particle size,
favorable dispersion, and good emulsion stability. Figure 15b demonstrates the trend of the cumulative content
of each emulsified asphalt. When the interval is 1-2 um, more than 60% of the emulsified asphalt particles
pass through. The relevant data are presented in Fig. 15c. Notably, the emulsified asphalt prepared using the
JY-A4 asphalt emulsifier has a broad particle size distribution, ranging from 1 to 100+ um, suggesting that
the particle size is not uniform. The dispersion is poor, with particles of 1-2 pm accounting for only 17.2%. In
contrast, for the emulsifiers prepared by BWH-02 and JL-A01, the proportion of emulsified asphalt particles at
1-2 pm is approximately 66%. The proportion of emulsified asphalt particles at 1-2 um is as high as 83.08% for
the emulsifiers prepared by BH-Y. This indicates that these emulsifiers have a more concentrated particle size
distribution and smaller particle sizes, and thus exhibit better stability. However, the storage stability test results
suggest that BH-Y and JL-AO1 are slightly less superior to the emulsified asphalt prepared with the BWH-02
emulsifier. Nevertheless, the amount of BH-Y emulsifier required in the preparation process is 2.3 times that of
BWH-02 and 1.7 times that of JL-AO1.

In addition, based on the data in Fig. 15d, the emulsified asphalt prepared with the BH-Y emulsifier has
the smallest particle size of 1.64 pm. The emulsified asphalts prepared with the BWH-02 and the JL-A01

a. LT-PA b. T14 c. BWH-02 d. BH-Y

A N /z \-\

e. JY-A4 f. JL-A03 g. JL-A01 h. LSF-01

Fig. 12. Emulsified asphalt static stability observation test results.
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Fig. 13. 5d storage stability comparison chart.

emulsifier have comparable particle sizes ranging from 1.9 to 2.0 um. The emulsified asphalt prepared with the
JY-A4 emulsifier has the largest particle size of 7.647 um. The average particle size change trend aligns with the
particle size distribution law, suggesting that the lower particle size percentage can serve as a reference index
for evaluating emulsified asphalt’s particle size distribution law. Emulsified asphalt with a smaller particle size is
less influenced by gravity settling, thereby having better storage stability; conversely, emulsified asphalt with a
larger particle size is more prone to the influence of gravity, which ultimately results in its poor storage stability.

Summary: In 4.1-4.2, static observation of the storage stability test excluded the three emulsifiers LT-PA,
T14, and LT-A03 with poor storage performance. The 5d storage stability test of emulsified asphalt prepared by
the remaining five emulsifiers showed good to poor performance as follows: BWH-02>BH-Y >JL-A01 > LSF-
01>]Y-A4, and the results of the sieve residue test were from less to more as follows: BWH-02 <BH-Y <]JL-
A01 <LSF-01 <JY-A4. Based on the comparison of the results of the laser particle size analysis, it was found
that BH-Y The emulsified asphalt emulsifier prepared by the smallest particle size of 1.63 um, BWH-02, JL-A01
emulsifier prepared by the emulsified asphalt particle size is comparable to the size of about 1.9 um, which in the
difference between the two models are >5 pm. taking into account the BWH-02 emulsified asphalt emulsifier
storage stability and its asphalt particles are more homogeneous, and finally comprehensively determined in the
subsequent experimental research, the BWH-02 emulsifier was adopted.

Effect of preparation process on the stability of waterborne epoxy emulsified asphalt
The results of the static stability test are presented in Fig. 16. Upon analysis and observation, it was discovered
that the stability of the modified emulsified asphalt prepared through emulsification followed by modification is
superior to that of modification during emulsification. Cross-sectional comparisons revealed that the waterborne
epoxy emulsified asphalt obtained by Process I did not exhibit significant variations within the 5-20% dosage
range. Nevertheless, the waterborne epoxy emulsified asphalt obtained by Process II presents an obvious crust
phenomenon when 5% waterborne epoxy is doped. As the amount of waterborne epoxy resin increases, the
thickness of the crust on the asphalt surface escalates, and the asphalt even appears to be in a consolidated state
when the doping amount reaches 20%. Longitudinal comparisons indicated that the waterborne epoxy-modified
emulsified asphalt obtained by Process II is significantly less stable.

In process II, the thickness of the surface crust increments with the gradual rise in the quantity of waterborne
epoxy resin. Through subsequent observation, it is found that this crust thickens and grows with the increase
in storage time. There are two speculated reasons for this phenomenon. Firstly, during the process of the water-
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Fig. 14. Comparison of sieve residue.

based epoxy undergoing secondary shearing by the colloid mill, the internal stability of the colloid mill is high,
causing the temperature of the water-based epoxy resin and water to evaporate, resulting in a reduction in
{-potential and emulsion breakage. Secondly, the density of the water-based epoxy emulsified asphalt is lower,
gradually floating to the surface of the emulsified asphalt. Moreover, the water-based epoxy resin is a high
polymer material with a greater interfacial tension, which has an adsorption effect on asphalt particles. Its
interfacial tension is higher, and so is the adsorption of asphalt particles.

The results of the centrifugation test are presented in Fig. 17, where the horizontal coordinate indicates the
amount of waterborne epoxy added, and the vertical coordinate represents the residual solids content of the
asphalt after the centrifugation process is completed. under diverse preparation process conditions, the residual
quantity of waterborne epoxy emulsified asphalt progressively reduces as the amount of waterborne epoxy
resin augments, suggesting that its centrifugal stability improves with the increase in the amount of waterborne
epoxy resin. For both preparation approaches, the disparity in centrifugal stability between the two gradually
diminishes with the rise in waterborne epoxy resin. Nevertheless, concerning centrifugal stability, the emulsified
asphalt prepared by Process I is marginally superior to the waterborne epoxy emulsified asphalt prepared by
Process II. The discrepancy between the two is most pronounced, particularly in the 5% and 10% waterborne
epoxy resin dosages. However, with a 15% dosage, the gap between the two gradually lessens and stabilizes.
Hence, the long-term storage performance of waterborne epoxy-emulsified asphalt was assessed by the
centrifugal stabilization test and the waterborne epoxy-emulsified asphalt prepared by Process I was determined
to possess more superior long-term storage stability. ADDITIONAL NOTE: The pre-test results are depicted in
Fig. 18, and the median centrifugal speed of 4000 r/min was chosen for comprehensive consideration, with the
centrifugation time set at 10 min.

Effect of preparation process on the dispersion of waterborne epoxy emulsified asphalt

In the inverted fluorescence microscope test, the particle distribution of waterborne epoxy-modified emulsified
asphalt was observed using a 400x fluorescence microscope, and the results are presented in Fig. 19, where the
yellowish-green light dots represent waterborne epoxy resin particles. Cross-sectional comparisons revealed
that the epoxy curing compounds were microparticulate at lower dosages, and the particle area and density of
the curing compounds gradually increased with the escalating dosage. When the dosage of waterborne epoxy
resin surpasses 15%, the epoxy particles cease to be rounded and assume an irregular shape. Longitudinal
comparisons indicated that the waterborne epoxy resin particles were more rounded and homogeneous under
Process II but were more substantial than in Process I. Nevertheless, the desired spatial mesh crosslinking
structure did not materialize at any waterborne epoxy resin dosage ranging from 5 to 20%. After analysis, this
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phenomenon is primarily attributed to two reasons: Firstly, the compatibility of the waterborne epoxy resin with
the matrix emulsified asphalt is inadequate, mainly as the curing time required for the waterborne epoxy resin is
inconsistent with the emulsion breaking time of the emulsified asphalt. When the emulsified asphalt completes
the emulsion film breaking, in the waterborne epoxy resin particles, due to the slow emulsion and asphalt film
breaking, the content cannot overflow, leading to the inability of the waterborne epoxy resin to be cured to form
a spatial mesh structure. Secondly, the flexible waterborne epoxy resin employed in the test could not establish
a crosslinked structure with the emulsified asphalt because breaking the emulsion and spilling water is more
challenging than the rigid waterborne epoxy resin.

According to the outcomes of the laser particle size test, the particle size of emulsified asphalt upon the
addition of waterborne epoxy resin exhibited a decreasing tendency in both preparation processes, as depicted
in Fig. 20. The waterborne epoxy emulsified asphalt fabricated by Process I possesses a smaller particle size
compared to the emulsified asphalt produced by Process II within the 5-20% waterborne epoxy resin dosage
range. With the escalation of the waterborne epoxy dosage, the particle size of the emulsified asphalt prepared
by Process I initially increased and gradually decreased. Through data analysis, the emulsified asphalt prepared
by Process II demonstrated a comparable pattern, where the particle size fluctuations of the waterborne epoxy
emulsified asphalt within the approximately 3.0 um range are relatively minor, and the particle size fluctuations
are more stable. Nevertheless, the particle size is larger than that of the waterborne epoxy-emulsified asphalt
prepared by Process I. The emulsified asphalt prepared by Process II presented a similar trend. Irrespective
of the preparation process, the particle size of the emulsified asphalt became smaller than that of the matrix
emulsified asphalt after incorporating the waterborne epoxy resin. Additionally, the cause of this decreasing,
then increasing, and subsequently reducing trend might be associated with the accumulation of the waterborne
epoxy-emulsified asphalt and the formation of internal chemical bonds, which requires further exploration.

Influence of preparation process on cementation properties of waterborne epoxy emulsified
asphalt

The Marshall straight shear and bond strength tests are presented in Figs. 21 and 22, respectively. The horizontal
coordinates denote the waterborne epoxy dosage, while the vertical coordinates signify the shear strength at
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Fig. 16. The waterborne epoxy-emulsified asphalt prepared by the two processes was left to stand for 72 h.

shear damage and the tensile bond strength at pullout damage, respectively. In conclusion, the shear strength
and tensile bond strength of waterborne epoxy emulsified asphalt under the two preparation processes increase
gradually with the rising dosage of waterborne epoxy.

According to Fig. 21, the shear strength of waterborne epoxy emulsified asphalt prepared by emulsification
followed by modification rose from 0.586 to 1.375 MPa with the increment of waterborne epoxy doping, and
the overall shear strength growth rate amounted to 134%. On average, for every 1% increase in waterborne
epoxy resin, the shear strength ascended by 6.7%. The shear strength of the waterborne epoxy emulsified asphalt
fabricated by side emulsification and modification climbed from 0.586 to 1.543 MPa, with an overall shear
strength growth rate of 163%. On average, for every 1% increase in the quantity of waterborne epoxy resin
employed, the strength rose by 8.1%. The outcomes demonstrated that in terms of shear strength, preparing
waterborne epoxy resin emulsified asphalt with emulsification and modification surpassed the preparation
process of emulsification followed by modification. The greater the amount of waterborne epoxy, the better the
shear performance of asphalt. This might be attributed to the fact that when waterborne epoxy is scarce, excessive
emulsified asphalt will form a sliding surface in the interlayer, thereby reducing the bond shear strength. With
the rise in the dosage of waterborne epoxy, the proportion of emulsified asphalt becomes smaller, no asphalt film
thickness is formed between the layers, and the bond shear strength becomes larger.

According to Fig. 22, as the amount of waterborne epoxy gradually increases, the adhesive tensile strength of
the waterborne epoxy emulsified asphalt prepared by emulsification followed by modification rises from 0.341
to 0.785 MPa, with an overall growth rate of tensile strength of 130%. On average, for every 1% increase in
waterborne epoxy resin, the tensile bond strength is increased by 6.5%. The tensile strength of the waterborne
epoxy emulsified asphalt bond prepared by emulsification and modification increases from 0.34 to 0.848 MPa,
with an overall tensile strength growth rate of 149%, and for every 1% increase in the dosage of waterborne
epoxy resin, the average strength is increased by 7.4%. The overall adhesive tensile strength of waterborne epoxy
emulsified asphalt prepared by side emulsification and modification is superior to that of the process prepared
by first emulsification and then modification. The increasing trend of both methods might be that when the
waterborne epoxy dosing is less, the proportion of emulsified asphalt is more significant. This may lead to a more
disordered distribution of asphalt particles and an agglomeration phenomenon, disrupting the equilibrium and
continuity between the waterborne epoxy resin and asphalt, thereby damaging the bonding layer.

Conclusions

In this paper, an anionic emulsifier is proposed to prepare emulsified asphalt with excellent storage stability, and
its strength is evaluated under diverse waterborne epoxy dosing and preparation process conditions. The main
conclusions are summarized as follows:
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(1) Through comparing the outcomes of the static storage test, 5-day storage stability test, residue on sieve
test, and laser particle size test among 8 emulsifiers, it is revealed that BWH-02 emulsified asphalt exhibits
no evident unity or crusting phenomenon, possesses the least amount of evaporation residue, and has the
smallest quantity of residue on the sieve after sieving. Additionally, the size and distribution of the particle
size under the laser particle size analysis are more uniform. Consequently, it is ultimately proposed that the
emulsifier prepared with the BWH-02 type yields the optimal storage stability of anionic emulsified asphalt.

(2) The dispersion and stability of waterborne epoxy anionic emulsified asphalt prepared using the BWH-02
emulsifier are assessed. The obtained waterborne epoxy emulsified asphalt demonstrates better storage sta-
bility through the preparation process of first emulsification after modification. It shows no skin formation
or precipitation during short-term storage, and the overall trend of long-term storage stability is superior to
the modification followed by emulsification. Additionally, with the emulsification followed by the modifi-
cation process, the particle size of the emulsified asphalt is smaller and more stable.

(3) When the epoxy resin dosage was the same, the emulsified asphalt prepared through emulsification and
modification exhibited better shear resistance (with an average increase of 1.4%) and adhesion (with an
average growth of 0.9%) than that prepared by emulsification and modification. Based on the results of the
storage stability test and cementation performance test, for the preparation of BWH-02 type waterborne
epoxy anionic emulsified asphalt, a recommended external mixing dosage of 20% for waterborne epoxy is
suggested, offering better performance and greater economic efficiency.

In this study, the storage and dispersion stability of eight anionic emulsified asphalts were investigated from
macroscopic and microscopic perspectives, and an anionic emulsifier with superior performance was selected.
Furthermore, to explore the practical engineering significance of the anionic emulsifier, this paper also investigated
the storage stability, dispersion stability, and structural stability of waterborne epoxy anionic emulsified asphalt
about the optimal addition amount of waterborne epoxy resin and the selection of the preparation process.
It provides a theoretical basis for the material preparation, process selection, and parameter determination of
anionic emulsified asphalt in actual cold mix engineering applications.

Outlook

The strengths of the study are: (1) a more comprehensive study of the emulsified asphalt prepared by commercially
available anionic emulsifiers in the dispersion, and storage differences in the anionic emulsified asphalt in the
future has a certain significance in guiding the study of anionic emulsified asphalt researchers. (2) through
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the fluorescence microscope test, laser particle size meter, centrifuge, static observation test, shear strength,
tensile bonding strength test, a more in-depth study of the anionic emulsified asphalt with water-based epoxy
dosage under the two preparation processes, the microstructure, particle size, storage stability, long-term storage

stability, adhesion properties, shear performance on the differences.

There are many shortcomings in the research process: (1) in the study of the emulsifier on the stability
of emulsified asphalt in the process, only the manufacturer recommended the highest emulsifier dosage and
did not study the other emulsifier dosage on its performance. (2) in the study of the preparation process and
waterborne epoxy resin dosage on the waterborne epoxy emulsified asphalt performance research process, did
not study the first modified and then emulsified the impact of the preparation process as well as more than 20%

of the waterborne epoxy dosage of the modified asphalt.
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Fig. 19. Comparison of microstructures of different preparation methods with varying amounts of waterborne
€poxy resin.
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