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Cement emulsified asphalt (CEA) mortars achieve insufficient bond strength with substrate cement concrete slab. To ameliorate
problems emerging from this, the emulsified asphalt (EA) in CEA mortars was partly replaced by epoxy emulsion (EE) at contents
of 0%, 10%, 20%, and 30%, yielding CEA mortars with enhanced properties. The bond strength, mechanical strength, toughness,
and durability (including drying shrinkage and erosion resistance) of modified CEA mortars were assessed. The results showed
that partial replacement of EA with EE improved the bond strength, mechanical strength, drying shrinkage, and erosion resistance
of CEA mortars. A good correlation was found between the proportions of the EE replacement and the bond strength of CEA
mortars. Partial replacement of EA with a small amount of EE exerted no significant effect on the toughness of CEA mortar. The
stronger network structure of CEA mortars containing EE improved the compactness, thus improving the performance of CEA
mortars. Based on these findings, EE is suggested as partial replacement of EA for enhancing the properties of CEA mortars.

1. Introduction

Today, polymer-modified cement mortars are widely used
in concrete structures as finishing or repair materials to
prolong the service life of infrastructures [1, 2]. It has been
acknowledged that polymer-modified cement mortars not
only maintain the properties of cement mortars but also
utilize the properties of polymers. Thus, they obtain good
bond strength, excellent toughness, and other desired
properties [3]. Cement emulsified asphalt (CEA) mortars
retain most of the characteristics of cement and asphalt,
including long fatigue life, the low-temperature sensitivity
of cement, and the high toughness of asphalt. Because of
the above properties, CEA mortars are commonly applied
in railway tracks as a bedding layer between the track slab
and the concrete foundation to dissipate and reduce track
vibrations generated by trains passing at high speeds.
Additionally, CEA mortars are also used as repair

materials for cement pavements or other cement infra-
structures [4, 5].

CEA mortars need to have good coordination deformation
ability and interface bond strength with the concrete slab when
used as a bedding layer between the track slab and the concrete
foundation or as repair materials. However, researches by Liu
et al. [6] and Peng et al. [7] indicated that CEA mortars do not
yield sufficient interfacial bond strength with cement concrete.
Measures to improve the bond strength of CEA mortars have
received considerable attention. Liu et al. [8] pointed out that
incorporation of stabilizers in CEA mortars increased the
interfacial bonding strength. The debonding rate and gap width
of CEA mortars with stabilizers decreased sharply. Peng et al.
[7] investigated the interfacial bonding strength of two types of
CEA mortars via pull-off tests and showed that the bonding
strength of the CEA mortar with a high A/C ratio exceeded that
with low A/C ratio. The bonding strength of CEA mortars was
also enhanced by polymer latexes. Zhang et al. [9] showed that
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the addition of acrylate latexes and expansion agent improved
the interlayer bonding of CEA mortar and concrete composite
specimens. The reason for this improvement was the excellent
bond performance of acrylate latexes and the enhanced me-
chanical interlock achieved by the expansion agent.

It has been suggested that polymer latexes may be used as a
modifier for cement mortar and concrete to improve the ad-
hesion and bond strength because of its excellent bonding
properties and microstructure transformation of mortar and
concrete [10-12]. Epoxy emulsion (EE), as common polymer
latexes, has been widely applied to modify cement mortars or
concrete. Xiao et al. [13] prepared a high-performance cement
with EE and showed that the addition of EE slightly increased
the mechanical properties and corruptness resistance of
modified cement mortars. The reason is the formation of a
three-dimensional structure in the cement hydration system,
which bridges phases by EE. The dense structure of cement
epoxy emulsion mortar (because of the cross-linking structure
formed by cured epoxy resin with cement hydration products)
also enhances erosion resistance [14]. Furthermore, Zheng et al.
[15] investigated the hydration process of EE enhanced cement
mortar and showed that the evolution of the modified cement-
based paste can be divided into four stages based on the
normalized heat flow. The bonding strength and bending ability
of mortars were improved by the addition of epoxy resin.
Studies by Pang et al. [16] and Zuo et al. [17] also showed that
the mechanical strength and bond strength of cement epoxy
emulsion mortar improved with increasing EE contents. Nu-
merous attempts have been made to obtain EE-modified EA
composite emulsions. Gu et al. [18] investigated the compati-
bility between the cured phase-inversion waterborne epoxy
resin and EA, showing that increasing the content of water-
borne epoxy resin improved the compatibility of the composite
emulsion. Liu et al. [19] showed that the components and
network microstructure of EE modified EA enhanced the co-
hesion property and viscoelasticity of this material. Li et al. [20]
found that waterborne epoxy resin significantly increased the
complex modulus of asphalt emulsion residues. Based on the
above findings, it is clear that EE can be added to cement or EA,
thus, enhancing their properties. CEA mortars mainly consist of
cement and EA. However, attempts to utilize the advantages of
EE to obtain reinforced CEA mortars with better bond strength,
mechanical strength, and other properties remain inadequate to
date. The bond strength and other properties of CEA mortars
with partial replacement of EA by EE remain unclear.

In this study, part of EA in CEA mortars was replaced
by EE with additions varying from 0% to 30% (at in-
crements of 10%). The mechanical properties including
bond strength, mechanical strength, toughness, and-
durability including drying shrinkage and erosion re-
sistance of modified CEA mortars wereinvestigated.

2. Materials and Methods

2.1. Raw Materials

(1) Cement not only provides the mechanical strength
needed for CEA mortars but also absorbs water in
EA and EE during the hydration process [21-23].
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Table 1 presents the properties of grade 42.5 ordinary
Portland cement (OPC) produced by Qinling Fac-
tory (Shaanxi, Xi’an, China). The test methods of
cement followed Chinese Standard GB 175-2007.

(2) SBR cationic EA was used in the experiment, as
shown in Figure 1(a). Its properties are shown in
Table 2. The test methods of EA followed Chinese
Standard JTG E20- 2011.

(3) The main properties of nonionic waterborne EE and
curing agent purchased from the Junhua building
materials factory (Shanxi, Taiyuan, China) are shown
in Tables 3 and 4, respectively. The appearances of EE
and the curing agent are shown in Figures 1(b) and
1(c), respectively. The test methods of waterborne EE
and the curing agent followed Chinese Standard GB/
T 36797-2018. The type of epoxy resin with an epoxy
value of 0.51 mol/100 g in the epoxy emulsion was E
51. The curing agent was an amine curing agent with
an amine value of 320 mol/100 g. The ratio of EE to
the curing agent was 1:1 when used for CEA
mortars, which was chosen according to the expe-
rience informed by a laboratory test.

(4) River sand with a particle size between 0.32 and
4.75mm and a fineness modulus of 2.7 was used as
fine aggregate. Tap water was used in the experiment.

(5) Studies by Tan et al. [24] and Ouyang et al. [25]
showed that the addition of additives can effectively
improve the performance of cement mortar. To
improve the fluidity of CEA mortar, a naphthalene
water-reducing agent (FDN-2) with a water-reduc-
ing rate of 20% was used at proportions of 1.8% by
mass of cement according to practical experience.
The FDN-2 water-reducing agent compounded by
the B-naphthalene sulfonate was obtained from
Shandong Wanshan Chemical Co., Ltd. (Shandong,
Jinan, China). As air was introduced into the cement
mortar mixture during the mixing process, a
defoamer was necessary to reduce small bubbles.
Thus, tributyl phosphate (C,,H,,0,P) obtained from
Shandong Xinheng Chemical Co., Ltd. (Shandong,
Jinan, China) was used as a defoamer at a ratio of
0.1% by mass of cement according to practical ex-
perience. In the research of Buoso et al. [26], Vo and
Plank [27], and Liu et al. [28], the tributyl phosphate
was also applied as a defoamer for cement mortar.

2.2. Preparation of Cement Emulsified Asphalt Mortar
Samples. Because of their better fluidity and mechanical
strength (as identified by previous laboratory tests), CEA
mortars with 40% EA content (by mass of cement) were
selected. To determine the proportions of EE to replace EA,
the compatibility and distribution of EE and EA in com-
posite emulsions after curing were characterized. Figure 2
shows the fluorescence microscopic (FM) images of com-
posite emulsions where EA was replaced by different con-
tents of EE. In the FM images, epoxy resin is shown in
yellow, while asphalt appears black. The area of the yellow
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TaBLE 1: Main properties of ordinary Portland cement (PO 42.5).
L . Compressive strength
Setting time (min) Flexural strength (MPa)
(MPa)

Initial setting Final setting 3d 28d 3d 28d
250 303 35 6.8 18.4 47.8
(a) (c)

FIGURE 1: Emulsions used in the test: (a) emulsified asphalt, (b) epoxy emulsion, and (c) curing agent.

TaBLE 2: Main properties of emulsified asphalt.

The average particle diameter (yum) Storage stability (1d, 20°C) (%) Evaporation residue (%) 25°C penetration (0.1 mm) [I))zlr:ri;
2.5 0.7 58.5 94 Cationic

TaBLE 3: Main properties of the waterborne epoxy emulsion.

Particle . R . s Storage
0, .
Appearance polarity Solid content (%) 25°C viscosity (mPa-s) Centrifugal stability stability
Milky white Nonionic 60 225 Centrlfugatlorll without de!amlnatlon No stratification in 24h
(30 min, 3000 n/min)
TaBLE 4: Main properties of the curing agent.

Appearance  Solid content (%) Amine value (mol/100g) Volatile organic compounds contents (g/L) Particle polarity Curing rate
Brown liquid 50 320 32 Nonionic Medium

epoxy resin in the FM images increased with increasing EE
proportions. At an EE dosage below 30%, the epoxy resin
was evenly distributed in the asphalt and formed a structure
with asphalt as a continuous phase and epoxy resin as a
dispersed phase. At an EE dosage of 30%, the epoxy resin
interacted with asphalt and formed a network structure.
However, at an EE dosage of more than 30%, EA and EE
composite emulsion after curing showed an agglomeration
structure, which was not conducive to the formation of an
asphalt-epoxy network structure. This indicates that EA and
EE could mix well when the proportion of EE replacing EA is
less than 30%.

Thus, in this study, the replacement ratio of EE repla-
cingEA was determined as 0%, 10%, 20%, and 30%,

respectively. Then, four types of CEA mortars (i.e., I, II, III,
and IV) were designed. The proportions of CEA mortars and
their fluidity tested according to Chinese Standard GB/
T2419-2005 are presented in Table 5. All samples were
designed with a water—cement ratio of 0.38 and a
cement-sand ratio of 1:2. It should be noted that the water
contained in EA, EE, and the curing agent is not included in
Table 5. The required water was calculated by equation (1):

M :0'38*Mcement_0'415*MEA_O'4*MEE
-05«M

water ( 1)

curingagent’

where M, er refers to the mass of water in Table 5 (g);
Meement Tefers to the mass of cement (g); Mg, refers to the
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FIGURE 2: Fluorescence microscopic images of emulsified asphalt replaced by different contents of epoxy emulsion: (a) 0%, (b) 10%, (c) 20%,

(d) 30%, and (e) 40%.

TaBLE 5: Proportions and fluidity of cement emulsified asphalt mortars.

Curing Water-reducing .
Test number EE (g) agent (g) EA (g) Cement (g) Water (g) Sand (g) agent (g) Defoamer agent (g) Fluidity (mm)
I 0 0 160 400 85.60 800 7.2 0.4 232
1I 16 16 144 400 77.84 800 7.2 0.4 220
111 32 32 128 400 70.08 800 7.2 0.4 220
v 48 48 112 400 63.32 800 7.2 0.4 217

mass of EA (g); Mg, refers to the mass of EE (g); Mcuringagent
refers to the mass of curing agent (g).

During mixing, cement, sand, and additives were poured
into the stirring pot and were evenly stirred for 30s. Then,
water, EA, EE, and curing agent were prestirred until uni-
formity and blended with the mix for 3-4min. Finally,
mortars were shaped by the corresponding mold.

2.3. Bond Strength Test. As applied by Qiao et al. [29], the
flexural bond strength test was used to characterize the
bond strength between the repair mortar and the OPC
mortar/concrete. This method was also used to evaluate
the bond performance of CEA mortars containing EE
according to the Chinese standard JC/T 2381-2016. A
40 mm x 40 mm x 160 mm beam consisted of half of CEA
mortars and the other half of OPC mortars. The part with
OPC mortar was first formed and cured under standard
conditions for 28 d. Then, CEA mortar was poured beside
OPC mortars, and the samples were placed under stan-
dard conditions for a further 3, 7, and 28d. Figure 3
presents the specimen preparation and testing process of
the bond strength test. The results were obtained by di-
viding the maximum force by the bond area. Two spec-
imens were formed in each group, and the average value
was taken.

2.4. Mechanical Strength Test. The flexural strength and
compressive strength of CEA mortars at 3d, 7d, and 28d
were tested to characterize the mechanical strength of CEA
mortars according to Chinese Standard DL/T5126-2001.
Prism specimens with a size of 40 mm x40 mm x 160 mm
were used for the flexural strength tests. The blocks that had
broken after the flexural strength test were used for the
compressive strength test. Three specimens were formed in
each group, and the average value was taken.

2.5. Toughness Test. The toughness of CEA mortars was
characterized by fracture toughness and impact toughness.
The ratio of compressive strength to flexural strength (RCF),
a convenient and direct reflection of the fracture toughness
of the materials, was determined based on the obtained
compressive and flexural strengths [30].

The impact toughness used to reflect the toughness of
the cement mortar was evaluated by a self-made drop-
weight test. This self-made drop-weight test was designed
in reference to the drop-weight test recommended by the
American Concrete Institute Committee 554 (ACI
Committee 544) [31]. A 300 mm X 300 mm x 50 mm mold
was used to form OPC mortar, which was placed under
standard conditions with a relative humidity of 95% and a
temperature of 20 + 2°C for 28 d. Then, CEA mortars with
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Half part of OPC mortar
was first formed

CEA mortar was poured
beside the part of OPC mortar

Demold Testing

FIGURE 3: Specimen preparation and testing process of bond strength test.

a thickness of 20 mm were placed on the upper of the OPC
concretes and the samples were cured under standard
conditions for a further 28d. Figure 4 presents the
specimen preparation and testing process of self-made
drop-weight test. A steel ball with a mass of 1.835kg and a
diameter of 63.5 mm fell freely from 200 mm to the surface
of the specimen. The impact energy absorbed by the
specimen, used to reflect the impact resistance, was cal-
culated by equations (2) and (3) according to ACI
Committee 544. Three specimens were formed in each
group, and the average value was taken.

W=n,-m-g-h, (2)

AW =An-m-g-h, (3)

where W refers to whole impact energy absorbed by the
specimen during the failure process (N-m); AW refers to the
impact energy absorbed by the specimen after initial
cracking (N-m); An=n,—ny; n; refers to the number of
impacts until initial cracking occurred; n, refers to the
number of impacts until specimen failure occurred.
Moreover, g refers to the acceleration of gravity (9.8 N/kg);
m refers to the mass of the steel ball (1.835 kg); h refers to the
drop height of the steel ball (200 mm).

2.6. Drying Shrinkage Test. The drying shrinkage of CEA
mortars was tested at 3, 7, 14, 21, 28, and 56 d according to
Chinese Standard JC-T603-2004. Prism specimens with a
size of 25mm x25mm x 280 mm were used for drying
shrinkage tests. Because of the small variation of drying
shrinkage of cement mortar, one specimen was tested in
each group. The drying shrinkage value of CEA mortars was
calculated by equation (4):

Si — (LO Li)’ (4)
250
where §; refers to the drying shrinkage value of the specimen
for i days (%); L refers to the initial measurement length of
the specimen (mm); L; refers to the measurement length of
the specimen after i days (mm); and 250 refers to the ef-
tective length of the specimen (mm).

2.7. Erosion Resistance Test. Prism specimens with a size of
40 mm x40 mm X 160 mm were immersed in erosion

solutions (acid solution with 1% hydrochloric acid content
or sulfate solution with 5% sulfate content) for 60 d [32]. The
mass loss and mechanical strength loss of specimens were
calculated by equations (5) and (6), respectively. Three
specimens were formed in each group, and the average value
was taken:

my — mso)

Am = ( x 100%, (5)

my

(RW - RGO)
w

AR = x 100%, (6)

where Am refers to the mass loss (%); my refers to the dry
mass of specimens without immersion (g); ¢ refers to the
dry mass of specimens immersed in acid solution or sulfate
solution for 60d (g); AR refers to the mechanical strength
loss (%); R, refers to the mechanical strength of specimens
immersed in water for 60d (MPa); R¢, refers to the me-
chanical strength of specimens immersed in acid solution or
sulfate solution for 60 d (MPa).

2.8. Microstructure Analysis. Scanning electron microscopy
(SEM, S4800) was adopted to observe the microstructure
and morphology of several mortars. Samples were broken
into small particles and put into anhydrous ethanol to
terminate the hydration reaction. A layer of Au powder was
plated on the surface of small particle samples. After vacuum
treatment, the morphology was observed by SEM.

3. Results and Discussion

3.1. Bond Strength. Figure 5 presents the flexural bond
strength of four types of CEA mortars after 3, 7, and 28 d of
curing. The polymer emulsions in CEA mortars tended to
penetrate the micropores on the surface of OPC mortar,
where they formed a tack coat between CEA mortar and
OPC mortar [7]. Larger amounts of polymer emulsions with
good flowability permeated into the interface between CEA
mortar and OPC mortar at the early ages of CEA mortars.
However, the amounts of emulsions permeating into the
interface decreased with the gradual hardening of CEA
mortars. Figure 5 shows that the flexural bond strength of
CEA mortars increased greatly from 3 d to 7 d and increased
slowly from 7d to 28d.

The flexural bond strength of CEA mortar-I merely
reached 1.3, 2.7, and 3.2MPa at ages of 3, 7, and 284,
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FIGURE 4: Specimen preparation and testing process of self-made drop-weight test.
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FiGure 5: Flexural bond strength of cement emulsified asphalt
mortars.

respectively. In comparison with CEA mortar-1, the flexural
strength of CEA mortar-IV increased by 38.4%, 22.2%, and
22.9% at ages of 3, 7, and 28 d, respectively, yielding 1.8, 3.3,
and 4.3 MPa. Clearly, the flexural bond strength of CEA
mortars increased with increasing proportions of EE
replacing EA. This can be mainly attributed to the good
bonding property of EE. Moreover, the active groups in EE
could react with AI’* or Ca** in cement hydration products
and form chemical bridge bonds, which stretched across the
interface between CEA mortar and OPC mortar [16, 33].
Thus, partial replacement of EA by EE improves the bond
strength of CEA mortars.

To establish the relationship between the proportions of EE
replacing EA and the flexural bond strength of CEA mortars, a
linear regression was conducted by Origin-Pro 2016 (Figure 6).
A good correlation was found between the proportions of EE
replacing EA and the flexural bond strength of CEA mortars.
The correlation coefficient R* between replacement propor-
tions and flexural bond strength at ages of 3, 7, and 28 d were
0.983,0.988, and 0.993, respectively. This also indicated that the

proportions of EE replacing EA could reflect the bond strength
of CEA mortars containing EE.

3.2. Mechanical Strength. The mechanical strength of ce-
ment mortars, including flexural strength and compressive
strength, reflects the ability of materials to resist stress and
strain. Figure 7 presents the flexural strength and com-
pressive strength of four types of CEA mortars after 3, 7, and
28d of curing.

In Figure 7(a), the flexural strength of CEA mortar-I was
the lowest among the four types of CEA mortars, merely
reaching 3.4, 4.0, and 5.4MPa at ages of 3, 7, and 28d,
respectively. This is mainly because EA (with low modulus)
lowered the mechanical strength of CEA mortars [34, 35].
With increasing proportions of EE replacing EA, the flexural
strength of CEA mortars also increased. In comparison with
CEA mortar-], the flexural strength of CEA mortar-IV in-
creased to 4.1, 4.9, and 6.6 MPa at ages of 3, 7, and 284,
respectively. The variations of compressive strength of CEA
mortars with the proportions of EE replacing EA were
similar to those observed for flexural strength (Figure 7(b)).
The compressive strength of CEA mortar-IV increased to the
maximum among all four types of CEA mortars at ages of 3,
7, and 28 d. The content of EA lowering mechanical strength
decreased with increasing proportions of EE replacing EA.
Moreover, a stronger and denser network structure was
formed in CEA mortars because EE (with good bond per-
formance) integrated asphalt and hydration products [16].
Thus, as a partial replacement of EA, EE improved the
mechanical strength of CEA mortars.

3.3. Toughness. The RCF, which conveniently and directly
reflects the fracture toughness of materials, was determined
based on the obtained compressive strengths and flexural
strengths in Section 3.2. Figure 8 presents the RCF of four
types of CEA mortars after 28 d of curing. Lower RCF values
indicate better fracture toughness. The RCF of CEA mortars
decreased slightly with increasing proportions of EE
replacing EA. The RCF of CEA mortar-I reached 6.56.
Compared with CEA mortar-I, the RCF of CEA mortars-II,
III, and IV decreased to 6.48, 6.40, and 6.21, respectively.
However, the decreases in RCF were small. The RCF of CEA
mortar-IV only decreased by 5.3% compared with that of
CEA mortar-I. This indicates that the partial replacement of
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FIGURE 7: Mechanical strength of cement emulsified asphalt mortars: (a) flexural strength and (b) compressive strength.

EA by EE exerts no obvious effect on the fracture toughness
of CEA mortars.

To further study the toughness of CEA mortars con-
taining EE, a self-made drop-weight test apparatus was
employed to reflect the impact toughness of CEA mortars
after 28 d of curing. Figure 9 presents the results of the self-
made drop-weight test. The higher value of impact energy
absorbed by the specimens (W) indicates better impact
toughness. The W of CEA mortars increased slightly with
increasing proportions of EE replacing EA. However, the

increases of W were small. The RCF of CEA mortar-IV was
highest among all four types of CEA mortars, which only
increased by 8.5% compared with that of CEA mortar-I. This
indicates that the partial replacement of EA by EE has no
obvious effect on the impact toughness of CEA mortars. The
evenly dispersed EA membranes were interwoven with
cement hydration products and distributed throughout
microcracks contained in cement mortars [36, 37]. This
provided sufficient toughness for CEA mortars to resist
crack propagation. Though epoxy resin could form a cross-
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FIGURE 9: Self-made drop-weight test results of cement emulsified
asphalt mortars.

linking structure with cement hydration products, the
brittleness of EE after curing offset the weak cross-linking
structure formed by a small amount of EE [17]. Thus, partial
replacement of EA by EE achieves no obvious improvement
effect on the toughness of CEA mortars.

Interestingly, the impact energy absorbed by specimens
after initial cracking (AW) decreased with increasing pro-
portions of EE replacing EA. Cured epoxy resin, with its
large brittleness, weakened the ability of CEA mortars to
continue absorbing energy once cement mortars cracked
[16]. This suggests that a large amount of EE may have
adverse effects on the toughness of CEA mortars.

3.4. Drying Shrinkage. Figure 10 presents the drying
shrinkage of CEA mortars at 3, 7, 14, 21, 28, and 56 d. With
increasing curing age, the drying shrinkage for four types of
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CEA mortars increased. The changing trends of drying
shrinkage for four types of CEA mortars were similar.
Moreover, the variation rules of drying shrinkage with
curing ages for CEA mortars were consistent with the results
of Rutherford et al. [38]. The drying shrinkage of CEA
mortars increased greatly within 28 d (particularly within the
first 7d) and increased slowly from 28d to 56 d. This was
mainly because of the rapid hydration process, which
consumed considerable water in CEA mortars at early ages
[38]. It can also be speculated that the hydration process had
been completed after 28 d, which could effectively relieve the
drying shrinkage of CEA mortars from 28d to 56d.

Furthermore, the drying shrinkage of CEA mortars
decreased with increasing proportions of EE replacing EA.
The drying shrinkage of CEA mortar-IV was lowest among
the four types of CEA mortars, regardless of the curing age.
This indicates that EE, as a partial replacement of EA, played
arole in reducing the drying shrinkage of CEA mortars. This
may be because EE, with the preferable bond strength,
wrapped around the surface of hydration products, resulting
in a stronger interlaced network structure in CEA mortar.
This plays the role of a microfiber, thus restricting particle
movement in CEA mortars [38].

3.5. Erosion Resistance. Figure 11(a) presents the mass loss
and mechanical strength loss of CEA mortars immersed in the
acid solution for 60 d. The acid in solution reacts with Ca(OH),
in cement mortar, resulting in a decrease of mass and me-
chanical strength of the CEA mortars [39]. Therefore, a smaller
value of mass loss and mechanical strength loss indicates better
erosion resistance of CEA mortars. The mass loss and me-
chanical strength loss (flexural strength loss and compressive
strength loss) of CEA mortars decreased with increasing
proportions of EE replacing EA. The mass loss of CEA mortar-I
reached 0.3%. Compared with CEA mortar-I, the mass loss of
CEA mortar-IV decreased by 33.3%. In addition, the flexural
strength loss and compressive strength loss of CEA mortar-I
reached 10.5% and 10.1%, respectively. Compared with CEA
mortar-I, the flexural strength loss and compressive strength
loss of CEA mortar-IV decreased to 8.2% and 7.4%, respec-
tively. This indicates that EE addition could further improve
the erosion resistance of CEA mortars to the acid solution.
Sulfate in the sulfate solution reacts with calcium alu-
minate hydrate (CAH) in cement mortars to form ettringite
with a volume of about 2.5 times than that of CAH [40]. The
internal structure of CEA mortars is destroyed, and the
mechanical strength decreases because of the expansion
stress caused by ettringite. However, the ettringite attached
to the surface of cement mortars will increase their mass. A
negative mass loss, as shown in Figure 11(b), indicates an
increasing mass of CEA mortars immersed in a sulfate
solution. With increasing replacement content of EA by EE,
the increase in the mass and the loss of mechanical strength
decreased. This indicates that the partial replacement of EA
by EE could also further improve the erosion resistance of
CEA mortars to the sulfate solution. This is mainly because
of the filling of voids in CEA mortars by epoxy resin and the
integration of asphalt and hydration products. Moreover,
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FIGURE 11: Mass loss and mechanical strength loss of cement emulsified asphalt mortars immersed in erosion solutions: (a) acid solution and

(b) sulfate solution.

the denser network structure of CEA mortars containing EE
improves the compactness of CEA mortars, thus impeding
the infiltration of erosion medium into CEA mortars.

3.6. Microstructure Analysis. The microstructure of CEA
mortar-I (without EE) and CEA mortar-IV (with EE) was
characterized by SEM. As presented in Figure 12, asphalt and
cement hydration products overlap (Figure 12(a)), forming a
stable cement-asphalt structure at the age of 28d
(Figure 12(b)). Moreover, in Figure 12(c), epoxy resin filled

the voids in CEA mortars and integrated both asphalt and
hydration products to form a strong and dense network
structure. With the curing of epoxy resin, CEA mortar
formed a stronger, continuously cross-linked network
structure at the age of 28 d (Figure 12(d)). It can be inferred
that EE plays an important role in improving the perfor-
mance of CEA mortars with the partial replacement of EA by
EE. The stronger network structure formed in the CEA
mortars containing EE can improve the compactness, thus
improving the mechanical properties and durability of CEA
mortars.
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(d)

FIGURE 12: Scanning electron microscopic images of cement emulsified asphalt mortars: (a) cement emulsified asphalt mortar-I (3 d),
(b) cement emulsified asphalt mortar-I (28 d), cement emulsified asphalt mortar-IV (3 d), and cement emulsified asphalt mortar-IV (28 d).

3.7. Properties of Cement Emulsified Asphalt Mortars versus
Standard values. As mentioned in Section 1, CEA mortars
can be used as repairing materials for cement pavement or
cement infrastructures. Thus, CEA mortars must meet the
minimum requirements for repairing materials. Table 6
presents the basic requirements for CEA mortars accord-
ing to Chinese standard JC/T 2381-2016 The Repairing
Mortar, and the obtained test results. The properties of all
types of CEA mortars in the test, including flexural bond
strength, mechanical strength, toughness, RCF, and drying
shrinkage, met the requirements of the standard values. The
exception is the flexural strength of CEA mortar-I, which
only reached 5.4 MPa at 28d, remaining below the mini-
mum requirement of 6.0 MPa. This is mainly because of EA,
which lowers the mechanical strength of CEA mortars be-
cause of its low modulus [34, 35].

In addition, a comparison of the test results of CEA
mortars-I, II, III, and IV with standard values shows that the
partial replacement of EA by EE played a role in enhancing
the properties of CEA mortars. Equations (7) and (8) were
applied to quantify the improvement degree on the prop-
erties of CEA mortars compared with standard values. The
results are presented in Figure 13.

Vv . R VS
Degreei _ ( Requirementsi testl) % 100%, (7)
VRequirementsi
Vi = Vieass ,
Degreej _ ( testj Requlrements;) * 100%, (8)

VRequirements j

where Degree; refers to the improvement degree of CEA
mortars for flexural bond strength, flexural strength, and
compressive strength (%); Degree; refers to the degree of
improvement of CEA mortars for RCF and drying shrinkage
(%); Vrequirementsi and Vrequirementsj refer to the standard
values; and Viey; and Viey; refer to the test values of CEA
mortars.

Figure 13 shows that the improvement degree on the
properties of CEA mortars increased with increasing the
proportion of EE replacing EA. Moreover, the partial re-
placement of EA by EE exerted the most significant im-
provement effect on the bond strength of CEA mortars. The
bond strength of CEA mortar-IV was enhanced by 115%
compared with the standard value. However, the partial
replacement of EA by EE had almost no enhancement effect
on the toughness of CEA mortars. In summary, when EA
was partially replaced by EE, the improvement degree on
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TABLE 6: Basic requirements for repairing mortar.

Test values of CEA mortars

Item Requirements Test method in standard
I 1I 111 v
Flexural bond strength (28 d) (MPa) 3.2 3.5 3.9 4.3 >2.0 MPA JC/T2381-2016 (China)
GB/T 17671-1999 (China)
Flexural strength (28 d) (MPa) 5.4 6.3 6.6 7.1 >6.0 MPa DL/T5126-2001 (China)
. GB/T 17671-1999 (China)
Compressive strength (28 d) (MPa) 354 40.8 42.3 44.3 >30 MPa DL/T5126-2001 (China)
GB/T 17671-1999 (China)
RCF (28d) (MPa) 6.56 6.48 6.40 6.21 <7.0 MPA DL/T5126-2001 (China)
Impact toughness (28 d) (N-m) 172.6 176.0 183.4 187.0 — —
Drying shrinkage (28 d) (%) 0.091 0.086 0.085 0.081 <0.10% JC-T603-2004 (China)

Erosion resistance

Bond strength

Compressive strength

-® - Minimum Requirement
CEA mortars-I

CEA mortars-II

CEA mortars-I11

—+— CEA mortars-IV

—o—
—A—

—v—

FIGURE 13: Improvement degree on the properties of cement
emulsified asphalt mortars compared with standard values.

the properties of CEA mortars ranked as follows: bond
strength > compressive strength > compressive strength >
drying shrinkage > toughness.

4. Conclusions

In this study, EA in CEA mortar was partly replaced by EE with
additions varying from 0% to 30% (at increments of 10%). The
properties of resulting CEA mortars (I, II, ITI, and IV) were
investigated. The following conclusions could be drawn:

(1) EE as partial replacement of EA improves the me-
chanical strength and bond strength of CEA mortars.
The mechanical strength and bond strength of CEA
mortar-IV increased maximally among all four types of
CEA mortars at ages of 3, 7, and 28d. A good cor-
relation was found between the proportions of EE
replacing the EE and the bond strength of CEA mortar.

(2) The partial replacement of EA by EE had no apparent
improvement effect on the toughness of CEA
mortars. Compared with CEA mortar-I, the RCF of
the CEA mortar-IV merely decreased by 5.3%, and
the impact energy absorbed by CEA mortar-IV

merely increased by 8.3%. Moreover, the impact
energy absorbed by specimens after initial cracking
decreased with increasing proportions of EE
replacing EA.

(3) The EE as a partial replacement of EA played a role in
improving the drying shrinkage and the erosion re-
sistance of CEA mortars. The drying shrinkage of CEA
mortar-IV was lowest among the four types of CEA
mortars. The mass loss and mechanical strength loss of
CEA mortar-IV immersed in erosion solution were
also lowest among the four types of CEA mortars.

(4) EE and EA mix well and form a network inter-
penetrating structure at proportions of EE replacing
EA below 30%. The stronger network structure
formed in the CEA mortars containing EE improved
the compactness and bonding performance between
the components of CEA mortars, thus improving the
performance of CEA mortars.

Based on the above properties, the partial replacement of
EA by EE is suggested to enhance the properties of CEA
mortars.

5. Future Work

In the future work, the hardening mechanism and micro-
structure of CEA mortars containing EE will be studied.
Moreover, the reaction principle of EE in CEA mortars will
be further assessed.
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