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To improve the ecological protection of coal gangue slopes, this work developed a polymer curing agent using a pure acrylic
emulsion and cement as the main raw materials. By testing the workability, waterproofing, durability, and adhesion of the curing
agent with different polymer-to-cement ratios, the optimum mixing ratio of the polymer curing agent was obtained, and the
protection mechanism was analysed based on the test results and by scanning electron microscopy (SEM). Then, simulated slope
and practical engineering applications were carried out. The results show that pure acrylic emulsion curing agent with a polymer-
to-cement ratio of 6: 5 is most suitable for the ecological protection of coal gangue slopes. The polymer curing agent can form a
network structure film layer with a good waterproofing effect on the coal gangue surface. Simultaneously, the network structure
film layer can reduce the influence of weathering and leaching on the coal gangue, prevent the heavy metal elements in coal gangue
from entering the surrounding soil, improve the growth environment of plants, and improve the effect of ecological restoration.

This research can be applied to the ecological protection of coal gangue slopes.

1. Introduction

Coal gangue is solid waste discharged in the process of coal
mining and washing. It is a black, grey rock with a lower
carbon content and harder structure than coal and is as-
sociated with the coal seam in the process of coal formation.
Under weathering, the physical and chemical properties of
coal gangue accumulating on the ground continuously
change; with the increase in degree of weathering, the
conductivity and pH of coal gangue decrease, and its ten-
dency to disintegrate gradually increases [1]. Coal gangue
piled in open air is prone to spontaneous combustion,
generates harmful gases and heavy metals, and results in
severe geological disasters and environmental pollution
[2, 3]. Under the action of weathering and leaching, heavy
metal elements in coal gangue enter the surrounding soil and
water, degrade the ecological environment, and hinder plant
growth and ecological restoration [4-6]. Gangue slopes are
special rock slopes formed by gangue accumulation that are
more complex and difficult to protect. Gangue slopes are
often unstable due to the weathering and disintegration of

gangue. Due to the influence of the unfavourable properties
of gangue, plants cannot grow normally on these slopes, and
it is difficult to achieve the desired ideal slope protection
effects using conventional ecological protection methods
[7-10].

Currently, mortar plaster, concrete, wall protection, and
other methods are commonly used to protect coal gangue
slopes. Although these methods have good protection ef-
fects, materials such as mortar and concrete hinder the
growth of plants, and it is difficult to achieve the goals of
both slope protection and ecological restoration [11-14].
Ecological protection mainly relies on the reinforcing effect
of plant roots on soil to achieve the slope protection effect.
The commonly used methods include soil spraying, plant
fibre blankets, and planting belts. The key to the effect of
slope protection by these methods is the normal growth of
plants on the slope [15-20]. Coal gangue after spontaneous
combustion shows weak acid and high heavy metal contents
that are not conducive to plant growth. Many researchers
have studied the reclamation of coal mining areas. For
example, Sydnor et al. [21] found that the addition of organic
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matter to surface soil could increase the biomass and re-
quired nutrient elements for plant growth in mining areas
and promote the restoration of vegetation in mining areas.
Liu et al. [22] improved the growth environment of plants in
mining areas by covering coal gangue with loess and
achieved good ecological restoration results. Du et al. [23]
used coal gangue as the component of planting substrate,
configured a planting substrate suitable for ecological res-
toration in coal mine areas, and proved that the new sub-
strate configuration was effective through experiments.
Although these studies have made some progress in the
reclamation of coal mine areas, their application is limited
due to different properties of coal gangue in different areas,
and the existing vegetation restoration methods cannot solve
the problem that coal gangue is prone to weathering and
disintegration.

Polymer curing agents are chemical reinforcement
materials mainly composed of polymer materials and sup-
plemented by other materials. There are many polymer
curing agents, and they have been widely used in the field of
soil reinforcement and slope protection in recent years
[24-30]. Liu et al. [31-33] developed a polyurethane polymer
curing agent, conducted a thorough study on its properties
of strengthening sand and clay, and found that the poly-
urethane polymer curing agent mainly increased the co-
hesion between the soil particles and the erosion resistance
of slope soil through the physical and chemical action be-
tween the polymer functional groups and the surface ions of
soil particles. Yang et al. [34] developed a new polymer soil
stability additive (M-CMC) composed of methyl cellulose
(CMC) and polyacrylamide (PAM) and experimentally
showed that it could improve the soil strength, water sta-
bility, and erosion resistance. Yao et al. [35] developed a
polymer curing agent suitable to protect soft rock slopes, and
practical engineering applications showed that its protection
effect was good and conducive to the ecological restoration
of soft rock slopes. Qin et al. [36] adopted W-OH hydro-
philic polyurethane material to solidify and protect red clay
slopes, and based on experiments, they concluded that
W-OH could significantly improve the antierosion ability of
red clay slope soil, increase the water retention performance
of the soil, and promote the germination and growth of
plants on the slope. Therefore, the study of the application of
polymer curing agents in the ecological protection of gangue
slopes is highly important.

To solve the problems posed by coal gangue, such as easy
weathering, easy disintegration in water, low pH value, high
heavy metal content, and difficulties in the ecological pro-
tection of slopes, this work uses a pure acrylic emulsion and
ordinary Portland cement as the main raw materials and
polymer curing agents with different polymer-to-cement
ratios. The optimal mixing ratio of polymer curing agent
suitable for coal gangue slope protection was determined
through workability, waterproofing, durability, and adhe-
sion tests. Simultaneously, the protection mechanism was
analysed by matching the test results and scanning electron
microscopy (SEM) images. Finally, a new method for the
ecological protection of gangue slopes with polymer curing
agents was proposed and applied to simulated slopes and in
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actual engineering practice. Then, the application effect of
polymer curing agents in the ecological protection of gangue
slopes was analysed according to the application results.

2. Materials and Methods
2.1. Materials

2.1.1. Polymer Emulsion. Polymer emulsions are formed by
dispersing polymer particles in micron aqueous solutions
that show good water resistance, durability, and bond
strength and are important raw materials for the configu-
ration of polymer curing agents. Considering the difficulty of
obtaining raw materials and suitability for ecological slope
protection, a pure acrylic emulsion produced by Luyuan
Chemical Company was selected as the configuration of the
polymer curing agent. As a widely used waterproof building
material, pure acrylic emulsions are easy to obtain, envi-
ronmentally friendly, and conducive to ecological restora-
tion. Pure acrylic emulsion is shown in Figure 1. The
performance index of the pure acrylic emulsion indicated by
the manufacturing company is shown in Table 1.

2.1.2. Cement. Cement is also one of the main components
of polymer curing agents, and its type and dosage directly
affect the strength of polymer curing agents. In consider-
ation of economy and durability, common silicate P.042.5
cement produced by Yangchun Cement Limited Company
was selected to configure the polymer curing agent. The
performance indices of the P.O42.5 cement indicated by the
manufacturing company are shown in Table 2.

2.1.3. Coalescing Agents. A coalescence agent is a material
that can promote the plastic flow and elastic deformation of
polymer emulsions, improve their coalescence performance,
and form films over a wide range of construction temper-
atures. It can clearly reduce the minimum film forming
temperature of polymer emulsions and improve their coa-
lescence, durability, and storage stability. In this experiment,
the alcohol ester coalescing agents produced by Luyuan
Chemical Company were used in the polymer emulsion
material configuration. The performance indices of the film
forming additives indicated by the manufacturing company
are shown in Table 3.

2.1.4. Defoaming Agent. When mixing a polymer emulsion
and cement, many bubbles will be generated. Bubbles will
cause many pores to solidify the curing agent, which affects
the curing effect. Therefore, an appropriate amount of
defoamer should be added in the preparation process to
reduce the number of bubbles and enhance the curing effect
of the polymer curing agent. In this work, an emulsion-type
silicone defoamer produced by Luyuan Chemical Company
was used to configure the polymer curing agent. The per-
formance indices of the silicone defoamer agent indicated by
the manufacturing company are shown in Table 4.
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FIGURE 1: Pure acrylic emulsion.

TaBLE 1: Performance indices of pure acrylic emulsion.

Order number Technical indicators Test results

1 Appearance Milky white uniform liquid, no impurities, no precipitation, and no stratification
2 Solid content (%) 50

3 pH 7.4

4 Viscosity (mPa-s) 800

5 Residual stability (%) 0.03

TABLE 2: Performance indices of P.O42.5 cement.

Order number Technical indicators Test conditions Test results

1 Fineness — 14.0%
2 Standard consistency — 25.2%

S Initial curing 105 min

3 Curing time Final curing 229 min

3d 6.2 MPa

4 Rupture strength (MPa) 28d 3.3 MPa

. 3d 26.8 MPa

5 Compressive strength (MPa) 28d 59.1 MPa

TaBLE 3: Performance indices of coalescing agents.

Order number Technical indicators Test results

1 Appearance Colourless transparent liquid, without soluble matter
2 Freezing point (°C) -50.0

3 Flash point (°C) 120

TaBLE 4: Performance indices of the silicone defoamer agent.

11 (10 times)

Order number Technical indicators Test results

1 Appearance Milky white uniform emulsion liquid, no precipitate, no visible mechanical impurities
2 pH 7.2

3 Solid content (%) 15

4 Stability (mL) 0.02

5

Defoaming time (s) 25 (100 times)

2.2. Configuration Method. The pure acrylic emulsion curing ~ composite material with the main properties of pure acrylic
agent consists of a pure acrylic emulsion with waterproof =~ emulsion and cement. The pure acrylic emulsion curing
performance, cement, small amounts of coalescing agents, ~ agent can be prepared by simple stirring and mixing. Under
and defoaming agent. It is a polymer cement-based  normal temperature and pressure, the raw materials were



weighed according to the weight percentage of each raw
material, and the pure acrylic emulsion was artificially
stirred at low speed for 60s. Then, the corresponding
amount of cement was added to the pure acrylic emulsion.
Finally, the mixture was stirred by a cement mixer at high
speed for 120s and left standing for 300s. To reduce the
bubbles generated during mixing, 1% of the total weight of
the mixture defoaming agent was added during mechanical
mixing. Simultaneously, 3% of the total weight of the
mixture coalescing agents was added to ensure the final film-
forming effect.

2.3. Test Methods. The weight ratio between the content of
the polymer solid particles in the polymer curing agent and
the mass of cement is called the polymer-to-cement ratio
and expressed by P/C. In this work, five pure acrylic
emulsion curing agents with different polymer-to-cement
ratios (P/C=0.6, 0.8, 1, 1.2, 1.4) were set up; then, mixing
proportion tests were performed, including workability
tests, waterproof property tests, durability tests, and adhe-
sion tests. Based on the test results, the mixing ratio of the
pure acrylic emulsion curing agent that was most suitable for
coal gangue slope protection was obtained, and the pro-
tective mechanism was analysed by scanning microscopy.

2.3.1. Workability Test. The workability of the polymer
curing agent refers to its setting time and viscosity, which
represent the difficulty of its construction. If the initial
setting time is too short, the construction is difficult; if the
final setting time is too long, the construction progress will
be affected. In this test, according to the test method of
cement setting time in the China standard (GB/T
1346-2011) [37], a Vicat instrument was used to test the
curing time of pure acrylic emulsion curing agents with
different polymer-to-cement ratios. The viscosity of the
polymer curing agent represents the friction force of its
internal molecules. Greater viscosity corresponds to smaller
fluidity and leads to greater difficulty of construction.
Meanwhile, a smaller viscosity corresponds to greater flu-
idity, delamination, and segregation. According to the
Chinese standard (JJG 1002-2005) [38], a rotary viscometer
was used to determine the viscosity of the pure acrylic
emulsion curing agent.

2.3.2. Waterproof Test. The waterproofing ability of the
polymer curing agent is an important index to evaluate its
performance and the basis to solve the problem of the easy
disintegration of coal gangue when encountering water. The
water resistance can be expressed by the natural water ab-
sorption rate of the material, that is, under the condition of
standard atmospheric pressure, the ratio of the mass of water
in the experimental specimen that was soaked in water for
48 h to the mass of the dried experimental specimen. In this
work, coal gangue with basically identical size was selected as
the test specimen, and polymer curing agents with different
polymer-cement ratios were evenly applied to the sample
with a coating thickness of 5-6 mm for the 48 h waterproof
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test. The experiment was performed according to the steps of
the rock water absorption test in the Chinese standard (JTG
E41-2005) [39]. The coal gangue sample coated with pure
acrylic emulsion curing agent is shown in Figure 2.

2.3.3. Durability Test. The durability of the polymer curing
agent represents its long-term protection performance and is
an important parameter to evaluate whether the agent is
suitable for coal gangue slope protection. In this work, the
durability of the curing agent of a pure acrylic emulsion was
evaluated by the number of cracks produced by gangue
samples with different polymer-to-cement ratios. The test is
based on the frost resistance test method specified in the
China Standard (JC/T 984-2011) [40], and the number of
cracks on the surface of the specimens after 25 cycles of
drying and wetting was observed.

2.3.4. Adhesion Test. The bonding strength of the polymer
curing agent usually refers to the cohesion of the polymer
curing agent and the bonding force between the specimen
coating and the bonding surface, which indicates the
strength of its bonding. A greater bonding strength makes it
more difficult for the agent to fall off on the slope surface and
leads to an improved protection effect. In this work, re-
ferring to the test method of mortar tensile bond strength in
the Chinese code (JGJ/T70-2009) [41], a tensile testing
machine was used to test the bond strength of the pure
acrylic emulsion curing agent.

2.3.5. Microscanning Test. In this paper, a HITACHI
SU8100 scanning electron microscope (SEM, Hitachi, Japan)
was used to conduct the scanning microscopy test. Under
the condition of 1000-fold magnification, the microscopic
surface morphology characteristics of coal gangue speci-
mens sprayed with different polymer-to-cement ratios of
pure acrylic emulsion curing agent and coal gangue speci-
mens not sprayed with curing agent were observed.

3. Results and Discussion

3.1. Mixing Ratio Test. The test results for the workability,
waterproofing ability, durability, and adhesion of the curing
agent of pure acrylic emulsions with different polymer-to-
cement ratios are shown in Table 5.

Table 5 shows that a greater P/C leads to a longer setting
time of the pure acrylic emulsion curing agent, smaller
viscosity, and greater fluidity. With the increase in P/C, the
water absorption rate of the test specimen gradually de-
creases and tends to be stable. The number of cracks on the
surface of the test specimen and bonding strength of the
curing agent first decrease and subsequently increase. When
P/C is 1.2, the number of cracks on the surface of the test
specimen is lowest, and the curing agent has the maximal
bonding strength. The workability of the pure acrylic
emulsion curing agent mainly depends on the cement
content, so with the increase in P/C, the cement content
shows a relative decrease, the setting time of the curing agent
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FiGure 2: Coal gangue specimens coated with pure acrylic emulsion curing agent.

TaBLE 5: Performance test results for pure acrylic emulsion curing agents with different polymer-to-cement ratios.

z/ Initial (S:::Illl;g time Final ?frtltilrlll)g time Viscosity (MPa-s) Blbul(?)/:l)s rate Nucrglz:; of Bonding strength (MPa)
0.6 104 341 64 5.71 6 1.54
0.8 113 382 56 3.15 4 1.73
1.0 126 429 48 1.42 2 1.96
1.2 134 447 46 0.39 1 2.05
1.4 151 524 44 0.33 3 1.86

becomes longer, and the viscosity decreases. The workability
of pure acrylic emulsion curing agents with different
polymer-to-cement ratios can satisfy the construction re-
quirements, and the workability is the best when P/C is 1.2.

When P/C is small, the cement content in the curing
agent is relatively high, and the polymer emulsion content is
low. The hydration product of cement is mainly the network
structure, and a small amount of polymer particles cannot
completely fill the network structure. Therefore, the polymer
network structure film formed is relatively small, which
results in a relatively large water absorption of gangue
sample block. With the increase in P/C, the polymer
emulsion plays a dominant role in the curing agent, and the
formed network film almost completely covers the surface of
gangue, which decreases the water penetration rate and
water absorption rate of the test block. The lowest value is
obtained when P/C is 1.2. The bonding strength of the
polymer curing agent is mainly determined by the solid
content of the polymer emulsion and hydration product of
cement. When P/C is less than 1.2, the content of pure
acrylic emulsion increases with increasing P/C, and so, the
bonding strength increases. When P/C is greater than 1.2,
the bonding strength of the pure acrylic emulsion reaches its
peak, the cement content in the polymer curing agent is
relatively reduced, and the content of cement hydration
products is relatively reduced, and so, the bonding strength
begins to decrease. According to the mixing ratio test, the
pure acrylic emulsion curing agent with a P/C of 1.2 is most
suitable for the protection of coal gangue slopes.

3.2. Microscopy Results. The scanning electron microscopy
(SEM) results of coal gangue specimens are shown in Figure 3.

As shown in Figure 3(a), the surface of coal gangue is
loose and porous. Under infiltration and erosion by rain, it is
easily weathered and disintegrated. As shown in
Figures 3(b)-3(f) the polymer particles of the pure pro-
pylene emulsion and hydration products of cement connect
with each other, which form a reticular membrane structure.
When P/C is less than 1.2, the content of pure acrylic
emulsion is small, polymer particles are not sufficient to
completely wrap the cement hydration product, and the
network film formed has more pores, which makes the
curing agent waterproof and endows it with poor durability.
With the increase in P/C, the pores of the curing agent of the
pure acrylic emulsion gradually decrease. When P/C is 1.2,
the polymer particles almost completely wrap around the
hydration product of cement, which leads to a lower porosity
of the curing agent film and good waterproofing perfor-
mance. When P/C is greater than 1.2, the content of cement
hydration products in the curing agent film decreases, and
the strength of the curing agent film also decreases.
Therefore, the durability and bond strength gradually
decrease.

In summary, after pure acrylic emulsion has been
mixed with cement, the pure acrylic emulsion loses water
due to cement hydration, and its polymer particles and
cement hydration products interweave and intertwine to
form a mesh film with good waterproof ability. By
spraying pure acrylic emulsion curing agent on the sur-
face of coal gangue, we can bond and solidify the loose and
porous surface of coal gangue. The network film that
covers the surface of coal gangue can increase its wa-
terproof ability, prevent its weathering and disintegra-
tion, and improve the long-term stability of coal gangue
slopes.
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FIGURE 3: SEM images: (a) no curing agent was sprayed; (b) spray curing agent (P/C=0.6); (c) spray curing agent (P/C=0.8); (d) spray
curing agent (P/C=1.0); (e) spray curing agent (P/C=1.2); (f) spray curing agent (P/C=1.4).

4. Simulated Slope and Practical
Engineering Application

In this work, a new ecological protection technology for coal
gangue slopes is proposed, which involves first spraying with
a pure acrylic emulsion curing agent and subsequently
spraying into the guest soil. Polymer curing agents are
mainly used for the surface protection and reinforcement of
coal gangue, and the soil spraying technique is a green
technology that benefits ecological protection. The combi-
nation of these two technologies results in a new ecological
protection-enhancing technology for coal gangue slopes. To
analyse the feasibility of the new ecological protection
technology, this work studies the effect of the application of
the new ecological protection technology on coal gangue
slopes through simulated slope tests and practical engi-
neering applications.

4.1. Simulated Slope Test

4.1.1. Test Method. The slope simulation test was performed
using an outdoor model box. To accurately simulate the
gangue slope, a 10-15-cm-thick layer of field sampled coal
gangue was placed on the surface of each model box. Two
slope model boxes with heights and widths of 1.2m were
designed and are referred to as model boxes A and B, re-
spectively. Then, each model box was divided into three
zones with different heights. In model box A, the surface of
the laid coal gangue was directly sprayed with guest soil; in
model box B, the surface of the laid gangue was first sprayed
with pure acrylic emulsion curing agent with a P/C of 1.2
and subsequently sprayed with guest soil after solidification.
Other construction methods and conditions are consistent.
The proportion of plant seeds sprayed in foreign soil was 50
wt% herb seeds (30 wt% Cynodon dactylon (L.) Pers and 20
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wt% Festuca elata Keng ex E. Alexeev) and 50 wt% shrub
seeds (15 wt% Sophora xanthoantha C. Y. Ma, 15 wt%
Amorpha fruticosa L, and 20 wt% Magnolia multiflora M. C.
Wang et C. L. Min).

All simulated slopes were placed in the open area, and
the management measures of seedlings were identical.
Observations were made once every two weeks for six
months, including the germination rate, coverage rate,
height, soil erosion rate, and soil pH value. A collection tank
is placed at the bottom of each simulated slope to collect the
soil lost on the slope. The soil in the collection tank was
collected and dried every two weeks, and the mass ratio
between the collected soil mass and the initial substrate was
calculated to evaluate the soil erosion. Model box A after laid
coal gangue is shown in Figure 4(a), and model box B after
spraying the pure acrylic emulsion curing agent is shown in
Figure 4(b).

4.1.2. Results and Analysis. Figure 5 shows the plant growth
on the simulated slope. The test results of the simulated slope
are shown in Table 6.

As shown in Table 6, the plant germination rate of model
box B was much higher than that of A, and the soil of model
box A was acidic. The soil of model box B is neutral, which
indicates that spraying pure acrylic emulsion curing agent
on gangue slopes reduces the influence of weakly acidic coal
gangue and heavy metal substances on the plant growth and
improves the environment for plant growth. Model box B
had a much higher vegetation coverage rate and a much
lower soil erosion rate than model box A. With increasing
time, the difference increased. These results show that
spraying pure acrylic emulsion curing agent can improve the
water retention ability of soil, increase the antierosion ability
of foreign soil, and improve the growth environment of
plants. In model box B, plant germination is high, vegetation
coverage is high, and the soil and water loss is low. Three
months after construction, vegetation basically covered the
slope, and soil erosion was further reduced in the later stage,
which benefited the slope protection.

As shown in Figure 5, due to the spraying of pure acrylic
emulsion curing agent, the slope of model box B is complete,
the vegetation development is much better than that of A,
and an elastic consolidation layer with certain strength and
toughness is formed on the surface of the slope. Three
months after construction, the plants in model box B were
mainly herbaceous plants, and the shrubs were mainly in the
form of seedlings. Herbaceous and shrubbery grow well six
months after construction. Due to the influences of weak
acidity and heavy metals in coal gangue, the vegetation of
model box A was not well developed. Three months after
construction, the growth height of herbaceous plants and
germination rate of shrubs were low, and the overall veg-
etation coverage was low. Six months after construction,
most of the herbaceous plants withered, and only a few
shrubs grew normally. At the top of the slope of model box
A, few plants grew, and the slope scour was serious. With the
increase in slope, the scour became increasingly severe and
even exposed the laid coal gangue. Thus, the plant seeds

sprayed at the slope top of model box A were washed away
by rain, the coal gangue disintegrated under the infiltration
of rain, and the surface guest soil slid with the disintegrating
coal gangue, which resulted in a low plant germination rate
and poor slope protection effect. As shown in Figure 6, the
roots of slope protection plants do not have difficulty
growing into the slope because there is a polymer curing
agent layer, and their roots can pass through the sprayed
pure acrylic emulsion curing agent layer to achieve eco-
logical slope protection.

The simulated slope test shows that the newly proposed
ecological protection method of coal gangue slopes in this
paper is feasible. On one hand, the reticulated film of pure
acrylic emulsion curing agent can greatly reduce the in-
fluence of weathering and leaching on coal gangue and
prevent heavy metal elements in coal gangue from entering
the surrounding soil. On the other hand, the pure acrylic
emulsion curing agent can reduce the loss of water in the
slope soil by preventing water from penetrating the rock
formation, which improves the growth environment of
plants and makes the plants luxuriantly grow, so the roots
are developed and play a role of reinforcement for the soil.

4.2. Practical Engineering Application. Taking the coal
gangue slope at K68 + 720 of the Longlang Expressway in
Loudi City, Hunan Province, as the application object of the
new protection scheme and taking the K72 + 630 coal gangue
slope with the ordinary ecological slope protection method
as the control, we studied the feasibility of the new pro-
tection scheme by evaluating the ecological protection status
for both slopes after construction.

4.2.1. Project Overview. The Longlang Expressway starts
from Longtang Town, Lianyuan City, Hunan Province, and
ends at Langtang Town, Xinhua County, Hunan Province.
The route strike zone is located in Xinhua County, Loudi
City, Hunan Province, and the mountain trend is basically
consistent with the geological structure line, that is,
northeast trend. The corridor belt is composed of eroded
middle and low mountains and hills. The terrain is generally
high in the middle and low on the east and west sides. The
tectonic denudation and dissolution in the area are strong
with high mountains and steep slopes, developed gullies,
mostly northeast trending gullies, and “V”-shaped gullies
and valley sections. The surface water system is relatively
developed, the bedrock is mostly exposed, and the vegetation
is less developed. Some areas are abandoned mining areas.
Many coal gangue slopes are formed by subgrade excavation
with poor construction conditions and difficult ecological
restoration.

4.2.2. Construction Method. First, the slope surface was
levelled, depressions and cracks were filled, dangerous
stones and pumice on the slope surface were removed, and
the slope surface was wetted with water. Then, the wet jet
machine was segmented, the pure acrylic emulsion curing
agent was sprayed from top to bottom, and the spraying
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FIGURE 4: (a) Model box A after the laid coal gangue; (b) model box B after spraying the pure acrylic emulsion curing agent.

FIGURE 5: Plant growth on the simulated slope: (a) model box A after three months of construction; (b) model box B after three months of
construction; (c) model box A after six months of construction; (d) model box B after six months of construction.

TaBLE 6: Test results of the simulated slope.

Ratio of germination (%) Vegetation coverage (%) Cumulative soil erosion (%) pH
Time (d) 30 30 90 180 30 90 180 180
Model box A 52.3 21.2 31.5 36.7 13.6 23.1 33.4 5.6
Model box B 86.4 36.6 87.4 924 4.7 6.7 8.2 7.1

thickness was 6-8 mm. After the curing agent was com-
pletely solidified, the guest soil was sprayed. The method of
external-soil spray seeding is as follows: first, the guest soil
was sprayed without seeds, and the spraying thickness was

approximately 7/10 of the actual spraying and sowing
thickness of guest soil. Second, after the subbase was stable,
the guest soil containing seeds was sprayed, and the spraying
thickness was approximately 1/10 of the actual spraying
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FIGURE 6: Plant roots passing through the curing agent layer.
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()

FIGURE 8: Test coal gangue slope one year after construction: (a) with added polymer curing agent; (b) without polymer curing agent.

thickness of the substrate. Finally, guest soil without seeds
was sprayed, the spraying thickness was approximately 1/5
of the actual spraying thickness, and the total spraying
thickness was 18-22cm. External-soil spray seeding is
shown in Figure 7.

4.2.3. Results and Analysis. The test coal gangue slope one
year after construction is shown in Figure 8. Figure 8
shows that the coal gangue slope constructed by the
traditional ecological slope protection method has poor
plant development, low vegetation coverage, and obvious

rainwater scouring traces on the slope. The coal gangue
slope constructed by the new protection method with a
polymer curing agent shows good results. Its slope
greening is essentially covered, the vegetation is well
developed, the environmental quality is clearly optimized,
and the effect of slope protection and ecological resto-
ration is preliminarily manifested. Thus, the new eco-
logical protection technology of coal gangue slopes
combined with external-soil spray seeding and polymer
curing agents can achieve slope protection and ecological
restoration and can be popularized and applied in similar
projects.
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5. Conclusions

In this paper, pure acrylic emulsion and ordinary Portland
cement were used as the main raw materials to prepare an
organic polymer curing agent, and the best mixing ratio was
experimentally determined. Then, its protection mechanism
was analysed. Finally, a new ecological protection technol-
ogy for coal gangue slopes with pure acrylic emulsion curing
agents was proposed, and its protection effect was analysed
through slope simulation and practical engineering appli-
cations. The main conclusions are as follows.

(1) The pure acrylic emulsion curing agent with a P/C of
1.2 satisfies the requirements of workability, water
resistance, durability, and bond strength and is most
suitable to protect coal gangue slopes.

(2) Polymer particles of pure acrylic emulsion and hy-
dration products of cement were interwoven to form
a network film with good waterproof ability; the film
covered the coal gangue surface to prevent the
weathering and disintegration of coal gangue and
improve the stability of coal gangue slopes.

(3) The net film layer of the pure acrylic emulsion curing
agent greatly reduces the influence of weathering and
leaching on the coal gangue, prevents the heavy metal
elements in the coal gangue from entering the sur-
rounding soil, increases the water storage capacity of
slope soil, and improves the growth environment of
plants. Moreover, plant roots can pass through the pure
acrylic emulsion curing agent layer, and the presence of
a curing agent does not affect the growth of plant roots.

(4) Simulated slope tests and practical engineering ap-
plications prove that stabilizing the surface of the
slope by first using a pure acrylic emulsion curing
agent and subsequently spraying guest soil is a new
method to ecologically protect coal gangue slope.
This new method can achieve slope protection and
ecological restoration, and it has high popularization
and application value.
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