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ABSTRACT

Mine grouting reinforcement and water plugging projects often require large amounts of grouting materials. To
reduce the carbon emission of grouting material production, improve the utilization of solid waste from mining
enterprises, and meet the needs of mine reinforcement and seepage control, a double-liquid grouting material
containing a high admixture of coal gangue powder/bottom ash geopolymer was studied. The setting time, fluid-
ity, bleeding rate, and mechanical properties of grouting materials were studied through laboratory tests, and SEM
analyzed the microstructure of the materials. The results show that the total mixture of calcined gangue does not
exceed 60%. And the proportion of bottom ash replacing cement should be within 30%. At the same time, the
volume mixture of sodium silicate is 20%. And the water-solid ratio does not exceed 0.6. The stability of the slurry
prepared under this ratio is good. The microstructure of the stone body is dense, and its strength can meet the
requirements of rock reinforcement and seepage control. Its economic and environmental benefits are more sig-
nificant than the traditional cement-silicate double-liquid grouting material.
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1 Introduction

Coal resources are still the main energy in China, and there is still a huge consumption in the future for a
long time. With the gradual reduction of shallow coal resources and the increasing depth of coal seam
mining, under the effect of high stress and high water pressure, deep mining faces the problem of water
inrush from mine aquifers, which usually requires grouting for rock reinforcement and seepage control of
aquifers [1–3]. The commonly used grouting materials in the field of grouting reinforcement and anti-
seepage are cement-based or cement-silicate double-liquid grouting materials [4]. However, in mine
grouting projects, large-scale grouting imposes an economic burden on coal mining enterprises. At the
same time, the production of cement materials consumes a large amount of energy. CO2 emissions from
its production process account for 5%–8% of global anthropogenic CO2 emissions, which is inconsistent
with the green development concept of global carbon emission reduction and carbon neutrality [5,6]. To
address the environmental impact of mass production and the use of cement, scholars have been
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developing supplementary cementitious materials as a partial replacement for cement to enhance material
performance while reducing cement consumption [7,8]. Some scholars have also researched materials
with high CO2 absorption and reactivity from the perspective of their reactivity with CO2 and applied
them to the construction field to mitigate the greenhouse effect [9,10]. Meanwhile, some scholars have
used waste materials to produce admixtures and added them to various cement products to change the
performance of cement to meet various engineering requirements [11]. In the field of grouting materials
and construction materials, using solid waste with extensive sources, low cost, low energy consumption,
and low CO2 emission instead of cement has become a hot research topic in recent years [12]. Zhang
et al. used slag and fly ash to prepare an environmentally friendly grouting material with high strength,
good flowability, low bleeding rate, and low porosity [13]. Zhang et al. prepared grouting materials with
red mud and magnesium phosphate cement to reduce the use of cement and found that red mud improved
the flowability of grouting materials, increased its strength, and reduced porosity [14]. Li et al.
demonstrated experimentally the feasibility of producing high-strength mortar from seawater and coral
sand [15]. Chu et al. prepared concrete blocks with strength comparable to that of using natural
aggregates using recycled aggregates from construction solid waste [16].

With the further exploitation of mine resources, coal gangue has become the largest waste in coal
production. Its spontaneous combustion and accumulation are extremely harmful to the environment, and
the comprehensive utilization rate of coal gangue is not high for a long time. How to effectively utilize
coal gangue is one of the important research directions of coal gangue treatment methods [17,18]. Li
et al. used coal gangue and fly ash to prepare underground backfill material, which realized the
comprehensive utilization of mine solid waste resources and solved the environmental problems caused
by solid waste [19]. Yang et al. tested the effects of single and mixed activators on the setting time and
strength of gangue-based geopolymers and concluded that mixed activators are more favorable to
stimulating the hydration reaction of geopolymers [20]. According to XRD, TG-DTG, FT-IR, and SEM
analysis, Yi et al. found that the hydration products of coal gangue geopolymer were mainly N-A-S-H
gels and aluminosilicate zeolite crystals, which had a significant effect on the strength of the stone body
[21]. Yan et al. analyzed the microstructure of metakaolin-sodium silicate double-liquid grouting material
and found that the grouting material has good durability compared with ordinary cement-silicate double-
liquid grouting material [22]. Guo et al. used coal gangue, fly ash, and slag to prepare grouting materials
with clean production, high strength, and seepage pressure by response surface methodology [23]. Zhao
et al. used uncalcined coal gangue and municipal solid waste incineration fly ash to prepare cementitious
materials and found that the formation of N-A-S-H in the stone body provided strength, and the heavy
metal ions in municipal solid waste incineration fly ash were solidified in the final formed geopolymer,
reducing its toxicity [24].

With the acceleration of urbanization in China, the output of solid waste such as municipal waste is large
and the utilization rate of resource utilization is low, which has caused a major obstacle to environmental
protection. At present, the commonly used urban waste treatment method is mainly the landfill method,
but the landfill method occupies a large area of land, which is easy to cause secondary pollution to the
underground environment. In recent years, waste incineration technology has been gradually developed
and applied, and the bottom ash remaining after incineration still has potential economic value, which is a
research hotspot in the utilization of solid waste resources [25–29]. Li et al. and Yang et al. studied the
feasibility of preparing blended cement from municipal solid waste incineration bottom ash, and the
results showed that municipal solid waste incineration bottom ash has certain cementitious activity, but
the cementitious activity is lower than that of cement, and the addition amount in cement should be
controlled within 30% [30,31]. Zhang et al. analyzed the characteristics, modification treatment, and
utilization of circulating fluidized bed combustion ash (CFBCA), which has pozzolanic activity and loose
structure, and its f-CaO and SO3 content lead to unstable material properties. CFBCA can be used as a
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mineral admixture by modification treatment and as a low-carbon building material for making brick or
synthesizing geopolymer [32]. Mohammad et al. summarized the material properties and engineering
applications of coal bottom ash (CBA). CBA has high porosity and strong water absorption. The concrete
prepared by CBA has good resistance to sulfate attack and dry shrinkage. It can be used as a substitute
for cement in building materials and has good economic and environmental benefits [33].

Using coal gangue and municipal waste incineration bottom ash instead of cement to prepare grouting
materials can improve the utilization rate of industrial solid waste and reduce carbon emissions during slurry
production, thus protecting the mine and urban environment. In this paper, based on the principle of
geopolymer reaction, on the basis of common cement-silicate double-liquid grouting material, we use
activated coal gangue and municipal solid waste incineration bottom ash to replace part of the cement to
prepare geopolymer double-liquid grouting material, and the solid waste is resourcefully utilized. The
basic properties of the grouting material were studied through laboratory tests, and its economic and
environmental benefits were compared with the traditional cement-silicate double-liquid grouting material
to explore the possibility of preparing grouting materials with high admixture solid waste from mining
enterprises.

2 Experimental Materials and Methods

2.1 Activation Mechanism of Coal Gangue
The main mineral components of coal gangue are kaolinite, montmorillonite, quartz sand, silicate

minerals and carbonate minerals, among which the content of kaolinite can reach more than 60%. The
raw material of coal gangue has almost no hydraulicity, and it needs to be activated by certain methods.
The commonly used activation methods of coal gangue include thermal activation, mechanical activation,
and chemical activation [34–36]. It has been mentioned in studies that kaolin clay is rich in
aluminosilicate, and has a high reactivity when calcined at an intermediate temperature of 600°C–800°C
[37,38]. The kaolinite crystal structure consists of silica-oxygen tetrahedral layer and aluminum-oxygen
octahedral layer, each Al is connected with 2 O and 4 OH at the same time, under high-temperature
calcination, the hydroxyl group is removed, and the coordination number of Al tends to 4 from 6,
forming a poorly crystallized metakaolin, the atoms are irregularly arranged, showing a
thermodynamically metastable state, and the ordered structure is transformed into a disordered system
[39]. Similar to kaolin clay, when coal gangue is calcined, the binding water is removed and the crystal
structure is destroyed, forming an amorphous metakaolin that produces large amounts of reactive Al2O3

and SiO2, giving it volcanic ash activity. The specific chemical reaction equation of the coal gangue
activation process is as follows [40,41]:

Al2O3 � 2SiO2 � 2H2O ! Al2O3 � 2SiO2 þ 2H2O 500�C � 800�Cð Þ (1)

Through mechanical activation, that is, the effect of pulverization, the gangue particles can be refined,
increasing their specific surface area. Under the effect of pulverizing, the crystal structure of aluminum-
oxygen triangle and silica-oxygen tetrahedron within the gangue is destroyed and the degree of
amorphous is increased, to improve the activity of gangue [42]. The Chemical activation method of coal
gangue is mainly by adding an activator to participate in and accelerate the secondary reaction of coal
gangue and cement hydration products. Under the action of alkaline substances, the covalent bonds of Si-
O-Si and Al-O-Al in the material are broken, forming ions into the solution, and [SiO4]4− and [AlO4]5−

in the solution combine to form a three-dimensional polymeric aluminate structure. With the occurrence
of polymerization, the hydration products of a stable three-dimensional network structure are
continuously generated, which improves the strength of the material. The polymerization mode can be
expressed by the following general formula [43]:
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Mn� SiO2ð Þm� Al� O½ �n � qH2O (2)

M is alkali metal; m can be 1, 2, 3; n is polymerization degree; q is the amount of bound water.

The activation methods used in the preparation of coal gangue are usually not single. Generally,
several activation methods are used simultaneously to obtain better material properties, namely, the
composite activation method. In this paper, three methods of thermal activation, mechanical activation,
and chemical activation are used to stimulate the activity of coal gangue. The coal gangue powder after
calcination and grinding is selected, and sodium silicate is added as an alkali activator to prepare double-
liquid grouting material.

2.2 Concept and Technology of Double Liquid Grouting
Double-liquid grouting is composed of two kinds of grouting slurry (liquid A, liquid B), which are

stored in two containers, respectively. During the construction process, the two are pumped into the mixer
together in a certain proportion through two pressure grout pumps and mixed, and quickly pumped out to
the grout pipe for injection into the strata, its grouting process diagram as Fig. 1. The two solutions react
rapidly to produce a gel substance that fills and gels the internal pores of the rock or soil, thus achieving
the purpose of reinforcement and impermeability. Double-liquid grouting material has the advantages of
short setting time, good stability, and not easy to lose, and is often used in foundation reinforcement and
emergency plugging projects.

2.3 Selection of Materials

2.3.1 Calcined Coal Gangue
The 400 mesh calcined coal gangue powder produced in Hebei was selected and its chemical

composition is shown in Table 1 and the particle size distribution is shown in Fig. 2.

Figure 1: Schematic diagram of double-liquid grouting process

Table 1: Chemical composition of the main component materials of grouting materials (%)

Chemical composition SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O SO3

Calcined coal gangue 53∼60 15∼30 0.3∼2.3 0.5∼15 0.4∼4 1∼5 0.4∼2.5 —

Municipal solid waste
incineration bottom ash

45∼52 6∼13 20∼39 4∼8.4 1.2∼3.2 1.3∼2.9 0.6∼3.3 0.5∼3.9

Cement 19.66 6.39 61.67 3.66 3.01 0.95 0.3 3.02
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2.3.2 Municipal Solid Waste Incineration Bottom Ash
The municipal solid waste incineration bottom ash treated by screening, magnetic separation, and

crushing is selected, and its composition is shown in Table 1. It can be seen from the table that the main
chemical components of municipal solid waste incineration bottom ash are CaO and SiO2, which are
similar to the main chemical components of cement, and can be used instead of part of cement clinker in
the experiment.

2.3.3 Cement
The PO425 Portland cement produced in Shandong is used, and its chemical composition is shown in

Table 1.

2.3.4 Sodium Silicate
Using sodium silicate produced in Zhejiang area, modulus m = 3.26, Baume° Bé = 38.5.

2.3.5 Other Admixture
Polycarboxylate superplasticizer.

2.4 Test Material Ratio Design and Preparation Method
The orthogonal test has the characteristics of uniform dispersion, neatness, and comparability, and has

high efficiency and economy in the multi-factor test. In this paper, the orthogonal test with four factors and
three levels is used for the proportioning design of the slurry. Municipal solid waste incineration bottom ash
is used as part of the substitute material of cement, and it is mixed with cement according to the test design
proportion. The total content of calcined coal gangue powder in the cementitious material shall not be less
than 50%. Based on the above materials, sodium silicate with different volume ratios is added as an alkali
activator to prepare the double-liquid grouting material. Through the analysis and study of the water-solid
ratio A, the proportion of solid waste incineration base ash instead of cement clinker B, the ratio of
calcined coal gangue powder to total powder C, and the volume ratio of sodium silicate to geopolymer
slurry D, the influence of these four factors on the performance of grouting materials is obtained, then the
trend of the influence of each factor on the performance of the slurry is derived.

The design of the material composition distribution ratio of coal gangue/bottom ash geopolymer double-
liquid grouting material is shown in Table 2. Among them, in order to make the grouting material have
greater liquidity to ensure its injectability, while ensuring its later strength, adding polycarboxylate
superplasticizer accounted for 2% of the quality of grouting powder.

Figure 2: Particle size distribution of coal gangue powder

JRM, 2023, vol.11, no.7 3077



The preparation process of slurry is as follows: according to the proportion shown in Table 2, the L9
(3^4) orthogonal experiment table is selected, and a total of 9 groups of proportion experiments are
carried out. Firstly, mix cement with calcined gangue powder and municipal solid waste incineration
bottom ash according to the proportion, then add fixed proportion of water and polycarboxylate
superplasticizer for mixing (liquid A), and finally add different volume ratio of sodium silicate (liquid B)
and mix well.

2.5 Experimental Method

2.5.1 Fluidity Experiment
The fluidity of slurry was tested by the slurry fluidity test model. Firstly, put the glass plate in a

horizontal position and wipe it with a damp cloth to make its surface wet, put the truncated cone round
mold in the center of the glass plate and cover it with a damp cloth for later use. The material was stirred
evenly according to the ratio and quickly poured into the truncated cone round mold. When the slurry
and the top of the mold were flat, the pouring stopped and the mold was quickly lifted in the vertical
direction. Because the sodium silicate double-liquid slurry setting time is fast, the maximum diameter of
the two mutually perpendicular directions of the slurry flow part were measured based on the time point
of the slurry solidification, and the average value was taken as the slurry fluidity.

2.5.2 Setting Time Experiment
Because the setting time of double-liquid slurry is short, usually within a few minutes, so the inverted

cup method is used to test the setting time. Put the geopolymer slurry and the sodium silicate solution in two
beakers respectively, pour them alternately in the two beakers and count the time until the slurry no longer
flows.

2.5.3 Bleeding Rate Experiment
The grouting slurry is prepared according to the designed proportion and then poured into a 100 ml

measuring cylinder, and then the measuring cylinder is sealed and placed in a flat position. Observe and
record the volume of water separated from the slurry in the graduated cylinder every 10 min, and
measure the water bleeding rate within 2 h. Bleeding rate = volume of precipitated water/100 × 100%.

Table 2: Composition design of experiment materials

Group
number

Factor A/
water-
solid
ratio

Factor B/proportion of solid
waste incineration base ash
instead of cement clinker%

Factor C/the ratio of
calcined coal gangue
powder to total powder%

Factor D/the volume
ratio of sodium silicate to
geopolymer slurry%

1 0.4 10 50 20

2 0.4 20 60 40

3 0.4 30 70 60

4 0.6 10 60 60

5 0.6 20 70 20

6 0.6 30 50 40

7 0.8 10 70 40

8 0.8 20 50 60

9 0.8 30 60 20
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2.5.4 Compressive Strength Experiment
Compressive strength tests were carried out on slurry concretions specimens with different curing

periods. After coating the 70.7 mm × 70.7 mm × 70.7 mm mold with a layer of release agent and pouring
in the proportionally configured slurry, scrape off the slurry that overflows the test mold part and vibrate
it tightly. The specimens were placed in a curing box with a temperature of 20°C and relative humidity of
95% for 7 and 28-d, respectively, and the uniaxial compressive strength was tested. The experiment
instrument is the electronic universal material testing machine. The loading speed is 0.1 kN/s. After the
sample is damaged, the loading is stopped and the data is recorded.

The specific test procedure is shown in Fig. 3.

3 Results and Analysis

3.1 Results of Orthogonal Experiment
The results of orthogonal experiment are shown in Table 3.

Figure 3: Test flow chart

Table 3: Results of orthogonal experiment

Group number Fluidity/mm Setting time/s Compressive strength/MPa Bleeding rate/%

7-d 28-d

1 65.0 10.05 7.49 11.21 0.06

2 66.0 14.11 5.32 6.94 0.06

3 80.5 19.95 0.19 2.16 0.08

4 185.5 135.36 0.14 2.07 0.11

5 98.5 14.78 2.35 5.25 0.13

6 190.0 26.56 2.20 5.12 0.15

7 200.0 105.38 0.10 1.83 0.33

8 148.0 10.88 0.13 2.05 0.35

9 193.0 22.36 1.70 3.76 0.37
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3.2 Analysis of Setting Time
Setting time is one of the important factors to determine the performance of grouting material, which

reflects the gelling speed of slurry, determines the pumpability, operability, and grouting diffusion range
of slurry. A short setting time will cause blockage of the grouting pipe and a small diffusion range, while
a long setting time will result in insufficient grouting reinforcement. The range analysis of experiments
results is shown in Table 4, and the variation curves of setting time under all the factors are shown in Fig. 4.

Combining the analysis of Table 4 and Fig. 4, the primary relationship among the four factors on the
influence of slurry setting time of the grouting is B > A > C > D. With the increase in the content of
calcined coal gangue, the setting time of the slurry shows an overall increasing trend. The reason is that
the gel reaction in the early stage of the slurry is mainly carried out by the reaction of Ca(OH)2
hydrolyzed by CaO in cement with sodium silicate to generate C-S-H gel. The increase in the content of
calcined coal gangue reduces the CaO content in the slurry system and increases the time for the
formation of the gel. The increase of sodium silicate content makes the slurry viscous, making it difficult
to mix and react adequately, resulting in prolonged slurry setting time. The water-solid ratio rises, the
spacing of solid particles in the slurry increases, its spatial flocculation structure forms slowly, and the
overall slurry setting time tends to rise. When the water-solid ratio rises from K2 to K3, the overall
viscosity of the slurry containing excess sodium silicate decreases at this point, making the reaction
between liquid A and liquid B more adequate and the slurry setting time shortened to some extent. The
content of incineration bottom ash at the K1 level is relatively small, so the effect on the setting time of
the slurry is not significant. At this point, the main factor affecting the slurry setting time is the amount of
coal gangue. The amount of incineration bottom ash added at the K2 level has a significant effect on the
slurry setting time, which may be because of its fluffy powder, strong water absorption, accelerating the

Table 4: Range analysis of setting time

Analysis item Setting time/s Primary and secondary factors

A B C D

K1 14.70 83.60 15.83 15.73 B > A > C > D

K2 58.90 13.26 57.28 48.68

K3 42.21 22.96 46.70 55.40

R 44.20 70.34 41.45 39.67
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Figure 4: Curves of setting time under each factor
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slurry setting, while its high SO3 content, and in the slurry system as SO4
2− stimulates early hydration and

reduces the setting time. When the substitution rate reaches 30%, because its CaO content is lower than
cement, the Ca2+ content in the early hydration reaction is reduced, and the setting time is relatively longer.

3.3 Analysis of Fluidity
The fluidity of grouting slurry affects the pumpability and injectability of slurry, and to a certain extent

determines the diffusion and filling performance of slurry in the grouting area, affecting the final effect of
grouting. The slurry with appropriate fluidity can be prepared according to the diffusion range and
reinforcement area required in practical engineering through fluidity research. The range analysis of the
fluidity test results is shown in Table 5, and the fluidity change curve under each factor is shown in Fig. 5.

Combining the analysis of Table 5 and Fig. 5, the primary relationship among the four factors on the
influence of slurry fluidity of the grouting is A > B > D > C. With the increase of the water-solid ratio, the
slurry becomes thinner and thinner, and the fluidity increases. When the addition of municipal solid waste
is 20%, the effect of coal gangue/bottom ash geopolymer double-liquid grouting slurry fluidity changes
abruptly, while the addition of 10% and 30% have the same effect on the slurry fluidity. When the
addition amount of calcined coal gangue increases from 50% to 60%, due to the reduction of cement
content in the slurry, the coagulation speed of the slurry becomes slower, which increases the fluidity in
the early stage. When the addition amount of calcined coal gangue reaches 70%, due to the loose porous
structure inside the coal gangue after calcination, the coal gangue has the ability to adsorb water during
the slurry mixing, and its large addition reduces the fluidity. When the content of sodium silicate
increases, the free water in the sodium silicate increases the water-solid ratio of the double-liquid grouting

Table 5: Range analysis of fluidity

Analysis item Fluidity/mm Primary and secondary factors

A B C D

K1 70.50 150.17 134.33 118.83 A > B > D > C

K2 158.00 104.17 148.17 152.00

K3 180.33 154.50 126.33 138.00

R 109.83 50.33 21.84 33.17
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Figure 5: Curves of fluidity under each factor
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slurry and the fluidity of the slurry increases. Therefore, the fluidity requirements of practical engineering can
be met by properly adjusting the volume ratio of sodium silicate to liquid A.

3.4 Analysis of Bleeding Rate
The bleeding rate of the grouting slurry determines the stability of the slurry, which is particularly

important in the process of long-distance transportation. If the bleeding rate of the grouting slurry is too
large, the bleeding phenomenon will occur in the transportation process, and the slurry deposition will
cause the blockage of the pipeline. Therefore, the bleeding rate test must be carried out to judge the
stability of the slurry. The smaller the water bleeding rate, the better the slurry stability. Because the
sodium silicate double-liquid grouting slurry has the characteristics of rapid setting, the mixed slurry will
hardly separate water, and the double-liquid grouting slurry needs to be transported to the grouting area
through two grouting pipelines in the grouting construction process and quickly combined with the
reaction at the grouting mouth to form a stone body. Therefore, it is only necessary to test the influence
of liquid A bleeding rate on storage and transportation. The range analysis of the bleeding rate test results
is shown in Table 6, and the bleeding rate change curve under each factor is shown in Fig. 6.

Combining the analysis of Table 6 and Fig. 6, the bleeding rates of the slurry are all within 5%,
indicating that the gangue-based solid waste slurry has good stability. The primary relationship among the
four factors on the influence of the slurry bleeding rate of the grouting is A > B > C. The water-solid ratio
is the main factor affecting the bleeding rate, and the liquid A bleeding rate of this double-liquid grouting
material increases with the increase of the water-solid ratio. With the increase of the content of calcined
coal gangue, the water bleeding rate of slurry decreases because of the strong adsorption of calcined coal

Table 6: Range analysis of bleeding rate

Analysis item Bleeding rate/% Primary and secondary factors

A B C

K1 0.07 0.17 0.19 A > B > C

K2 0.13 0.18 0.18

K3 0.35 0.20 0.17

R 0.28 0.03 0.02
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Figure 6: Curves of bleeding rate under each factor
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gangue to water, its high addition can make the slurry in a longer transport or storage time to maintain a low
bleeding rate. Municipal solid waste incineration bottom ash will increase the bleeding rate of the slurry with
the increase of the addition amount.

In the actual project, it is necessary to choose the appropriate water-solid ratio and powder proportion
according to the slurry conveying distance or the complexity of the grouting area to ensure the stability of the
slurry while having good fluidity and spreading distance.

3.5 Analysis of Uniaxial Compressive Strength
The strength of the grout stone body under external force is related to the stability and durability of the

stone body after grouting. Especially in the deep mining of the mine, due to the influence of external force
disturbance and high water pressure, the grouting material needs to have a certain strength to meet the needs
of reinforcement and water plugging after solidification. The uniaxial compressive strength test was carried
out on the specimens cured for 7 and 28-d under standard conditions. The range analysis of test results is
shown in Table 7, and the compressive strength curve under each factor is shown in Figs. 7 and 8.

Table 7: Range analysis of uniaxial compressive strength

Analysis item Uniaxial compressive
strength/MPa

Primary and secondary factors

A B C D

Curing period (7-d) K1 4.33 2.57 3.27 3.84 D > A > C > B

K2 1.56 2.60 2.38 3.26

K3 0.64 1.36 0.88 0.14

R 3.69 1.24 2.39 3.70

Curing period (28-d) K1 6.77 5.03 6.12 6.74 D > A > C > B

K2 4.14 4.74 4.25 4.63

K3 2.54 3.68 3.08 2.09

R 4.23 1.35 3.04 4.65
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Figure 7: Curves of compressive strength (7-d) under each factor
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Combining the analysis of Table 7, Figs. 7 and 8, The influence of each factor on the compressive
strength of grout stone at 7 and 28-d is D > A > C > B. With the increase of sodium silicate addition, the
compressive strength of the stone body showed a decreasing trend, and its different additions had a
particularly obvious effect on the compressive strength of the stone body during the 7-d maintenance
period. The addition of sodium silicate can improve the strength of the stone body in the short term. Still,
its strength mainly comes from the gel generated by the hydration reaction with cement in the early stage.
When the sodium silicate content is too much, it dilutes the slurry. At the same time, the excess sodium
silicate that fails to react generates silica gel with too low strength, which decreases the stone body’s
overall strength. With the increase of calcined gangue and municipal solid waste content, the strength of
the stone body shows a decreasing trend, and the decreasing trend is slower after 28-d. With the increase
of the water-solid ratio, the strength of the stone body shows a decreasing trend, and the decreasing trend
is more prominent when the water-solid ratio exceeds 0.6.

In summary, the volume ratio of sodium silicate in the double liquid grouting system should not exceed
20%. The excessive addition of sodium silicate will have a significant dilution effect on the slurry and reduce
the strength of the stone body. The water-solid ratio should not exceed 0.6 and should be adjusted according
to the needs of the actual project to meet the fluidity and compressive strength. To ensure the strength of the
stone body, the addition of calcined coal gangue should not exceed 60%.

3.6 Microstructural Analysis
It can be seen from Fig. 9 that after the 28-d maintenance period, the slurry stone body containing 50%

dose of calcined gangue and 20% volume dose of sodium silicate contains a large amount of fibrous C-S-H
gel generated by early hydration. The hydrated sodium silica-aluminate gel (N-A-S-H) is generated by the
active SiO2 and Al2O3 in the late gangue powder with free Na+ released from sodium silicate, both of
which are interwoven and combined into a dense three-dimensional spatial network structure. And the
mechanical properties of the stone body are better at this time. When the addition of calcined coal gangue
reaches 70%, the concentration of Ca2+ in the slurry system decreases, the C-S-H produced by the early
hydration reaction is less, the main product is N-A-S-H and mixed with more unreacted coal gangue
pellets. At this time the internal structure of the stone body is loose, with more pores, and the
corresponding strength is lower. When the volume admixture of sodium silicate is as high as 40%, the
excessive sodium silicate dilutes the solid particles and hinders the further reaction of hydration products.
Most hydration products are laminated C-H structures and coal gangue pellets with weak interlayer
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connections and low strength. Calcined coal gangue and sodium silicate should be added in the appropriate
range to ensure the stability of the strength of the stone body.

3.7 Applicability Analysis of Coal Gangue/Bottom Ash Geopolymer Double-Liquid Grouting Material

3.7.1 Water Plugging Performance Analysis of Grouting Material
According to the reference [44], the reinforced impermeable material needs a certain shear strength to

prevent the slurry stone body from being squeezed out of the fissure by water pressure, so as to resist the
seepage failure of high water pressure. This performance can be checked with the Buckingham-Reiner
formula:

ss ¼ PB

2b
(3)

In the formula: ss-shear strength, MPa; P-permeability pressure of groundwater, MPa; B-gap width, mm;
b-curtain thickness, mm.

Assuming that the groundwater in the grouting area has a high water pressure of 4 MPa, the crack width
is 10–20 mm, and the curtain thickness is 1000 mm, the shear strength required to destroy the grouting grout
stone body can be obtained from the formula (3) to be 0.04 MPa. The tensile strength of the stone body is
generally 1/20–1/10 of the compressive strength, and the shear strength is located between them. The 1/20 of
the compressive strength of the stone body is taken as the shear strength. The minimum compressive strength
obtained in this paper’s 28-d curing period of the stone body specimen is 1.83 MPa, and its shear strength of
0.09 MPa also exceeds the shear strength required for failure. Therefore, coal gangue/bottom ash geopolymer
double-liquid grouting material can be used as an anti-seepage material to resist high water head damage.

3.7.2 Analysis of the Economic and Environmental Benefits and Performance of Grouting Materials
Combined with the analysis of Tables 3 and 8, although the stone body strength of coal gangue/bottom

ash geopolymer double-liquid grouting material is lower than that of traditional cement-silicate double-
grouting material, its later strength increases significantly. When the addition amount of calcined coal
gangue reaches 60% or the addition amount of municipal solid waste incineration bottom ash reaches
20% (The volume addition of sodium silicate is kept at 20%∼40%), its strength still meets the basic
engineering needs. Compared with ordinary cement-sodium silicate slurry, the manufacturing cost of coal
gangue/bottom ash geopolymer double-liquid grouting material is lower, and its CO2 emission in the
production process is greatly reduced [45]. The calcination temperature of coal gangue is much lower
than the production temperature of cement clinker, and the energy consumption is lower.

Figure 9: Microstructure of stone body (28 days curing period): (a) 50% calcined coal gangue and 20%
sodium silicate; (b) 70% calcined coal gangue and 20% sodium silicate; (c) 50% calcined coal gangue
and 40% sodium silicate
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To summarize the above, the wide source and low price of solid waste materials significantly reduce the
cost of grouting for underground projects, while the reduced amount of cement reduces the amount of non-
renewable energy used to produce cement and the amount of CO2 emissions. The geopolymer double-liquid
grouting material has the characteristics of a fast setting, the later strength increases greatly, and the internal
three-dimensional network structure of the stone body by C-S-H and N-A-S-H interwoven combination is
more stable, overcoming the shortcomings of single-liquid cement grouting material with long setting
time and easy leakage after grouting and common cement-silicate double-liquid grouting material that is
easily eroded by water and poor durability. Therefore, geopolymer double-liquid grouting material is
more suitable for underground rock and soil filling, reinforcement, and isolation waterproof plugging
projects in a water-rich environment.

4 Conclusions

Deep mine reinforcement and anti-seepage double-liquid grouting materials were prepared using solid
waste. The ratio and performance of coal gangue/bottom ash geopolymer double-liquid grouting material
were studied through laboratory tests and microscopic analysis. The performance and economic and
environmental benefits were compared with those of traditional cement-silicate double-liquid grouting
material. The following conclusions are drawn:

1. Under the combined action of three activation methods of calcination, grinding, and adding a
chemical activator, adding calcined coal gangue in the range of 50% to 60% can prepare grouting
materials that meet the needs of deep mine reinforcement and anti-seepage, which improves the
utilization rate of coal gangue.

2. The orthogonal test shows that the municipal solid waste incineration bottom ash has a certain
cementitious activity, and the impact on the compressive strength performance of the double-
liquid grouting system is stable at a replacement rate of less than 30%.

3. The range analysis of orthogonal test shows that in the coal gangue/bottom ash geopolymer double-
liquid grouting material system, the water-solid ratio and the addition amount of municipal solid
waste incineration bottom ash have obvious influences on the setting time, fluidity and bleeding
rate of the slurry. The addition of sodium silicate and water-solid ratio play a major role in
controlling the compressive strength of slurry stones. Sodium silicate volume admixture in 20% is
the best, and the water-solid ratio should not exceed 0.6.

Table 8: Analysis of the economic and environmental benefits and performance of grouting materials

Grouting material Cement-silicate double-
grouting material

Coal gangue/bottom ash geopolymer double-
liquid grouting material

7-d compressive
strength/MPa

12.2 7.49

28-d compressive
strength/MPa

15.7 11.21

Strength growth rate 28.7% 49.6%

CO2 emissions per ton of
material produced/t

1.38 0.28

Temperature required for
material production

1400°C∼1450°C 500°C∼750°C

Cost/(¥/t) 450∼500 380∼400
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4. The coal gangue/bottom ash geopolymer double-liquid grouting material meets the reinforcement
and seepage control requirements of deep mines and is economically superior. Its carbon emission
in the production process is much lower than traditional cement-silicate double-liquid grouting
material, which is conducive to the protection and improvement of the ecological environment of
mines and cities.
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