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Abstract: The internal fractures in coal and rock mass are important factors affecting the safety of
underground engineering such as coalbed methane exploitation, so the comprehensive properties
of materials used to seal the fractures are particularly critical. In this paper, firstly, the indexes of
the main factors affecting the plugging material (viscosity, bleeding rate, setting time, and strength)
were analyzed. Then, the sensitivity of the materials used to seal the fractures was studied and
discussed using a principal component analysis and response surface analysis (RSM-PCA). The
primary conclusions are as follows: (1) Bleed rate and setting time were the first principal components
affecting the comprehensive properties of the plugging materials, and compressive strength was
the second principal component. (2) The regression equation was established to characterize the
comprehensive properties of the integrated plugging materials, and the optimal mix ratio was 34%
of cement content, 11% of sand content, and 0.53 of the W/C. (3) The microscopic results showed
that the silicate minerals in the consolidated body grow in a bridging manner and formed a mixed
gel with cement hydration product to fill the pores and microcracks and improved the interface
transition zone.

Keywords: fracture plugging; plasticity grouting; response surface methodology; principal compo-
nent analysis

1. Introduction

Under the influence of coal mining activities, the structure of the coal strata is dam-
aged, and the stress redistribution of the original rock leads to fracture propagation. The
continuous expansion of the fracture causes an increase in the porosity and permeability
of the coal-rock mass and promotes the outburst of coalbed methane. The gas existing
in the coal and rock layers flows into the working face along the fracture, causing gas
outburst accidents [1,2]. When coal mining activities are close to the aquifer, strong mining
disturbances lead to the initiation, expansion, development, and penetration of fractures.
A large amount of water pours into the coal mining face along the fissures and causes
flooding accidents. [3,4]. The strong mining disturbance makes the coal and rock strata
produce fracture. Under the action of in-situ stress, fractures continue to develop, which
makes the fluid flow into the working face area through a fracture, and then causes major
accidents such as coal, gas, and water disasters [5]. In recent years, China’s coal industry
has entered a stage of in-depth resource development. Affected by the high ground stress
in the deep, the threat of gas outbursts and mine water hazards is increasing [6,7]. The
grouting and reinforcement of the rock mass is one of the important techniques for sealing
fissures, and it plays a vital role in coal mine safety production. Xu and Zuo [8] analyzed
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the coagulation characteristics and plugging mechanism of the slurry, indicating that the
three-state change of continuous evolution of the slurry is the key to the success of water
plugging. Apparently, Song [9] obtained that the grouting mechanism was actually that
water and grouting-coupled seepage was formed under the impact of grouting on the water
seepage in the fractured rock mass by combining the theoretical analysis and experiments.
The flow and penetration of grouts depend on grouting materials and the reasonable ratios
of the karst fissures. The flow and penetration of the grout depend on the choice of grouting
material and the reasonable ratio of karst fissures.

Domestic and foreign scholars have conducted abundant research on the proportion
of grouting materials through experiments. By controlling the ratio of additives to water
and adding different proportions of fly ash and slag to magnesium phosphate cement, Liu
and Chen [10] invented a cement-based grouting material with excellent performance and
no pollution to the environment. Based on the principle of using as much waste as possible,
Zhu et al. [11] optimized the content of waste rubber particles, fly ash, and other materials
through single-factor experiments and prepared a mine floor reinforcement material that
provided a reference for the treatment of solid waste. Although a single-factor experiment
can intuitively reflect the influence of the variables on the results, it assumes that there
is no interaction between the variables and has great limitations. An efficient and fast
method is an orthogonal experiment, which can reduce the experimental work. Duan
et al. [12] optimized the cement slurry and chemical materials by an orthogonal experiment
method to obtain a new type of composite grouting material that provided a reference for
the development of grouting water plugging and drilling water seepage materials. Xu
et al. [13] studied the improvement of the performance of ultrafine cement grout with
different proportions of auxiliary materials through orthogonal experiments and provided
theoretical guidance for the transformation of grouting materials. Zhang et al. [14] used
orthogonal experiments to optimize the cement grouting materials with different additives
and developed a new type of nanocomposite plasticity grouting material to provide a new
guide for groundwater gushing disasters. The above research showed the optimal ratio
of one or several properties of grouting materials. The physical properties of the slurry
are related to multiple performance indicators to better indicate the performance of the
slurry. We propose a new index that expresses the performance of the slurry, namely the
comprehensive performance of the slurry. Through the analysis and processing of various
index data, the equation that characterizes the comprehensive performance of the slurry is
obtained, and the overall index of the slurry is quantified.

It is worth noting that the orthogonal experimental design method saves time and
workload; a functional relationship cannot be found between different slurry components
and measured indexes, so it is difficult to determine the optimal ratio to optimize the
slurry performance in the whole region [15]. The response surface method (RSM) as
a statistical experimental method for optimizing random processes is widely used in
system dynamics and various biological process optimizations. It is an analysis tool to
find the optimal response value by considering multiple influencing factors at the same
time and could establish a functional relationship between the influencing factors and
the response value [16]. Based on this advantage, this research attempted to developed
plasticity grouting material formulations based on the response surface experimental
method combined with a principal component analysis (PCA).

The plasticity of the slurry is mainly affected by the basic properties of the slurry
(water separation rate, viscosity, setting time, and strength of the consolidated body). By
changing the ratio of materials to optimize a certain property of the slurry, it will inevitably
cause a change of the other properties, and then, the plasticity of the slurry will be affected.
To obtain the optimal ratio of the slurry, the basic properties of a cement-based slurry,
including the bleeding rate, viscosity, setting time, and strength, were tested through a
Box-Behnken design scheme. Taking the cement, W/C, and sand content as the three
influencing factors, the tested performance index was reduced by Statistical Product and
Service Solutions (SPSS) software, and then, a PCA was carried out to obtain standardized
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comprehensive scores. A RSM was carried out with the standardized comprehensive scores
as the response value, and a multiple linear regression model between the comprehensive
performance index of the slurry and the influencing factors was established. The optimal
ratio was obtained and tested through the model. Finally, the microstructure of the slurry
was analyzed. The research in this paper provides a new idea for the optimization of plastic
materials for sealing fractures in coal and rock layers.

2. Materials and Methods

Many experts have added additives such as a solid setting, accelerator, and water-
reducing agent in the process of studying slurry, but little research has been done on slurry
composed of a cement base. Only after mastering the essential law of slurry without any
additives can appropriate reagents be added to meet the engineering needs [17]. Therefore,
the plasticity grouting materials were analyzed without any additives in this experiment.

2.1. Materials

Clay was taken from the vicinity of a mining area in Shandong Province, and its color
was reddish-brown. The physical parameters and chemical composition of the soil sample
were shown in Tables 1 and 2. The clay was dried after the impurities were removed, and
the diameter of the clay particles used less than 2 mm was sealed with a moisture-proof bag.

Table 1. Physical parameters of the soil samples.

Water Average Natural Plastic liquid Internal
o Specific Density Porosity . .0 P Cohesion/(KPa) Friction Impurity/(%)
Content/% Gravity /(g/em®) Limit/% Limit/% Angle/(*)
10.29 2.65 1.30 224 27.3 56.4 15 16 9.54
Table 2. Chemical composition of clay.
SiO, Al,O3 Fe, O3 K,O CaO MgO Miscellaneous
47.21% 32.46% 3.05% 1.28% 2.35% 1.14% 12.51%
The cement used in this experiment was P.O 42.5 Ordinary Portland. Tables 3 and 4
list the physical and chemical properties of the cement.
Table 3. Fundamental properties of the cement used.
: Setting Times/ Compressive
Water Consumption
Fineness/% for Standarrt)i Reliability (min) Flexural Strength/(KPa) Strength/(MPa)
Consistency/% Initial Final 3d 28d 3d 28d
41 31% qualified 124 184 6.1 8.6 34.5 55.9

Table 4. Chemical and mineral composition of the cement.

CaO SiO, Fe;O3 AlLO; TiO, MgO SO; Na,O0 K,O Ignition Loss
56.78% 23.15% 3.89% 7.41% 024% 1.98%  245% 0.25% 0.26% 3.54%

The sand is produced in the Yellow River. Adding a small amount of river sand can
effectively improve the fluidity of the slurry and improve the mechanical properties after
solidification. After passing the sand through a 200-mesh screen, it was dried and put into
a moisture-proof bag for later use.

2.2. Experimental Design

The Box-Behnken design is a response surface design type, with a combination of
processes located at the midpoint of the edge of the test space, as well as parallel tests set
to reduce the experimental errors. In this experiment, a 3-factor Box-Behnken experimental
design method was adopted. A total of 17 groups of experiments were designed, including
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5 groups of parallel experiments. In order to reduce the error caused by the discreteness of
the test pieces, making a total of 51 test pieces, three test pieces were made for each group
of experiments. To obtain the optimal proportion of plasticity grouting materials, three
independent variables were set up: the cement content, sand content, and W/C, and the
corresponding coding values were Xj, Xy, and X3, and the corresponding levels were —1, 0,
and 1. According to the research results of some scholars on the proportion of grouting
materials [18-20], it was determined that the initial value of the cement content is 25-50%
of all the slurry and the value of sand is 0-15%. According to the experience of crack
closure [21], the W/C range is 0.4-0.6. Tables 5 and 6 show the specific scheme design.

Table 5. Experimental coding level.

Variable Level
Independent Variable
Low (—1) Middle (0) High (+1)
Cement content (%) 25 38 50
Sand content (%) 0 7 15
W/C 04 0.5 0.6
Table 6. Experimental scheme.
Cement Sand Cement Sand
Number Content/% Content/% wic Number Content/% Content/% wic
1 25 7 04 10 25 7 0.6
2 25 0 0.5 11 38 0 04
3 38 15 04 12 38 7 0.5
4 50 15 0.5 13 50 7 04
5 38 0 0.6 14 25 15 0.5
6 38 7 0.5 15 38 7 0.5
7 38 7 0.5 16 38 15 0.6
8 50 0 0.5 17 38 7 0.5
9 50 7 0.6

2.3. Experiment Procedures

The prepared material was made into clay-cement slurry according to different pro-
portions in the Box-Behnken design, and the basic properties of the slurry were tested. The
bleeding rate is an important standard to measure the stability of grouting. The prepared
grouting was poured into a 100-mL measuring cylinder and allowed to stand for two
hours before measuring its bleeding rate. The viscosity of the slurry was measured by a
rotary viscometer, according to the “Determination of kinematic viscosity and calculation of
dynamic viscosity” [22]. The initial setting time and final setting time of the slurry were
tested by a Vicat apparatus. The specimen was made according to the “Code for acceptance
of construction Quality of concrete Structure Engineering” [23]. After storing the specimen for
1 day, we left the mold and put it into a box for curing. The compressive strength of the
specimen with a specified curing time was tested. The cured material was microscopically
analyzed using a scanning electron microscope (SEM) and X ray diffraction (XRD). The
specific experimental steps are shown in Figure 1.
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Figure 1. Experimental process.

2.4. Numerical
2.4.1. PCA of Basic Performance Indexes

The PCA is a method that turns new variables into linear combinations of initial
variables and selects variables that have great influence on the results to analyze the
phenomena [24]. According to the principle of PCA [25], it can be concluded that various
performance indexes of slurry are suitable for PCA. PCA was carried out on various indexes
of slurry through SPSS data analysis software to obtain the eigenvalues of the initial data.
Then, eigenvalues greater than one are then taken as criteria for principal component
extraction. The index corresponding to each principal component was determined through
the feature vector. According to Equation (1), comprehensive F scores with different
proportions were obtained, and Z was obtained according to Equation (2) [26]:

(X FY)
F= T,(lzl,l ...... ,n) 1)
7= £~ Fmin )

where F is a comprehensive score, F; is the score of the main component i of the slurry index,
Y; is the characteristic value of the main component, C is the cumulative characteristic value,
Z is a standardized comprehensive score, Finax is the maximum value in the comprehensive
score, and Fpjp, is the minimum value in the comprehensive score.

The comprehensive properties of the slurry can be approximately characterized by Z.
The higher the Z value, the better the comprehensive performance of the slurry. On the
contrary, the lower the Z value, the worse the comprehensive performance of the slurry.

2.4.2. Analysis of RSM

Z obtained by the PCA was taken as the response value, and RSM was carried out.
The experimental results were processed by the standard polynomial regression method
and through Design-Expert software, the empirical models of the independent variables
and response values were obtained, as well as the models tested. Then, the influence of
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a multifactor interaction on Z was analyzed, and the influence of different independent
variables on Z was determined.

3. Results

The Box-Behnken design was carried out according to Table 1, with a total of 17 test
points. The proportion of the total slurry of each component is shown in Figure 2, and the
RSM analysis results are shown in Table 7.

120

I clay [ Water ] Cement [l Sand

100

Percentage of grouting composition (%)

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17
Group

Figure 2. Proportion of each component.

Table 7. RSM experimental results.

Compressive

Number \/,(l;fgaslg Setting Time/(min) Strength/(MPa) Bl;eac:;ng
Initial Final 3 days 7 days 28 days 1%
1 390 130 260 0.75 1.61 2.31 2.1
2 230 275 375 0.63 1.33 1.82 5.1
3 440 125 245 1.21 3.24 4.26 14
4 280 305 455 1.55 3.56 4.51 3.5
5 120 325 505 1.47 3.17 3.68 10.3
6 230 280 445 1.13 3.48 4.86 4.3
7 240 290 450 1.35 3.66 5.02 4.2
8 270 270 425 2.14 5.22 6.13 3.1
9 140 330 535 3.37 5.74 6.87 9.5
10 180 375 555 0.69 1.97 2.46 9.8
11 360 150 255 1.86 3.93 5.41 1.6
12 260 275 425 1.46 3.87 4.97 4.1
13 380 135 265 2.01 7.71 8.45 1.1
14 330 290 400 0.88 2.12 3.24 4.8
15 220 250 435 1.26 3.62 4.68 4.6
16 240 295 525 1.42 3.43 414 8.6
17 220 260 415 1.14 3.68 5.13 43

3.1. Basic Performance of Grouting
3.1.1. Bleeding Rate and Setting Time

The bleeding rate is a measure of the stability of grouting. The slurry is considered
a stable slurry when the bleeding rate is less than 5%. Bleeding rates of grouting with
different components are shown in Figure 3. The formulas with the same W/C are grouped
for convenient analysis. The groutings with W/C of 0.5 and 0.4 were relatively stable, which
can be seen from Figure 3a,b. The cement rate decreased as the amount of cement increased.
The bleeding rate of the slurries was within 5% in line with engineering application
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Figure 3. Bleeding rate of slurry with different components. (a) Bleeding rate of groups 1, 3, 11, and 13; (b) Bleeding rate of

standards. Figure 3c shows that, when the W/C was 0.6, the slurry water separation rate
was close to 10%. At this time, the nature of the slurry was unstable, and segregation was
easy to occur. Figure 3d indicates that, in the five parallel experiments, the water separation
rate of the slurry fluctuated slightly, which proved that the randomness of the experiment
had a small effect on the overall result. After standing for a period of time, the pores were
filled with the solid gel material produced by the hydration of cement, and the water that
did not participate in the reaction was squeezed out, which caused the bleeding rate of the

slurry to increase [27].
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(a) Bleeding rate of groups 1, 3, 11, and 13
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(c) Bleeding rate of groups 5, 9, 10, and 16
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(b) Bleeding rate of groups 2, 4, 8, and 14
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(d) Bleeding rate of groups 6, 7, 12, 15, and 17

groups 2, 4, 8, and 14; (c) Bleeding rate of groups 5, 9, 10, and 16; (d) Bleeding rate of groups 6,7, 12, 15, and 17.

The first stage of the hydration reaction of cement attached to clay particles is the
initial hydrolysis stage. After the cement is added to water, it reacts immediately and
releases heat. C3S clinker particles release a large amount of Ca?* and OH ™, and the slurry

is alkaline. The reaction formula is as follows [28]:

3Ca0-Si0, + 9H,O — 3Ca’t + 60H~ + H,SiO4

The fluidity is mainly affected by the amount of free water, which is related to the
accumulation state of the particles and the roughness of the particles. The more cement is
added, the more aggregates are generated by the early hydration reaction and the lower

the water separation rate of the slurry.

The initial setting time and final setting time of different components were measured
with the results shown in Figure 4. It manifested that the most important factor affecting the
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setting time was the W/C in the absence of any additives. As can be seen from Figure 4a,
when the W/C is 0.4, the initial setting time is within 2.5 h and the final setting time not
more than 5 h, which satisfies the requirements of the mortar setting time. The contact area
between the C-S-H gel produced by cement hydration and clay particles was increased due
to less free water, thus shortening the hardening time of the grouts [29]. When the W/C is
0.5, the setting time is further prolonged. With the change of the cement content, the setting
time interval of different formulations is prolonged, which is revealed in Figure 4b. It is
discovered from Figure 4c that when the water-cement ratio is 0.6, the coagulation time
of the slurry is significantly longer, the initial setting time is more than 5 h, and the final
setting time is more than 8 h. At this time, the slurry is not friendly to field applications.
It can be seen from Figure 4d that, in the parallel test, the setting time of the formula
changes within 1 h. The reason for this phenomenon may be that there is a time interval
between the two sets of experiments when the test piece is made. Due to factors such as
temperature and air humidity, subtle changes occur inside the slurry. The longer the setting
time, the more seriously the grout will be eroded by groundwater after being injected
into the formation, which cannot achieve the expected grouting effect. Therefore, to meet
the needs of on-site plugging, the appropriate amount of accelerator should be added to
shorten the setting time of the slurry in grouting engineering [30,31].

3.1.2. Viscosity

Viscosity is an important indicator during grout pumping; the viscosity of slurry with
different components was measured as shown in Figure 5 according to the experimental
plan in Table 7. It can be seen from Figure 5a that, when the W/C is 0.4, the slurry shows a
higher viscosity. The higher the content of fine sand, the greater the viscosity of the slurry.
When the fine sand content was 15%, group 3 reached a maximum viscosity of 440 mPa-s.
Figure 5b revealed the viscosity of each group with a W/C of 0.5. The viscosity of the
slurries with a 0% sand content and 15% sand content were 230 mPa-s and 330 mPa-s,
respectively, with a difference of 100 mPa-s. It is proven that the sediment concentration has
a great influence on the viscosity of the slurry. When the W/C is 0.6, the overall viscosity
of the slurry is lower, which can be concluded from Figure 5c. Similarly, with the increase
of the sediment concentration, the viscosity of the slurry increases. It can be seen from
Figure 5d that, in the parallel test, the viscosity of group 12 reached 260 mPa-s, higher
than that of the other four groups. The uneven distribution of sand in slurry leads to the
occurrence of this phenomenon. When the W/C is the same, the more sand is added, the
greater the viscosity of grouting. The high viscosity of the slurry was not suitable for the
transportation of the grouting pumps and may even be blocked. This research result was
consistent with that of Liu [32]. Meanwhile, the W/C has a great influence on the viscosity
of the slurry. This is because a large amount of free water enters the slurry to reduce the
contact points between clay particles and cement particles; thus, the viscosity of the slurry
is reduced.

With the continuous progress of a hydration reaction, the cations attracted by, electro-
statically, the ions diffuse outward, and the ions generated by hydration reach a dynamic
balance. According to the theory of diffusion electric double layer [33], the potential on
the surface and distal end of the clay particles is relatively high, and the lowest value
of potential appears at the junction of the two electron layers, which is caused by the
apparent electric neutrality of the anion and cation combination. The precipitation reaction
of calcium silicate hydrate (C-S-H) will occur in the cation diffusion layer, and the equation
is as follows [28]:

3Ca’t + 60H™ + H,Si04 — 3Ca0 — SiO, — H,O + 4H,0
The resulting C-S-H with low density adheres to the clay mineral. The more cement is

added, the more aggregates generated by the early hydration reaction and the lower the
water separation rate of the slurry.
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Figure 4. Setting time of the slurry with different components. (a) Setting time of groups 1, 3, 11, and 13; (b) Setting time of
groups 2, 4, 8, and 14; (c) Setting time of groups 5, 9, 10, and 16; (d) Setting time of 6,7, 12, 15, and 17.

3.1.3. Unconfined Compressive Strength

The slurry begins to condense and harden to form a stone body with a certain strength
after being injected into the designated position. The key to the successful use of water
plugging is the good stone body strength of the slurry. The strength of slurry stone bodies
with different components after 3 days, 7 days, and 28 days of curing was measured as
shown in Figure 6. As can be seen from Figure 6, the strength of the specimen increases
rapidly after 3 to 7 days of curing with an average growth rate of 159%. This was due to the
consolidation of clay and hydration of cement after the specimen was formed. Different
kinds of C-5-H gels and ettringites produced by C3A and C4AF improved the early strength
of the specimen [34]. When the specimens were cured for 7 to 28 days, the strength of the
stone body increased relatively slowly, with an average growth rate of 30.5%. The main
reason for the further increase of the strength of the stone body was that the C-S5-H gel
formed by the reaction of C3S and water filled the pore structure of the consolidated clay.
As can be seen from Figure 6a, when the W/C is 0.4, the amount of cement has a greater
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influence on the compressive strength. This result is also revealed in Figure 6b,c. It is noted
that, when the cement content is 50%, the fine sand content is 7% and the W/C is 0.4; the
maximum 28 days of compressive strength of the specimen is 8.45 Mpa. In the parallel
experiment, there was a small gap in the compressive strength of the specimen, which is
displayed in Figure 6d. In short, the cement content and W/C have great influence on

the strength.
450 - 440 W Viscosity 450 - [ ] Viscosity
400 380 400 [
360

350 350 | 330
“ 300 @300
=50 S22 230
(%2} 1%}
S 200 2 00|
2 2
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100 100

50 50
0 0 1 1 1 1
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Group Group
(a) Viscosity of groups 1, 3, 11, and 13 (b) Viscosity of groups 2, 4, 8, and 14
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Figure 5. Viscosity of the slurry with different components. (a) Viscosity of groups 1, 3, 11, and 13; (b) Viscosity of groups 2,
4, 8, and 14; (c) Viscosity of groups 5, 9, 10, and 16; (d) Viscosity of 6, 7, 12, 15, and 17.

A series of physical and chemical reactions occurred during the condensation and
solidification of the slurry. The increasing strength of the stone body with time is the most
intuitive influence. Clay contains montmorillonite, kaolinite, and other minerals [35], which
contain hydrophilic hydroxyl groups and oxygen-containing functional groups. Minerals
will form a layer of free hydration film on the surface of clay particles through adsorption,
which accelerates the hydration of clay and expands the clay particles. Therefore, the clay
content is inversely proportional to the strength of the grouting materials [36].
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Figure 6. The strength of grout stones in different curing periods. (a) 3, 7, and 28 days of groups 1, 3, 11, and 13; (b) 3, 7, and
28 days of groups 2, 4, 8, and 14; (¢) 3, 7, and 28 days of groups 5, 9, 10, and 16; (d) 3, 7, and 28 days of 6, 7, 12, 15, and 17.

After the free water is consumed by the cement hydration reaction, a part of the water
exists in the clay particles in the form of bound water. The binding water fixes the clay
minerals by using intermolecular force to form the skeleton structure of the stone body. On
the other hand, the low-density C-S-H continues to react to generate high-density C-S-H.
The continuous formation of high-density C-S5-H increases the overall density of the stone
body, and the internal micropores become lower. Finally, a network-like complex and
porous heterogeneous grouting material interwoven with each other was formed [37].

3.2. PCA of Slurry Performance Index

SPSS statistical analysis software was used to carry out a PCA on the slurry perfor-
mance indexes in Table 7. According to the results of the data analysis, the KMO value was
0.674 > 0.5 and the Barritley sphericity test value >0.0001, which was suitable for PCA [38].

The characteristic value, contribution rate, and cumulative contribution rate of the
principal components are shown in Figure 7. According to the requirement that the cumula-
tive contribution rate of the principal components is greater than 80% [21], the cumulative
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contribution rate of the two principal components is 91.7%, so it can be considered that
the two principal components can more fully reflect the overall performance indicators of
the slurry. Table 8 shows the eigenvalue vectors of each index. It can be obtained that the
indexes that determine the first principal component are the bleeding rate, initial setting
time, and final setting time. The index determining the second principal component is the
compressive strength of the stone body at 3, 7, and 28 days.

4.0

3.5 -@m--==-Qm------0-------0 4100
5+ ) N

—e— Eigenvalue
R -- o-- Contribution rate 180
! -- @-- Cumulative contribution rate

Percentage

Principal component

Figure 7. Eigenvalues and corresponding contribution rate.

Table 8. The eigenvector value of each index.

Eigenvector Values

Index
First Principal Component Second Principal Component

Initial setting time 0.978 0.100
Bleeding rate 0.944 0.058

Final setting time 0.943 0.170

Viscosity —-0.922 —0.206

Compressive strength (3 d) —0199 0.969
Compressive strength (7 d) 0.023 0.926
Compressive strength (28 d) —-0.379 0.877

The comprehensive F score was normalized to obtain the Z according to Equations (1)
and (2), due to the difference of magnitude and unit between each index. The normalization
results are shown in Table 9. As can be seen from Table 9, the highest Z value of the ninth
group was 0.560285, so the comprehensive performance of the slurry reached the best in
the 17 groups when the cement content was 50%, sand content was zero, and W/C was 0.6.
The Z value of the fourth group was —0.97489, so when the cement content was 50%, the
sand content was 15%, and the W/C was 0.5; the comprehensive performance of the slurry
was the worst in the 17 groups.

3.3. RSM Analysis

According to reference [39], the empirical model of the relationship between the
independent variables and response values is as follows:

Y =wa9+ sziXi + ZaiiXiz + szl]XlX] (3)

where Y is the response prediction value, «g is the intercept, «; is a linear coefficient, a;;
is a square coefficient, a;j is an interaction coefficient, and X;, Xj are the values of the
influencing factors.
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Table 9. Principal component score and standardized comprehensive score.

Group First Principal Second Principal Comprehensive Standardized
Component Score Component Score Score Comprehensive Score

1 —1.11938 —1.54969 —1.18941 0

2 0.29447 —1.48413 —0.40306 —0.70929
3 —1.60096 —0.61966 —1.09684 —0.40549
4 0.08313 0.06118 0.06793 —0.97489
5 1.45919 0.00512 0.787901 0.29128
6 0.18470 —0.07001 0.07299 0.026984
7 0.14769 0.11452 0.12289 0.045432
8 —0.24972 1.04569 0.261235 0.096576
9 1.23223 2.25084 1.515546 0.560285
10 1.65978 —0.91817 0.546526 0.202046
11 —1.34704 0.20555 —0.64777 —0.23947
12 —0.01060 0.16799 0.057866 0.021393
13 —1.73359 1.73861 —0.27579 —0.10196
14 0.00320 —0.94535 —0.35604 —0.13163
15 0.12886 —0.01599 0.063356 0.023422
16 0.85603 0.00345 0.462389 0.170941
17 0.01202 0.01006 0.010282 0.003801

Z was subjected to an RSM analysis to obtain a variance analysis table, as shown in
Table 10. The significance of the F equation was used in the regression model analysis [40].
The F value of the model obtained from Table 10 was 66.74, which showed that the model
can respond to the optimal response result with comprehensive scores better. According to
the results of the variance analysis, the significance level “a” was selected as 0.1. When
the value of P was greater than or equal to “a”, the corresponding experimental result was
considered insignificant; otherwise, the significance was considered [41]. The quadratic
polynomial regression equation of the adjusted Z value for A, B, and C was obtained by
eliminating the insignificant terms B and BC in the RSM analysis results. The quadratic
polynomial regression equation of the adjusted Z-value for A, B, and C was as follows:

7 = 4.48914 + 4.75284 A — 27.35186C—
43.97669AB + 9.20398 AC + 7.7836 A% — 4)
59.09266B2 + 26.2505C2

After eliminating the insignificant terms, the correlation coefficient R? of the regres-
sion equation about Z was 0.9884, which showed that the regression model was in good
agreement with the actual situation and can be used to predict the value of Z. The variance
analysis of regression items shows that the linear effect of W/C on Z was significant.

Since the interaction between A and B was obvious, C was fixed at a level, and the
contour map and the three-dimensional response surface map of cement and sand content
versus Z were obtained as shown in Figures 8 and 9. The contour lines were dense and
elliptical, which reflected the great influence of the interaction between the two factors. The
contour lines were circular, which indicated that the interaction between the two factors
was small [42]. As can be seen from Figure 8, the Z-value contour line in the lower left
corner (low sand content and low cement content) was denser than the contour line in the
lower right corner (low sand content and high cement content). Although the fluidity of
the slurry was increased under the condition of a low cement content, the water evolution
rate will increase and reduce the stability of the slurry as well as the gel time. Inevitably,
the comprehensive properties of the slurry were reduced, and the Z value was reduced.
The relationship between the Z values and the interactions between various factors were
directly reflected by the response surface. The steepness of the response surface reflected
the magnitude of the interaction between the two factors. When the sand content was 0%
to 11%, the comprehensive score increases with the increase of the cement content and sand
yield, as can be obtained from Figure 9. Sand as an aggregate can improve the strength
of the slurry during cement hydration. However, an excessive amount of sand will lead
to a higher viscosity of the slurry and lower overall performance of the slurry [41]. The
slope increase of the response surface was obvious when the cement content was 25-34%,
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and the slope increase was slow when the cement content was 34-50%. This can prove
that, when the cement content was 34%, the Z value was the highest, so the optimal cement
content was 34%.

Table 10. Analysis of the variance table.

Source Sum of daf Mean F p-Value
Squares Square Value Prob > F
Model 2.09 9 0.23 66.47 <0.0001
A 0.058 1 0.058 16.67 0.0047
B 0.0094 1 0.0094 2.69 0.1447
C 0.47 1 0.47 135.4 <0.001
AB 0.68 1 0.68 194.92 <0.001
AC 0.053 1 0.053 15.18 0.0059
BC 0.00052 1 0.00052 0.15 0.7104
A? 0.062 1 0.062 17.85 0.0039
B2 0.47 1 0.47 0.15 <0.0001
C? 0.29 1 0.29 17.85 <0.0001
Residual 0.024 7 0.003488 133.37
Lack of Fit 0.024 3 0.007845 83.18 0.0024
Pure Error 0.0008892 4 0.0002208
Cor Total 2.11 16 35.53

Notice: R = 0.9884

B: Sand content

A: Cement content

Figure 8. Contour map.

3.4. Mixing Optimization and Verification

The best ratio of each component was as follows: 34% cement content, 11% sand
content, and 0.53 W/C. The predicted value of Z reached 0.7457 by analyzing Z. The
optimal solution calculated by the design expert software was verified by experiments.
The result manifested that the optimal ratio of the water separation rate was 3.8%; viscosity
is 210 mPa-s; initial setting time is 3.4 h; final setting time is 6.4 h; and at 3, 7, and 28 days,
the unconfined compressive strength was 1.62, 3.74, and 5.89 MPa. The Z value of 0.7267
was the same as the predicted value, so the model predicts the normalized comprehensive
score more accurately.
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Figure 9. Response surface diagram.

In actual engineering, grout has an interesting impermeability performance that is
often the key to the success of sealing fissures. In the treatment of coal and rock mass gas
outburst and mine water damage, complex construction conditions put forward higher
requirements for the impermeability index of grout. A concrete mortar tester was used to
test the stone body according to the “Concrete Quality Control Standard” [43]. Firstly, the
configured slurry was loaded into a test mold, and six test pieces were made according to
the optimal ratio. Secondly, the surfaces of the specimens cured for 28 days were dried,
sealed with sealant, and put into a mortar permeameter. Finally, the experiment was
finished after pressurizing until the surfaces of the three specimens had water seepage.
The consequence indicates that, when the water pressure was 0.8 MPa, three specimens
appeared in the water seepage phenomenon, and the impermeability grade was P8, which
indicated that the material has good impermeability.

3.5. Microanalysis
3.5.1. Microstructure of Solidified Slurry

In order to study the microstructure morphology and pore characteristics of the
material, the Apreo S HiVac high-resolution SEM produced by Thermo Fisher Scientific
was used to observe the solid samples after 28 days of optimal curing. The electrical
conductivity was not possessed by the consolidated body, so the sample of the test piece
was sprayed with metal before the test.

By adjusting the lens and magnification of the electron microscope, the existence
of the microcracks, micropores, and interface transition zone in the sample is shown in
Figure 10. Figure 10a—c is the microfracture morphology of the sample after magnification
of 1000 times, 4000 times, and 15,000 times, respectively. It can be seen from Figure 10a that
the surface of the sample is mostly kaolinite and montmorillonite, and no cement hydration
products are found under the scale of 100 microns. When the area around the microcracks
was enlarged to 4000 times, leaf-shaped chlorite and scale-shaped illite were found around
the fracture, which can be seen from Figure 10b. Although chlorite and illite can play a
filling role, they have poor cohesiveness and are prone to cracking under the action of
external forces, resulting in a decrease in the mechanical properties of the material [44].

Figure 10d—f is the micropore morphology of the sample after different magnifications.
From Figure 10d,e, it can be seen that massive and smooth kaolinite and honeycomb
montmorillonite are distributed around the pores. The structure between kaolinite and
montmorillonite crystals is relatively loose, and it is easy to be in the fluid. Move under
scouring, which will form a larger pore structure [45]. After the micropores are enlarged
by 15,000, the honeycomb-shaped illite is filled in the micropores, which can be seen
from Figure 10f. Illite generally forms bridge-like growth or filamentous products in the
pores and sticks to each other with rod-shaped hydrated calcium aluminate (C-A-H) and
flocculent hydrated silicic acid gel in the pore structure and continues to harden.
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(h) | | )

Figure 10. SEM of the test specimen. (a) The crack is magnified 1000 times; (b) The crack is magnified 4000 times; (c) The
crack is magnified 15,000 times; (d) The pore is magnified 1000 times; (e) The pore is magnified 4000 times; (f) The pore is

magnified 15,000 times; (g) The transition zone of interface are magnified 1000 times; (h) The transition zone of interface are

magnified 4000 times; (i) The transition zone of interface are magnified 15,000 times.

Figure 10g-i is the morphologies of the transition area of the sample interface after
different magnifications. From Figure 10g—i, it can be seen that the bonding around
larger clay particles is denser, and there are more montmorillonite, chlorite, and illite in
the transition zone of the interface, which is consistent with Wang’s findings [46]. The
flocculent C-S-H and rod-shaped C-A-H closely connect the two phases at the interface [47].

From the above analysis, it can be concluded that the type of growth of the clay
minerals in the microfracture pores and interfacial transition region after the slurry is
solidified as a bridge growth. It is easy to combine with cement hydration products with a
high-density multielement mixed system to fill the voids in the material, thereby improving
the mechanical properties and impermeability of the material.

3.5.2. Phase Composition Analysis of Curing System

To study the optimal ratio of the slurry composition and contents of minerals consoli-
dated in 28 days using the model produced by Rigaku Corporation Rigaku Utima IV XRD.
The sample is analyzed for phase, the scanning angle is 5-71 degrees, and the scanning
speed is 2 degrees per minute. In order to avoid the influence of unimportant minerals on
the overall results, the scanning results are compared with the pdf card for the screening
and analysis of the main minerals.
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Figure 11 is a phase analysis diagram after processing. It can be seen from the figure
that the silica diffraction peak is the highest. This is because the main component of river
sand is silica. In addition, the silica contents in the cement clinker and clay minerals are
23.5% and 42.1%, respectively. Compared with the diffraction peaks of silica, the diffraction
peaks of the clay minerals and cement hydration products have a lower intensity. The
Ca(OH), diffraction peak was found in the phase analysis, and the Ca(OH), substance
was also observed in the SEM diagram, which can indicate that the cement hydration
reaction after curing 28 is not complete. Due to the lean cement, the gel material produced
by the reaction is also less [46]. The diffraction peak of the hydration product is weak,
which is also the main reason for the decrease in the strength of the consolidated body.
The chemical reaction that occurs in the composite material is mainly a cement hydration
reaction, and the new phases are mainly cement hydration reaction products, including
C-5-H, C-A-H, ettringite, calcium hydroxide, etc. The consolidation of clay with water is a
physical reaction, and the XRD spectrum shows that no new clay mineral phase is formed.

¢SiO, e Chlorite

vC-S-H A Kaolinite
*CsS = Smectite
*C-A-H v |llite

& CH

Intensity

10 20 30 40 50 60 70

Figure 11. XRD of the test specimen.

4. Conclusions

1. The main influencing factors of the single slurry index are the W/C and cement
content. When the W/C is high, the slurry has a lower viscosity and higher setting time, so
the consolidation effect of the slurry is bad. When the W/C is low, it is not conducive to
slurry transportation. The strength of the slurry stone increases with the increase of the
cement content.

2. There is an appropriate correlation between the slurry indexes. The cumulative
contribution rate of the two principal components extracted by the PCA reached 91.7%,
which can well-characterize the comprehensive performance of the slurry.

3. The prediction model of Z value passes through RSM-PCA, and R; is 0.9884, which
is consistent with the actual situation. The linear effect of W/C on the Z value is significant.

4. The optimum ratio of Z value is 34% cement, 11% sand, and 0.53 W/C. The ratio
of the slurry has a reasonable comprehensive performance, and the impermeability grade
reaches P8. In the later period, appropriate additives should be added on the basis of this
ratio to meet the actual engineering needs.

5. The pores and fractures of the mixed consolidation body are filled, and the interface
transition zone is bonded and grown by low-density clay minerals. Low-density miner-
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als are combined with high-density C-S-H, C-A-H gel, and other hydration products to
improve the microstructure of the consolidated body.

Basic experimental research on the plastic grout for the sealing fracture is in this
research. In the future, it is necessary to apply the ratio on site to better guide the
actual project.
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Abbreviations

PCA Principal Component Analysis

RSM Response Surface Method

RSM-PCA  Combining of response surface method and principal component analysis
SEM Scanning Electron Microscope

W/C Water-Cement ratio

XRD X-Ray Diffraction

C3A Tricalcium Aluminate

C3S Tricalcium Silicate

C4AF Tetracalcium Aluminoferrite

C-S-H Calcium Silicate Hydrate

KMO Kaiser Meyer Olkin

C The cumulative characteristic value

F The comprehensive score

Fmax The maximum value in the comprehensive score
Finin The minimum value in the comprehensive score.
F; The score of the main component

i Index

X; The value of the influencing factors

X; The value of the influencing factors

Y The response prediction value

Y; The characteristic value of the main component
V4 A standardized comprehensive score

ag Constant

o A linear coefficient

Kjj A square coefficient

i An interaction coefficient
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