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ABSTRACT: In order to achieve better sealing of boreholes, the
performance of sealing materials is modified to improve the
efficiency of coalbed methane extraction. In this paper, a new type
of cement-based hole sealing material was prepared by using silicate
cement (PC) and cement sulfoaluminate (SAC) as raw materials,
supplemented with various additives, such as fly ash, Na2SO4,
Ca(OH)2, and poly(vinyl alcohol) (PVA) fiber. The effects of these
additives on the fluidity, setting time, and compressive strength of
the PC-SAC compounded cementitious pore sealing material were
investigated by orthogonal tests, and the hydration process and
hydration products were analyzed by X-ray diffraction (XRD),
thermogravimetry-differential thermogravimetry (TG-DTG), and
scanning electron microscopy (SEM). The results show that the
water−cement ratio has the most significant influence on the various properties of the material; the two additives of Na2SO4 and
Ca(OH)2 play a key role in the setting time of the material; the optimal group, i.e., water−cement ratio of 0.5, fly ash of 5%, Na2SO4
of 1%, Ca(OH)2 of 0.75%, and PVA fibers of 0.8%, is obtained by the orthogonal test method, which is the closest to the actual
needs of the project. The hydration products of the optimized materials have obvious changes, and the needle-like AFt and C−S−H
increase so that the performance of the materials has been significantly improved.

1. INTRODUCTION
Coalbed methane (CBM) is a type of unconventional natural
gas that is primarily found in coal seams and the rocks
surrounding them. It is a clean and efficient energy source.1

China possesses enormous deposits of CBM, making it a
significant renewable energy source in contemporary society.
However, it also poses a safety risk within coal mines. Extracting
CBM can significantly decrease the direct release of gas,
resulting in a reduction in coal mine gas disaster accidents and an
improvement in energy utilization efficiency.2−4 Currently, the
extraction efficiency of coalbed methane in China’s coal mines is
suboptimal. Therefore, it is imperative to implement measures
aimed at enhancing the extraction efficiency of coalbed methane
in order to guarantee the safe operation of coal mines. There are
two primary approaches to enhance the extraction efficiency of
CBM: (1) addressing the issues of low permeability, small pore
size, and excessive adsorption in coal beds by employing
hydraulic fracturing and water injection in coal beds.5−7 (2)
Drilling can create air leakage channels, but the application of
hole sealing materials can reduce these channels and improve
the efficiency of extracting CBM.8−10 Focusing on the process of
coal seam roadway mining damage, the researchers analyzed the
factors affecting gas leakage during the extraction process and
found a reasonable sealing hole grouting depth and grouting
parameters through simulation. In addition, Fourier transform

infrared spectroscopy (FTIR) and Raman spectroscopy were
used to analyze the microstructure of the coal body, and
combined with impact dynamics experiments to analyze the
energy accumulation and energy dissipation in the rupture
process of gas-containing coal. And on this basis, methods such
as hydraulic fracturing coalbed water injection were improved so
as to improve the extraction efficiency of coalbed meth-
ane.5,7,11−15 The first method has been widely used, with the
increasing depth of coal mining, the underground environment
is more and more complex, the performance of the commonly
used sealing materials can not meet the needs of the project site.
Especially for the “three soft” coal seams and other special coal
seams, the long condensation time and the insufficient strength
of the material are easy to cause problems such as collapse in the
extraction process.16−18 Finding a way to enhance the rapid
solidification properties of the hole sealing material has emerged
as a pressing issue.19−21 Fly ash and poly(vinyl alcohol) (PVA)
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fibers are commonly employed in cementitious materials. Fly
ash is a byproduct of thermal power generation, and excessive
accumulation of fly ash can have detrimental effects on the
environment. By utilizing a portion of the fly ash to substitute for
silicate cement, not only can the material’s performance be
enhanced but also waste resources can be recycled.22−25 The
addition of a significant quantity of fly ash and PVA fibers to
engineered cementitious composites (ECCs) and ultrahigh-
performance fiber-reinforced cementitious composites
(UHTCCs) enhances the strength and tensile strain character-
istics of cementitious materials. Moreover, increasing the
amount of fly ash doping results in a denser distribution of
cracks in the cementitious materials, leading to improved
durability.26−29 Optimal exploitation of fly ash can enhance the
mechanical qualities and durability of cementitious materials,
particularly the strength during the later stages. At room
temperature, the activity of fly ash is minimal. To address the
issue of low early strength in the fly ash-cement system, alkali
exciters can be added to the material. By using strong alkali, the
fly ash can be activated, leading to a faster development of
strength.

Currently, numerous research studies have been conducted to
enhance the effectiveness of cement. However, most of these
studies focus on a single type of cement combined with various
additives. There is a lack of research on the modification of
cement by combining different types of cement and then adding
a variety of additives. Therefore, this paper utilizes a
combination of PC cement and SAC cement, followed by the
addition of fly ash, Na2SO4, Ca(OH)2, and PVA fiber for
modification. Modification studies focus on solidification time
and compressive strength properties of materials. The
composite materials were subjected to tests to evaluate their
flow, setting time, and compressive strength. Additionally, the
microstructure of the materials was qualitatively and quantita-
tively studied using X-ray diffraction (XRD), thermogravimetry-
differential thermogravimetry (TG-DTG), and scanning elec-
tron microscopy (SEM) techniques. The aim of these analyses
was to enhance the overall performance of the composite
materials.

2. EXPERIMENTAL SECTION
2.1. Materials and Sample Preparation. In this paper,

ordinary silicate cement (PO 42.5) and sulfoaluminate cement
(SAC 42.5) were selected as the experimental basis. Fly ash,
Na2SO4, Ca(OH)2, and PVA fiber were chosen as the modified
materials. Fly ash is the residual ash after combustion of coal ash
boiler, which is an essential active additive. However, the initial
activity of fly ash is too low, so the Na2SO4 and Ca(OH)2 were
used as an alkaline exciter to activate the activity of fly ash and
accelerate the hydration reaction, and finally PVA fiber was used
as a neutral substance, not involved in the hydration process of
the reaction, which can reduce the generation of cracks in the
material, to increase the compressive strength of the material.
Themain chemical compositions of PC, SAC, and FA are shown
in Table 1. The main hydration reactions of PC and SAC main
hydration reactions are shown in eqs 1−630−33

nC S H C S H gel (3 )CH3 + + (1)

n2C A H C AH C AH3 4 13 2 8+ + (2)

C AH 3CSH 14H C A 3CSH (AFt) CH2 13 2 3 32+ + · +
(3)

nC A S 2CSH H

2Al(OH) C A 3CSH (AFt)
4 3 2

3 3 32

+ +

+ · (4)

nC A 12CSH H

3Al(OH) 4C A 3CSH (AFt)
12 7 2

3 3 32

+ +

+ · (5)

mC S H C S H Ca(OH)2 2+ + (6)

2.2. Orthogonal Experimental Designs. Orthogonal
testing is a method of experimental design that uses several
components and levels to gather comprehensive information
with a reduced number of experiments, leading to substantial
savings in time and expense. Therefore, this study will utilize
orthogonal testing to identify the ideal proportion of
cementitious materials, allowing for the selection of the most
representative program from a wide range of test combinations.

The test program employed a five-factor, four-level
orthogonal test architecture. Table 2 contains the test factors

and their corresponding levels. Based on the L16 (45) orthogonal
test program and the resulting data set, orthogonal test auxiliary
software was used to construct 16 sets of test combinations with
different ratios. The resultant orthogonal test is displayed in
Table 3. Factors A−E represent the water−cement ratio, fly ash,
Na2SO4, Ca(OH)2, and PVA fiber, respectively. These elements
are known to influence the viscosity, the time it takes for the
cement to start setting, the time it takes for the cement to fully
set, and the strength of the cementitious materials. The
concentration of additives is quantified as a proportion of the
overall weight of cementitious materials.
2.3. Sample Preparation Process. The cement specimens

were made in accordance with the national standard GB/
T17671-1999. In this work, a blend consisting of 60%
polycarbonate (PC) and 40% calcium sulfate anhydrite (SAC)
was selected.34−37 The mass of the components was measured
using a beaker and a precision balance with an accuracy of 0.01,
following the proportions indicated in Table 3. The additives
were incorporated into the mixed cement in proportion to its
overall weight. The cement and other components were
meticulously blended and agitated until completely integrated.
After achieving a thorough mixture, the cement and other
components were poured into a mold with dimensions of 70.7 ×
70.7 × 70.7 mm3. The mold was thereafter placed in an

Table 1. Chemical Composition

oxides PO 42.5 (wt %) SAC 42.5 (wt %) fly ash II

SiO2 21.30 8.78 45.1
Al2O3 6.96 33.87 24.2
CaO 61.31 42.73 5.6
Fe2O3 3.36 2.19 0.85
MgO 2.7 2.13 2.13
SO3 2.0 8.515 2.1
loss on ignition 1.522 0.797 4.7

Table 2. Test Factor Level Table

factor A B (%) C (%) D (%) E (%)

1 0.55 5 0.5 0.25 0.2
2 0.5 10 1 0.5 0.4
3 0.45 15 1.5 0.75 0.6
4 0.4 20 2 1 0.8
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atmosphere with a constant temperature of 20 ± 2 °C and a
relative humidity of 95 °C for a period of 24 h. Subsequently, the
mold was extracted and the cement was allowed to retain its
initial state. The test was conducted 15 days following the
maintenance. Figure 1 provides a visual representation of the
precise methodology and equipment employed in the tests.
2.4. Test Methods. 2.4.1. Cementitious Sealing Material

Flowability Test. The mobility of cement mortar is tested using
a truncated cone mold, as specified by the GB/T2419-94 test.
Prior to the test, the necessary materials are gathered, including a
sleek glass plate of 50 cm on each side, a truncated cone mold,
and a steel ruler. The cement slurry is poured into the truncated
cone mold and leveled. Subsequently, the truncated cone mold
is promptly raised, facilitating the flow of the slurry onto the glass
plate for a duration of 30 s. The extent of the slurry’s dispersion is

assessed by employing a steel ruler to ascertain its maximum
horizontal and vertical dimensions. The experiment is replicated
thrice, and the mean measurement is obtained as the fluidity of
the slurry.
2.4.2. Cementitious Sealing Material Setting Time Test.

The setting time of the cement was measured following the
guidelines of the GB/T1346-2011 standard, using a Vickers
meter. The initial test was performed 20 min following the
mixing of the cement, and subsequent measurements were
obtained at intervals of 5 min.
2.4.3. Uniaxial Compressive Strength Test. The YAW-

3000A1 pressure testing machine, produced by Jinan Test King
Group Co., Ltd., is used in the mechanical experiment to
measure uniaxial compressive strength. The gadget functions
using a displacement loading method and can handle a

Table 3. Orthogonal Test Design Table

group number A B C D E

1 0.55 (A1) 5% (B1) 0.5% (C1) 0.25% (D1) 0.2% (E1)
2 0.55 10% (B2) 1% (C2) 0.5% (D2) 0.4% (E2)
3 0.55 15% (B3) 1.5% (C3) 0.75% (D3) 0.6% (E3)
4 0.55 20% (B4) 2% (C4) 1% (D4) 0.8% (E4)
5 0.5 (A2) 5% 1% 0.75% 0.8%
6 0.5 10% 0.5% 1% 0.6%
7 0.5 15% 2% 0.25% 0.4%
8 0.5 20% 1.5% 0.5% 0.2%
9 0.45 (A3) 5% 1.5% 1% 0.4%
10 0.45 10% 2% 0.75% 0.2%
11 0.45 15% 0.5 0.5% 0.8%
12 0.45 20% 1% 0.25% 0.6%
13 0.4 (A4) 5% 2% 0.5% 0.6%
14 0.4 10% 1.5% 0.25% 0.8%
15 0.4 15% 1% 1% 0.2%
16 0.4 20% 0.5% 0.75% 0.4%

Figure 1. Experimental equipment and program.
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maximum load capacity of 2000 kN. Every set of specimens is
subjected to three tests, and the average value is regarded as the
sample data. It is crucial to horizontally place the test block
during the experiment to avoid the casting surface from being
subjected to pressure.
2.4.4. X-ray Diffraction Analysis. The X-ray diffractometer

used in this investigation is the D8 advance, produced by Bruker
in Germany. The experiment utilized a sample powder
consisting of particles that were 200 mesh or larger in size.
Before conducting the test, the sample was dehydrated and
placed in a tightly sealed bag. For every trial, 0.5 g of the
specimen was incorporated. The sample must be scanned within
a temperature range of 5−80 °C. The experiment should be
performed utilizing a copper (Cu) target at a scanning rate of 5
°C/min.
2.4.5. Thermogravimetric Analysis. The study utilized a TG

209F3 thermal weight loss analyzer, produced by NETZSCH in
Germany, to determine the kind and quantity of cement
hydration reaction products by thermal weight loss analysis.
After the drying process, the sample was thoroughly pulverized
to obtain particles less than 80mm in size. A 10mg aliquot of the
sample was thereafter delicately deposited into the thermal
analyzer. The analyzer was filled with nitrogen (N2) to create the
internal environment. The heating rate was precisely regulated
to 20 °C/min, and the temperature was carefully controlled not
to exceed 1000 °C. The temperature rose at a pace of 20 °C/
min.
2.4.6. SEM Analysis. The microscopic morphology of the

materials was examined using a QuantuTM 250 FEG high-
resolution, multipurpose scanning electron microscope manu-
factured by Shanghai Yuzhong Technology Company. The
surface microstructure of the sealing material particles was
examined utilizing the low-vacuum mode image-capturing
feature of the instrument. Specimens having a radius smaller
than 0.25 cmwere tested by exposing them to a voltage of 20 kV.
Before the test, the samples were dehydrated and kept in a
Ziploc bag. In addition, a layer of gold was applied to the
samples.

3. RESULTS AND DISCUSSION
3.1. Analysis of Orthogonal Test Results. The results of

orthogonal experiments are presented in Table 4. The data were
analyzed using polar analysis of orthogonal test to thoroughly
evaluate the extent of impact of five elements, specifically water−
cement ratio, fly ash, Na2SO4, Ca(OH)2, and PVA fiber, on each
characteristic of the material. In addition, the investigation
sought to assess the extent of influence that each element and
level had on the performance of the material.
3.1.1. Analysis of Factors AffectingMobility.The flowability

of the sealing materials was assessed and analyzed utilizing the
cement flowability test technique and orthogonal test polar
analysis. A numerical designation (A1−A4) was issued to each
set of results, according to the water−cement ratio. R measured
the extent of the discrepancy in the polar analysis data. Figure 2
depicts the significance of each factor’s influence on the sealing
materials.

The influence of each element on the flow characteristics is
clearly demonstrated in Figure 2, where a reduction in the
water−cement ratio leads to a proportional fall in the material’s
flowability. At the maximum water−cement ratio (A1), the
flowability significantly exceeds the flowability characteristics of
other water−cement ratios. The flowability performance
decreases steadily as the amount of additional cementitious

materials, especially calcium hydroxide, increases. The polar
analysis results show that the water−cement ratio (RA) has a
greater value than Ca(OH)2 (RD), which in turn has a greater
value than fly ash (RB), Na2SO4 (RC), and PVA (RE). More
precisely, the impact of RA on the flow characteristics is
considerably more pronounced in comparison to the effects of
other components. In contrast, the influence of these additional
parameters on the flow characteristics is rather negligible.

Figure 3 shows the plot of the polar relationship between the
flow properties and the factors in the orthogonal test, and the
results of the polar analysis show that water−cement ratio (RA)
> Ca(OH)2 (RD) > fly ash (RB) > Na2SO4 (RC) > PVA (RE).
Specifically, the influence of RA on the flow properties is
significantly stronger than that of various other parameters,
while the impact of these other factors on the flow properties is
rather insignificant. An increase in the water−cement ratio
results in a higher proportion of water in the cement paste, which
promotes the suspension and dispersion of particles in the paste.
For water−cement ratios over 0.5, the samples consistently
exhibited excellent fluidity performance. The fluidity of the
sealing material remained relatively constant, and the diffusion
radius remained stable. The primary factors are as follows: An
increase in the water content of the material leads to greater
water absorption on the surface of the cement particles in the
cement paste. Additionally, the presence of fly ash in the additive
has been extensively studied and proven to cause a volcanic ash
reaction when added to cement. This reaction enhances

Table 4. Orthogonal Experimental Results

group
number

fluidity/
MM

initial setting
time/MIN

final setting time/
MIN

strength/
MPa

1 158 35 55 10.47
2 155 40 62 14.76
3 151 46 70 13.91
4 148 56 81 17.32
5 126 30 57 22.35
6 118 50 75 24.94
7 125 48 70 18.56
8 133 45 60 16.27
9 98 40 60 24.45

10 103 45 59 20.57
11 93 35 58 25.86
12 102 34 56 18.90
13 88 27 49 28.16
14 83 23 50 32.86
15 75 36 56 25.65
16 89 21 53 23.80

Figure 2. Variation of flow performance in orthogonal experiment.
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hydration reactions.38−40 Aside from the water−cement ratio,
the most significant factor affecting the flow properties is
Ca(OH)2. This is especially true when fly ash is added in
intermediate amounts. The presence of fly ash, Ca(OH)2,
Na2SO4, and other alkaline substances simultaneously enhances
the activity, resulting in the production of numerous hydration
products. This process consumes a substantial amount of free
water and combined water, thereby reducing the fluidity of the
cement slurry.41,42 The PVA fibers are devoured by the cement
slurry in a similar manner as the water content. When the PVA
content exceeds 0.6%, excessive PVA causes agglomeration,
resulting in uneven mixing of the cement paste and reduced
fluidity. Hence, the proportion of the sealing material with
appropriate fluidity is A1B4C3D3E1. This means that the water−
cement ratio is 0.55, the fly ash dosage is 20%, the Na2SO4
content is 1.5%, the Ca(OH)2 content is 0.75%, and the PVA
content is 1%.
3.1.2. Analysis of Factors Affecting Condensation Time.

Based on the analysis of the cement setting time test method and
the orthogonal test extreme difference analysis method of the
sealing material flowability test results, it can be concluded that
PVA fiber is a neutral substance that does not actively participate
in the hydration process. Instead, PVA fibers only affect the
mechanical properties of the material, such as flow properties,
compressive strength, and flexural strength. Therefore, when

considering the various factors that affect the setting time of the
cement, PVA fibers should be excluded. The experiment utilized
a composite cement consisting of 60% PC and 40% SAC.
Increasing the CSA content results in a notable decrease in the
setting time of the composite cement. During the hydration
process, there is a struggle for effective water between SAC and
PC. The hydration of PC was significantly hindered by 40% of
SAC, leading to the formation of a substantial amount of calcite.
This, in turn, contributed to the amplification of the delayed
hydration effect.30,43

Based on the fluctuation of solidification time seen in the
orthogonal experiments depicted in Figure 4, it can be observed
that, when the water−ash ratio remains constant, the solid-
ification time tends to increase as the catalyst content increases.
An increase in the fly ash content leads to a lengthening of the
solidification period. Given that the particle size of fly ash is less
than the particle size of both cements, it can infiltrate the
cement’s pores while it is undergoing hydration, thereby
reducing the contact area between the cement paste and water
molecules. This results in a delay in the hydration process and an
extension of the setting time. The composite material forms
hydration products that envelop the cement particles. As the
hydration reaction progresses, water is consistently absorbed
within the cement particles, causing the proportion of unbound
water in the cement slurry to increase. Consequently, the relative

Figure 3. Relationship curve between fluidity of sealing materials and range of various factors.
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humidity within the slurry steadily rises. The water in the slurry
undergoes diffusion and dispersion mostly due to the force of
gravity, resulting in the continuous hydration of the unhydrated
cement particles and the filling of the slurry’s pores.

As shown in Figure 5, the curves of the relationship between
the setting time of the sealing material and the polarity of each
factor reveal the significance of the influence of each factor on
the setting time, the significance of the factors affecting the initial
setting time in the order of significance: water−cement ratio
(RA) > Na2SO4 (RC) > Ca(OH)2 (RD) > fly ash (RB), and the
significance of the factors affecting the final setting time in the
order of significance: water−cement ratio (RA) > Ca(OH)2
(RD) > Na2SO4 (RC) > fly ash (RB). These findings indicate
that the water−cement ratio has the most significant impact on
setting time, with Na2SO4 and Ca(OH)2 having a comparatively
stronger influence. While the water−cement ratio remains the
primary determinant, the decrease in water content hinders the
hydration reaction, resulting in a shorter setting time. However,

when it comes to the setting time, the variation in water−ash
ratio and other parameters is minimal compared to the variation
in fluidity. The impact of Na2SO4 on the initial setting time is
more significant compared to Ca(OH)2. The variation in factors
impacting the initial and final setting is due to the shorter
duration of the initial setting time and differences in the degree
of hydration. As the hydration reaction progresses over time, the
impact of alkaline excitation on fly ash becomes increasingly
apparent. The alkalinity of Ca(OH)2 is stronger than that of
Na2SO4, resulting in a higher degree of hydration during the final
coagulation stage compared to the initial coagulation stage.
Ca(OH)2 is more effective in stimulating the fly ash, and the
volcanic ash reaction of the fly ash further enhances the
hydration reaction. Hence, the composite possesses an
appropriate setting time with a ratio of A1B3C4D4. This implies
that the water−cement ratio is 0.55, the dosage of fly ash is 15%,
the Na2SO4 content is 2%, and the Ca(OH)2 content is 1%.
3.1.3. Analysis of Factors Affecting Compressive Strength.

By employing the cement setting time test method and the
orthogonal test extreme difference analysis method, the results
of the fluidity test of the sealing material were visualized and
analyzed. Figure 6 illustrates the variation in compressive
strength during the orthogonal test, revealing that the A4 group
exhibits significantly higher strength compared to the A1 group.

Evidently, the strength is significantly influenced by the
water−cement ratio. The alteration of the water−cement ratio
affects the amount of free water in the cement paste, leading to a
decrease in relative humidity. Furthermore, this orthogonal
experiment only requires a mere 14 days of upkeep, indicating a
much reduced duration. The impact of volcanic ash, namely, fly
ash, takes around 14 days to fully manifest. Initially, fly ash
hinders the early strength of cement materials, but later on, it
aids in boosting strength. The strength of the seventh and eighth
groups declined further, while the water−cement ratio remained

Figure 4. Variation of coagulation time in orthogonal experiment.

Figure 5. Relationship curve between setting time of sealing materials and range of various factors.
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unchanged. The change in strength was more significant
compared to the first two groups. The primary factor is the
alteration of the composition of PVA fiber, resulting in a
modification of the material’s mechanical characteristics.
Another factor is that Ca(OH)2 and Na2SO4 enhance the
reactivity of fly ash and expedite the hydration process, resulting
in a significant formation of AFt.44,45

According to the extreme difference analysis in Figure 7, it can
be seen that the significance of the effect of each factor on
compressive strength is in the following order: water−cement
ratio (RA) > PVA fiber (RE) > FA (RB) > Na2SO4 (RC) >
Ca(OH)2 (RD). The primary determinants were the ratio of
water to cement and the presence of PVA fiber. The compressive
strength ranged from 10.47 MPa in the first group to 32.86 MPa
in the 14th group over 16 sets of testing. There was a significant
amount of variety. However, when considering the same water−
cement ratio, the most significant deviation should occur in the
14th and 16th groups at the A4 level. The compressive strength
exhibits a disparity of 9.06, with the alkaline substance content
being the lowest among the compounds in the 14th group, while
the fiber content is certainly the highest. This is consistent with
the findings derived from the orthogonal test. Hence, the ideal
combination ratio for achieving the highest compressive
strength is A4B2C1D4E4 at a proportion of 0.4, together with
10% fly ash, 0.5% Na2SO4, 1% Ca(OH)2, and 0.8% PVA.
Analysis of the optimal group ratios reveals that a decrease in fly
ash content enhances compressive strength, whereas the water−
cement ratio and PVA fiber have a substantial positive effect.
Calcium hydroxide plays a significant role in the hydration
reaction of both cements, utilizing a substantial quantity of free

Figure 6. Changes of compressive strength in orthogonal test.

Figure 7. Relationship curve between compressive strength of sealing materials and range of various factors.
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water to produce a considerable amount of calcium alumina,
hence enhancing the compressive strength.
3.1.4. Comprehensive Analysis of Orthogonal Tests. The

comprehensive analysis diagram of orthogonal tests of sealing
materials was used to thoroughly examine the effects of water−
cement ratio, fly ash, Na2SO4, Ca(OH)2, and PVA fiber on the
initial setting time, final setting time, and compressive strength
of the materials. The selection of the ideal mix of components
and levels was achieved by integrating the requirements of the
trial outcomes.

Figure 8a illustrates a clear correlation between the decrease
in water−cement ratio and the decrease in flowability and initial
and final setting times. Additionally, it shows that the
compressive strength increases as the water−cement ratio
decreases. The strength of the material is an important factor to
consider; hence, a water−cement ratio of 0.5 is chosen.

Based on the observation of Figure 8b, it is evident that the
fluidity exhibits a first increase followed by a subsequent
decrease when the fly ash concentration increases. The initial
and final setting time exhibits an initial increase followed by a
minor decrease, while the compressive strength shows an initial
increase followed by a subsequent decline. When fly ash is
present in a 10% concentration, the three performance metrics
show improved performance. Thus, fly ash is considered to be
10%.

As depicted in Figure 8c, the fluidity of the substance initially
increases and subsequently reduces with the rise in Na2SO4
content. Similarly, the compressive strength experiences a

decline followed by an increase. When the concentration of
Na2SO4 increased from 0.5 to 1%, the alteration in setting time
was minimal; however, the flow and compressive strength
exhibited a significant variation. Thus, Na2SO4 is selected as 1%
for thorough evaluation.

Figure 8d shows that when the Ca(OH)2 content is low, it has
a small impact on the flow. However, when the content exceeds
0.75%, the flow undergoes significant changes. Similarly, the
compressive strength and initial setting time increase initially
with the increase in Ca(OH)2 content, but then decrease and
eventually increase substantially. The final setting time initially
decreases and then increases with the increase in Ca(OH)2
content. Therefore, considering all factors, the hydrogen content
should be taken into account. Hence, the concentration of
calcium hydroxide was selected as 0.5% to ensure thorough
evaluation.

Based on the observation of Figure 8e, it is evident that the
primary impact of PVA fiber is on the flow and compressive
strength. These two parameters are directly and inversely
correlated with the amount of PVA fiber added. Therefore, to
ensure that both indicators are at an optimal level, a
comprehensive analysis suggests that the appropriate amount
of PVA fiber to be used is 0.6%.

Based on the experimental data and the findings of the
orthogonal test, it has been determined that the optimal group is
the fifth group.

The primary objective of this study is to address the issue of
excessive gas in the Guizhou region. The main focus is on

Figure 8. Comprehensive analysis diagram of orthogonal test of sealing materials.
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optimizing the performance of the material’s setting process and
retrieving data. Typically, the setting time for conventional
silicate cement ranges from 45 to 390 min. However, the
cement-based sealing material developed in this research
controls the setting time to be within 60−120 min. This
significant reduction in setting time greatly enhances the
material’s efficiency and operational effectiveness. Upon
reviewing the relevant research, it is evident that the material’s
fluidity is inferior when compared to the performance described
in the literature.46,47 However, it does possess certain advantages
in terms of strength and setting time.
3.2. Microstructure Analysis of Optimized Materials.

Based on the analysis of 16 sets of trials, it was determined that
group V was the most optimal. Compared to previous trials
conducted in other groups, this group demonstrated superior
flow characteristics, setting time, and compressive strength.
Therefore, the 1st, 5th, and 14th groups were selected for
microscopic examinations. In addition, a control group labeled
as M was created, consisting of a blend of 60% PC cement and
40% SAC cement, without any further additives. The water−
cement ratio was set at 0.5. The first, fifth, and 14th groups were
designated as B1, B2, and B3, respectively.
3.2.1. X-ray Diffraction Analysis. Figure 9A exhibits the X-

ray diffraction (XRD) spectra of the experimental groups that
include supplementary additives. The spectra suggest that the
main constituents of the pore sealing materials in cement are
AFt, Ca(OH)2, C2S, C3S, and CaCO3. While the intensities of

the diffraction peaks in the three experimental groups do not
suggest the existence of any novel substances, the change is
confined to the quantity of products. This is consistent with the
previously documented results indicating the utilization of
various additives only impacted the amount of goods, without
modifying the characteristics of the products. Figure 9B clearly
depicts a significant discrepancy in the quantity of products
among the control blank M and the three experimental groups.
This phenomenon can be explained by the rapid generation of
substantial amounts of calomel after the hydration of PC- SAC
blended cements. Nevertheless, the addition of alkaline
admixtures did not lead to the creation of novel compounds.
An examination of the alterations in cement hydration reaction
materials indicated a significant augmentation in the quantity of
Ca(OH)2 and C3S/C2S products during the hydration process.
Specifically, the quantity of products in group B3 showed a
notable modification, suggesting that the inclusion of additives
improves the process of hydration. As a result, the greater
amount of cement hydration products causes an increase in the
density of specimens and enhances their strength.48 The
significant increase in the amount of calomel expedited the
rapid enhancement of durability in the composite cement
system. Additives were employed to increase the AFt content,
which in turn promoted the hydration of a particular amount of
C3S and C2S minerals, leading to the creation of C−S−H gels
and Ca(OH)2 crystals. The presence of fly ash and cement
contained a certain amount of silica; however, the addition of

Figure 9. XRD spectrum of hydration products of sealing materials.

Figure 10. TG-DTG diagram of the hydration product of sealing material.
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admixtures reduced the silica content and resulted in the
formation of C−S−H gels. Later, large amounts of C−S−H gels
were coated on the surfaces of various materials.
3.2.2. Thermogravimetric Analysis. Thermogravimetric

analysis is commonly employed alongside XRD analysis to get
significant insights into the mechanisms occurring during the
hydration process and the formation of noncrystalline X-ray
phases. Upon analyzing the TG curves illustrated in Figure 10A,
it is apparent that the curve representing the control group M is
situated at a lower location compared to the curves of the other
three groups. This observation indicates that the hydration
process in the experimental group, which involves the admixture,
takes place at a faster pace in comparison to the control group.
Once again, it has been proven that the incorporation of
additives improves the process of hydration reaction. The
thermogravimetric (TG) curves display a primary mass
reduction that may be classified into two clearly defined stages.

(I) Stage I: The cement paste had a significant reduction in
weight within the temperature range of 50−150 °C. The main
component that caused the decrease in bulk during this stage
was the desiccation of calomel. Furthermore, it was confirmed
that the main products generated during the initial process of
hydration consisted mostly of calomel.49,50 Among the three
experimental groups, the 14th group experienced the lowest
degree of mass reduction, whereas the first and fifth groups
displayed identical degrees of mass loss. The steeper incline of
the TG curve between 50 and 150 °C suggests that the fifth
group undergoes a more rapid decrease in mass compared to the
other two groups. After examining the concentrations of Na2SO4
and Ca(OH)2 in the three experimental groups, it is clear that
the fifth group has larger quantities of these compounds in
comparison to the other two groups. This discovery indicates
that the interaction between the two alkaline additives improves
the hydration process in the fifth group, exceeding the hydration
levels of the other groups.

(II) Stage II: There was a reduction in the weight of the
cement paste when exposed to temperatures ranging from 300
to 550 °C. The main factor responsible for this step was the
dehydration and decomposition of Ca(OH)2. Furthermore, it is
important to mention that the cement used in this case was not
pure silicate cement, but rather a composite cement composed

of PC-SAC. At this level, the SAC content is 40%. The
combination of SAC results in the generation of a substantial
quantity of calcium alumina during the process of hydration.
The presence of calcium alumina obstructs the required water
absorption for the hydration of PC and decelerates the hydration
process. Currently, the fifth group still has the largest rate of
mass loss. The key difference is that the 14th group experiences a
lower level of mass reduction compared to the first group within
the temperature range of 50−150 °C. Nevertheless, once the
temperature reaches 300−550 °C, the 14th group ultimately
exceeds the first group in terms of the amount of mass lost. The
changes that occur during this stage mostly result from the
impact of fly ash. Fly ash has a negligible effect on the initial
hydration process. As the stage advances, the impact of fly ash
gradually decreases. Nevertheless, the existence of fly ash
amplifies the formation of calcite and Ca(OH)2 in group XIV,
leading to heightened mass reduction during this phase.
3.2.3. SEM Analysis. Additives have the ability to enhance the

overall mechanical properties of cementitious materials by
improving their microscopic structure. Figure 11 exhibits the
microscopic features of cementitious materials used for sealing
pores. Figure 11A depicts the microstructure of the control
group M, Figure 11B depicts the microstructure of B1, Figure
11C depicts the microstructure of B2, and Figure 11D depicts
the microstructure of group B3. Some of the main hydration
products AFt, CH, and C−S−H gels can be seen in Figure 11.
Among them, calcite is widely distributed in the hydration
products and interspersed with each other. From Figure 11A, it
can be clearly observed that the hydration products of control M
are less, only a few needle-like AFt crystals and massive CH can
be observed, and the pores are larger. In Figure 11B, it can be
seen that a significant improvement occurs after the addition of
additives, with a significant increase in the number of AFt
crystals of hydration products and a reduction in the pore space.
This indicates that when the cementitious materials are doped
with additives, the hydration reaction is accelerated and more
AFt and CH are generated, which also makes the microstructure
of the materials denser and improves the previous micro-
structure. From Figure 11C,D, it is more obvious that there are
more needle-like Aft and lamellar CH crystals, especially the
number of Aft has changed significantly. This change can be

Figure 11. Microstructure diagram of sealing material.
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viewed from the macroscopic angle and microscopic roles, from
the macroscopic angle is mainly reflected in the increase of
compressive strength, more hydration products such as AFt,
CH, and C−S−H gel make the material stronger, and from the
microscopic angle, more hydration products such as Aft and CH
can be seen, and the pores are more densely packed. Figure 11C
shows a more obvious reticulate C−S−H gel structure, like a
film covering the surface of the cement paste, reticulate and
lamellar C−S−H gel with stronger cementing ability and larger
specific surface area filling the pores in three-dimensional space,
like a skeleton connecting the hydration products such as AFt,
CH, etc. so that the cementitious composites have a certain
degree of strength.50,51

4. CONCLUSIONS
The study focused on the development of a novel cement-based
pore sealing material. The proportions of each component were
determined by an orthogonal test. The microstructure of the
pore sealing material was analyzed using XRD, TG-DTG, and
SEM. The primary research findings are as follows:

(1) Based on the findings of the orthogonal test, the water−
cement ratio has the most significant impact on the
material’s various qualities, particularly on its flow
properties. The influence of the water−cement ratio on
the flow properties is of utmost importance. Fly ash and
Ca(OH)2 have the second highest impact on flowability
performance. In terms of setting time, Ca(OH)2 has a
stronger influence among the two alkaline additives, since
it effectively enhances the hydration reaction. PVA fiber
has a significant impact on compressive strength,
effectively enhancing the material’s compressive strength.

(2) At present, the commonly used sealing material is pure
silicate cement, and when the water−cement ratio is 0.5,
the setting time is 174 min, and the strength is 18 MPa,
while the optimized optimal group of sealing material
shortens the setting time to less than 60 min, which is
34.48% higher. The compressive strength is 22 MPa, an
increase of 22.22%. The new material performance
focuses on optimizing the setting time and compressive
strength.

(3) Based on a comparison with existing technical indicators,
the materials investigated in this study exhibit significant
performance advantages, particularly in terms of con-
densation time. While typical materials require 39−450
min for condensation, the materials studied in this paper
achieve condensation within 120 min, resulting in a
substantial reduction in condensation time.

(4) The microscopic test findings indicate that the optimized
pore sealing material, when exposed to additives,
exhibited an increase in the quantity of hydration
products, including a significant presence of needle-
shaped AFt and CH crystals. The PVA fibers served as the
framework for the hydration products in the micro-
structure analysis, effectively occupying the pores in the
three-dimensional space, resulting in a substantial
enhancement in material strength.
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