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Abstract: Gas extraction from coal seams can significantly mitigate gas accidents and
improve resource utilization. The effectiveness of borehole sealing directly determines the
concentration and efficiency of gas drainage. In recent years, liquid-phase sealing materials,
represented by non-solidifying pastes, gel-based materials, and inorganic retarders, have
gradually become a research hotspot. Compared to the traditional solid sealing materials
such as cement-based or organic polymers, liquid-phase sealing materials can effectively
seal secondary fractures caused by mining vibration through grout replenishment. How-
ever, the influence of each component in liquid-phase non-solidified materials on sealing
properties such as fluidity, water retention, and permeability remains unclear. To address
these issues, a novel liquid-phase non-solidified hole sealing material was developed us-
ing bentonite as the base material, sodium dodecyl benzene sulfonate as the dispersant,
and sodium carboxymethyl cellulose as the thickener. Initially, single-factor experiments
were applied to investigate the effects of material ratios on the fluidity, water retention,
and permeability. Subsequently, orthogonal experimental design and response surface
methodology were used to establish nonlinear quadratic regression models relating these
properties to water–bentonite ratio, dispersant content, and thickener content. The results
indicated that an optimal water–bentonite ratio enhances both fluidity and permeability,
while dispersants improve water retention and permeability and thickeners primarily boost
water retention. Finally, the optimized composition was determined as a water–bentonite
ratio of 4.41:1, a dispersant content of 0.38%, and a thickener content of 0.108%. We believe
that the developed slurry materials will maintain excellent sealing performance through
the entire gas extraction period.

Keywords: gas extraction; sealing materials; bentonite-based; liquid-phase non-solidifying;
response surface methodology (RSM)

1. Introduction
China’s abundant coal resources combined with sustained high demand have driven

the rapid expansion of coal mining activities to greater depths, progressing at a rate of
10–15 m per year [1]. Consequently, gas-related challenges in deep coal mining have
intensified [2,3]. Gas extraction is the most critical technology for gas control in coal mines,
and the airtightness of boreholes plays a pivotal role in determining both the concentration
and efficiency of gas extraction [4].

Minerals 2025, 15, 385 https://doi.org/10.3390/min15040385

https://doi.org/10.3390/min15040385
https://doi.org/10.3390/min15040385
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-6910-5156
https://doi.org/10.3390/min15040385
https://www.mdpi.com/article/10.3390/min15040385?type=check_update&version=2


Minerals 2025, 15, 385 2 of 18

Traditionally, borehole sealing materials in coal mines have primarily consisted of
cement-based or organic polymer materials. These materials rapidly solidify within bore-
holes and effectively seal off the gas at the initial stage. Zhang et al. [5] developed a
sealing reinforcement material based on ordinary Portland cement, increasing gas drainage
concentration by 2.48 times compared to conventional expansive materials. Chen et al. [6]
mechanically modified a material system of polylactide polyol–polyether polyol 4110–
isocyanate. Compared with traditional polyurethane, the new material extended the
effective consolidation distance in the coal seam by an average of 40%. However, despite
their initial effectiveness, these sealing materials tend to degrade over time. As gas extrac-
tion progresses, the borehole is affected by stress conditions, including extraction-induced
pressure relief, mining-induced vibrations, and mine pressure fluctuations, which compro-
mise sealing performance. These conditions lead to the formation of new fractures around
the hole, resulting in gas leakage in gas extraction boreholes, rapid decline in gas extraction
concentration, and significant constraints on gas extraction efficiency [7,8]. To address
these challenges, numerous scholars have conducted extensive experiments and research
focusing on liquid-phase non-solidified sealing materials [9–11]. Bentonite has been widely
examined because of its resistance to gas permeability, good fluidity and filling, and thermal
stability. Bentonite is rich in reserves and low in cost, and has been widely used in many
non-coal mine fields. In order to study the ability of bentonite in the disposal of radioactive
waste under different salt solution concentrations, He et al. [12] carried out water retention
tests on compacted bentonite with different salt content under closed conditions. In terms of
geosynthetic clay liners, Muhammad et al. [13] developed a high-water-retention material
using polymerized bentonite, which effectively improved the performance of bentonite in
corrosive environments. In order to improve soil properties, Albadri et al. [14] analyzed
the impact of water retention capacity of bentonite on soil carrying capacity by assessing
soil water characteristic curves of different proportions of bentonite. In the field of gas
extraction and sealing, there are relatively few studies on bentonite. Moreover, the unique
environmental characteristics of gas extraction boreholes present new requirements for
bentonite. In 2024, Zhao et al. [15] developed a novel liquid-phase sealing material for
gas extraction boreholes, utilizing sodium-based bentonite as the base material through a
mechanochemical modification process. This material exhibits long-term dehydration resis-
tance, maintains a fluid state, and demonstrates strong permeability, suspension stability,
and gel transition capabilities. During a two-month engineering observation period, the
gas concentration in boreholes sealed with this material showed a significant improvement
of 27.76% compared to those sealed with traditional materials.

However, the influence of each component in liquid-phase non-solidified sealing ma-
terials on the properties of slurry materials has not been fully elucidated. The performance
characteristics of slurry materials are often derived from the interaction between multiple
components, rather than the isolated effects of a single component. In addition, to obtain
statistically significant experimental data within a limited number of experiments, orthogo-
nal experimental design is a widely accepted scientific and efficient experimental scheme.
Based on orthogonal experimental data and response surface analysis, the interaction ef-
fects among various components on material properties were quantitatively characterized,
thereby enabling the determination of the optimal material ratios. Guo et al. [16,17] and
Xue et al. [18] studied the influence of the interaction between the water–cement ratio and
the dosage of each admixture on the compressive strength of a new sealing material. They
designed an orthogonal test with Design-Expert software to draw the response surface
of the material performance, and finally realized optimization of the material parameters.
Mao et al. [19] used fly ash, nanosilica, and triethanolamine to prepare cement-based seal-
ing materials. Based on these three materials, a quadratic polynomial regression model
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of yield stress was established by the response surface method. Finally, the optimal ratio
of the three components was determined to be 5.8% fly ash, 3.6% nanosilica, and 0.044%
triethanolamine.

Therefore, to address the limitations of existing liquid-phase non-solidified sealing
materials, we developed a novel sealing material with high fluidity, strong water retention,
and ability to penetrate cracks. This material employs sodium bentonite as the primary
material, sodium dodecyl benzene sulfonate as the dispersant, and sodium carboxymethyl
cellulose as the thickener. In this study, the influence of each component on the properties
of materials was analyzed by single-factor experiments. Subsequently, an orthogonal exper-
iment was designed. A response surface model of the influence of the interaction between
different components on the material properties was constructed through the experimen-
tal data, and the optimal ratio of each component of the material was finally obtained.
This research provides valuable insights for the further development and application of
liquid-phase sealing materials.

2. Material and Experiment
2.1. Material Composition

(1) Sodium Bentonite

As the base of the newly developed slurry material, sodium bentonite (Nax(H2O)4(Al2-x

Mg0.83)Si4O10(OH)2) is primarily composed of montmorillonite minerals. Its chemical
composition is mainly layered silicates, which feature large interlayer spaces capable of
adsorbing significant amounts of water [20]. When bentonite comes into contact with water,
water molecules enter the interlayer of silicate and interact with the surface of silicate
minerals through both physical and chemical adsorption, endowing bentonite with strong
water retention capacity [21]. In addition, when the grouting operation is in the stirring or
vibration state, the bentonite slurry exhibits low-viscosity fluidity, while once the grouting
stops in the static state, the viscosity rises rapidly, forming a stable closed layer. The particle
size curve of sodium bentonite used in this experiment is shown below. It can be seen in
Figure 1 that the pore size of most of the sodium bentonite is less than 100 mesh.
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(2) Sodium dodecyl benzene sulfonate

According to the electric double-layer theory, water molecules form a water film
under the influence of electric field forces. However, in addition to the electric field force,
interparticle water adsorption is also affected by gravity, leading to water redistribution and
the agglomeration of bentonite particles. Due to the higher density of bentonite particles
compared to water, they settle under gravity after mixing. When the viscosity of the
bentonite slurry is low, the particles settle more quickly, resulting in a more pronounced
stratification and phase separation between the water phase and the bentonite particle
phase. Sodium dodecyl benzene sulfonate(C18H29NaO3S) is a commonly used anionic
dispersant that is composed of a long dodecyl chain and a negatively charged benzene
sulfonate group. When dissolved in water, its ionized anion part will adsorb onto the
positively charged edge of the montmorillonite sheet. This disrupts the three-dimensional
structure formed by the electrostatic attraction between the negatively charged sheet and
the positively charged edge, resulting in better dispersion of bentonite particles. Compared
with traditional single-polar dispersants, it is more conducive to promoting the dispersion
of bentonite particles. In addition, SDBS can be fully adsorbed onto particle surfaces at a
lower concentration and form a stable electric double layer, thereby effectively reducing
the mutual attraction between the bentonite particles and preventing agglomeration.

(3) Sodium carboxymethyl cellulose

After the bentonite is mixed with water, the slurry formed is affected by factors
such as density difference and liquid viscosity. Under the long-term static state, the
bentonite particles are prone to sedimentation, resulting in the stratification of bentonite
and water [22]. Sodium carboxymethyl cellulose ([C6H7O2(OH)2OCH2COONa]n) is used
as a thickener in the formulated slurry (see Appendix A for more details). The carboxyl
and hydroxyl groups within its molecular structure interact with water molecules to
form a hydrogen bond network and hydration layer [23], which enhances the solution’s
viscosity, thereby promoting thorough mixing of the slurry materials and water. In addition,
compared with other thickeners, sodium carboxymethyl cellulose can maintain stable
physical and chemical properties in a wide pH range with a relatively mild thickening
effect [24], which will not have a large negative impact on the fluidity of the slurry, and is
easy to control the material index effect.

2.2. Experimental Scheme of Slurry Sealing Material

The material needs to be injected into the borehole to form an effective closed layer.
Slurry with high fluidity can smoothly flow into the fine cracks to ensure that the sealing
area is fully and evenly filled. Insufficient fluidity may result in the slurry failing to fully
infiltrate the fractures, resulting in an unsatisfactory sealing effect. The fluidity of the
sealing material was evaluated according to the fluidity measurement method specified in
the “Gypsum-based self-leveling mortar” standard (JC/T 1023-2021) [25]. The well-mixed
slurry was poured into a cylindrical mold, which was then swiftly lifted after leveling the
surface. The cylindrical mold had a height of 60 mm and an inner diameter of 36 mm.
Once the slurry had stopped flowing, the diameters in two perpendicular directions were
measured and the average value was taken. To ensure the accurate measurement of slurry
fluidity under low-fluidity conditions and to minimize experimental errors caused by wall
adhesion, we decided to use a cylindrical mold instead of a conical mold for fluidity testing.

Water retention reflects the material’s ability to remain stable over time under dry or
high-temperature conditions. High water retention performance ensures that the slurry
can maintain a strong sealing ability during long-term use to prevent water loss and gas
penetration [26]. The water retention of the material was primarily assessed by measuring
the mass loss of the slurry under constant temperature conditions. The prepared slurry was
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placed in a constant-temperature drying chamber for heating. To accelerate the water loss
rate of the material without causing the water to boil due to the high temperature, resulting
in boiling water loss, the experimental temperature was set to 50 ◦C [11]. It is impossible
to accurately evaluate the water retention capacity of the material in order to avoid the
loss of a large amount of free water in the slurry within a short duration. Considering that
the water loss rate of the material typically stabilizes over time, 8 h was selected as the
experimental time setting after assessment. This time length can effectively reduce test
time, enhances the experimental efficiency, and ensures the accuracy and reliability of the
experimental results. After 8 h of constant temperature curing, the mass change of the
material before and after curing was measured using a high-precision balance. The method
for calculating water retention is presented in Equation (1) [11]:

Mi =
M8

M0
× 100% (1)

where Mi is the water retention of the sealing material (dimensionless), M8 is the mass of
the sealing material after 8 h of constant temperature curing (g), and M0 is the mass of the
sealing material at the initial moment (g).

Permeability is used to evaluate the sealing effectiveness of materials to fine cracks
in gas extraction boreholes. The material’s permeability of the material was evaluated by
measuring the mass loss of the slurry as it passes through the sieve [11]. To detect the
plugging effect of slurry materials in cracks at different crack scales, a 150-mesh sieve with
a pore size of 0.1 mm was selected, as it represented the critical point between macroscopic
and microscopic cracks in coal seams. Typically, 1 h is sufficient for the material to penetrate
the sieve and reach a steady state. If the measurement duration is too short, it may not fully
reflect the permeability characteristics of the material. At the same time, too long a duration
may make the test process affected by external factors such as temperature fluctuations,
leading to unstable results. The slurry, prepared according to the predefined ratio, was
poured into a 150-mesh sieve and left to stand at room temperature for 1 h. Subsequently,
the mass difference of the slurry before and after passing through the sieve was measured.
The permeability calculation formula is provided in Equation (2) [11]:

C =
V1

V0
× 100% (2)

where C is the permeability of sealing material (dimensionless), V1 is the mass of the sealing
material after 1 h (g), and V0 is the mass of the slurry material at the initial time (g).

3. Single-Factor Impact Analysis
In the single-factor experiments, we wanted to investigate the influence of a specific

variable on the performance of the sealing material, with other variables set to fixed values.
Based on the results of numerous preliminary exploratory experiments conducted earlier,
the single-factor test parameters were set, as presented in Table 1. Among these parameters,
the water–bentonite ratio refers to the mass ratio of water to bentonite. The calculation
method for the dispersant and thickener content are identical to that of water–bentonite
ratio. The optimal value of admixture content was determined based on the fluidity, water
retention, and permeability of the material.
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Table 1. Single-factor experimental design.

Experiment Water–Bentonite
Ratio Dispersant Content (%) Thickener Content

(%)

1 3.0 0 0
2 3.5 0 0
3 4.0 0 0
4 4.5 0 0
5 5.0 0 0
6 4.0 0 0
7 4.0 0.5 0
8 4.0 1.0 0
9 4.0 1.5 0

10 4.0 2 0
11 4.0 0 0
12 4.0 0 0.1
13 4.0 0 0.2
14 4.0 0 0.3
15 4.0 0 0.4

3.1. Effect of Water–Bentonite Ratio on Performance of Sealing Material

In this study, the fluidity, water retention, and permeability of slurry materials under
different water–bentonite ratios were first tested. As shown in Figure 2, the fluidity of
the material slurry increases linearly with the increase in the water–bentonite ratio. The
standard deviations of the fluidity test results are 1.7–8.1 mm, which indicates that the
test error is low and the repeatability is good. When the water–bentonite ratio is 3:1, the
fluidity of the material is only 79 mm. However, as the ratio increases to 5:1, the fluidity
rises to 128 mm. This is because as the ratio of water to bentonite increases, the proportion
of free water in the slurry increases while the proportion of bound water adsorbed on
the silicate surface decreases, leading to an enhancement in slurry fluidity. A negative
correlation was observed between the water–bentonite ratio and the water retention of the
material, and the standard deviation of the water retention test results of the material was
between 0.13% and 0.7%. For the slurry with a 5:1 ratio, the mass decreased significantly,
dropping by 9.36% after 8 h. This phenomenon occurs because as the ratio of water to
bentonite increases, the ability of bentonite particles to adsorb water is limited and the
proportion of free water increases. In the slurry, the interaction between bound water and
bentonite particles is stronger, requiring more heat for evaporation, whereas free water is
more susceptible to temperature changes and evaporates. This is attributed to the higher
proportion of free water in the slurry, which is more susceptible to temperature-induced
loss. With an increase in the water–bentonite ratio, the permeability of the material also
increases, and the standard deviation of the permeability test results is 0.8%–4.9%, which
is within the acceptable range. When the water–bentonite ratio is reduced to 3:1, the
permeability of the material is only 15.83% and the diffusion radius of the slurry in the coal
fracture around the borehole is limited. In contrast, when the water–bentonite ratio is 5:1,
the permeability reaches 57.63%, making the slurry prone to loss during the sealing process.
Based on engineering experience [27,28], slurry with a fluidity below 90 mm exhibits issues
of “slow slurring and immobility”, while slurry with a permeability higher than 50%
cannot be retained in a borehole for a long time. Therefore, in subsequent experiments, the
water–bentonite ratio of the slurry was maintained between 3.5 and 4.5.
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3.2. Effect of Dispersant Content on Performance of Sealing Material

In these experiments, five levels of dispersant content were selected: 0% (control
group), 0.5%, 1%, 1.5%, and 2%. As shown in Figure 3, when the water–bentonite ratio is
4:1, the fluidity of the sealing material shows a decreasing trend with increasing dispersant
content, and the standard deviation is 2.6–5 mm. When the dispersant content reaches
2%, the fluidity decreases to 101 mm, which is 84.17% of that in the control group. This is
because when sodium dodecyl benzene sulfonate participates in the hydration reaction of
bentonite, its anionic part interacts with cations on the surface of bentonite, forming a spatial
barrier between bentonite particles, and the hydrophobic part reduces the hydration layer
on the surface of bentonite particles, thereby enhancing interparticle adsorption. The parti-
cles continuously aggregate through intermolecular forces and hydrophilic–hydrophobic
interactions, forming a more compact structure. This structure restricts the free flow of
particles, thereby reducing in slurry fluidity. Regarding water retention, the water loss
rate of the control group was 10.09%, whereas it decreased to 8.72% when the dispersant
content was 2%. The standard deviation of the water retention test results was less than
1.5%, and the repeatability was good. As the dispersant content increased, more water
in the slurry participated in the hydration reaction of bentonite, reducing the proportion
of free water in the slurry and subsequently minimizing the volatilization of water. In
addition, the dispersant content was positively correlated with the material’s permeability,
suggesting that the introduction of dispersant helped to improve the permeability of the
material. The standard deviation of permeability test data was 0.9%–2%. Specifically, when
the dispersant content is 2%, the permeability of the material increases to 41.76%, which is
31.4% higher than that of the control group, improving its effectiveness in sealing borehole
cracks. Therefore, in subsequent experiments, the dispersant content was maintained
within the range of 0% to 2%.
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3.3. Effect of Thickener Content on Performance of Sealing Material

Five thickener content levels (0%, 0.1%, 0.2%, 0.3%, 0.4%) were tested in these experi-
ments. As shown in Figure 4, the standard deviation of the fluidity test data is between
1.7 and 3.6 mm and that of the water retention and permeability test results less than 1.1%.
At a water–bentonite ratio of 4:1, the fluidity of the slurry decreases with the increase in
thickener content. At a thickener content of 0.4%, the fluidity is 61 mm, which is 50.83%
of the control group. Additionally, water retention improves as the thickener content
increases. The highest water retention is observed at a thickener content of 0.4%, with
the slurry maintaining 91.46% of its mass after 8 h of curing. This is attributed to the
enhanced interaction between hydrophilic molecules and bentonite surface, making it
more difficult for water molecules to escape from the composite system of bentonite and
sodium carboxymethyl cellulose. A negative correlation is observed between thickener
content and material permeability. When the content of thickener is 0.4%, the material
permeability is only 17.34%. By adding sodium carboxymethyl cellulose, the viscosity
and emulsification effect of the slurry material are enhanced, fundamentally inhibiting the
bleeding phenomenon. Due to the significant differences in the effects of thickener content
on fluidity, water retention, and permeability under different water–bentonite ratios, the
thickener content still needed to be set to 0% to 0.4% in subsequent orthogonal tests to
ensure the applicability and accuracy of the experimental results in reflecting changes in
material properties.
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The single-factor experiments provided initial insights into the effects of each com-
ponent. Building on these results, an orthogonal experimental design was developed to
further explore the interactions among variables.

4. Slurry Sealing Material Ratio Optimization and Results
4.1. Experimental Design of Response Surface Analysis

Based on the impact of the single-factor method on each component of the material,
the optimum dosage range for each factor was determined: water–bentonite ratio 3.5–4.5,
dispersant content 0%–2%, and thickener content 0%–0.4%. However, it is important to note
that the results of single-factor experiments do not account for the interactions between
multiple factors. Therefore, it is still necessary to explore the influence mechanisms among
various factors through orthogonal experiments and find the optimal material ratio. The
steps of the parameter optimization process were as follows.

(1) According to the single-factor experimental results, the appropriate range of parame-
ters was selected.

(2) Using Design-Expert software, 17 groups of three-factor experiments were designed.
(3) The model with the least deviation and best fitting effect was selected.
(4) The response surface was drawn according to the model with the best fitting effect.

This was used to predict and optimize the response value, analyze the interaction
between any two factors, and obtain the interaction law.

(5) For further analysis of the experimental results, use Design-Expert software to op-
timize the experimental program, select five groups of recommended experimental
programs, and verify the recommended schemes in terms of the optimal group alloca-
tion ratio.

In the orthogonal test, water–bentonite ratio (A), dispersant content (B) and thickener
content (C) were selected as the three main factors for testing combinations. The slurry
fluidity, water retention, and permeability index were used as the response values. The
Box–Behnken design, a commonly used method in the Response Surface Design module of
Design-Expert software, was applied to design a three-factor, three-level experiment. A
total of 17 groups of experiments were carried out. The range of each factor in the test was
designed as shown in Table 2, and the test results of each group are shown in Table 3.

Table 2. Value range of each factor in orthogonal experiment.

Experimental Group
Value Range of Each Factor (%)

Water–Bentonite
Ratio

Dispersant
Content

Thickener
Content

1–17 3.5–4.5 0–2 0–0.4

Table 3. Orthogonal experimental factor parameters and results.

Experiment

Influencing Factor

Experimental Ratio
(Water–Bentonite Ratio: Dispersant

Content: Thickener Content)
Fluidity (mm) Water

Retention (%)
Permeability

(%)

1 3.5:0:0.2 75 ± 2.65 94.64 ± 0.33 17.71 ± 0.58
2 4.5:0:0.2 129 ± 2.00 95.76 ± 0.21 53.03 ± 0.99
3 3.5:2:0.2 80 ± 1.73 95.82 ± 0.54 33.07 ± 0.33
4 4.5:2:0.2 115 ± 2.65 95.56 ± 0.63 21.84 ± 0.92
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Table 3. Cont.

Experiment

Influencing Factor

Experimental Ratio
(Water–Bentonite Ratio: Dispersant

Content: Thickener Content)
Fluidity (mm) Water

Retention (%)
Permeability

(%)

5 3.5:1:0 91 ± 2.65 94.65 ± 0.3 11.64 ± 0.52
6 4.5:1:0 163 ± 2.65 95.7 ± 0.49 33.12 ± 1.07
7 3.5:1:0.4 88 ± 1.00 94.66 ± 0.09 28.59 ± 0.58
8 4.5:1:0.4 110 ± 1.73 95.16 ± 0.51 15.38 ± 0.12
9 4.0:0:0 124 ± 2.00 94.44 ± 0.90 34.82 ± 0.73
10 4.0:2:0 99 ± 1.73 92.91 ± 0.27 28.8 ± 1.06
11 4.0:0:0.4 80 ± 1.73 93.88 ± 1.45 9.98 ± 0.94
12 4.0:2:0.4 94 ± 2.00 94.21 ± 0.21 22.81 ± 0.72
13 4.0:1:0.2 93 ± 2.65 93.47 ± 0.79 16.61 ± 0.78
14 4.0:1:0.2 97 ± 2.65 93.82 ± 0.89 20.35 ± 0.78
15 4.0:1:0.2 100 ± 2.00 94.39 ± 0.93 18.78 ± 1.14
16 4.0:1:0.2 95 ± 1.00 94.51 ± 0.64 18.1 ± 0.91
17 4.0:1:0.2 99 ± 2.00 94.55 ± 1.56 20.02 ± 0.84

4.2. Orthogonal Experimental Results and Response Surface Analysis
4.2.1. Response Surface Analysis of Fluidity

(1) Establishment of the model

In order to obtain the optimal ratio of the three materials, we used the response surface
analysis method to model the results of 17 groups of orthogonal experiments. The water–
bentonite ratio, dispersant, and thickener content were used as the input of the model and
fluidity was used as the response value of the model. The data of the orthogonal experiment
(Table 3) were input into Design-Expert, and the degree of fit of different models to the
experimental data was obtained. The fitting results are shown in Table 4.

Table 4. Multimodel comprehensive statistical analysis of fluidity.

Sequential p-Value Adjusted R2 Predicted R2 Suggested

Linear 0.7816 0.7312 No
2FI 0.9200 0.8719 No

Quadratic 0.9940 0.9864 Yes
Cubic 0.9648 0.9792 No

In the process of selecting a response surface model, the coefficient of determination
(R2) and its adjusted value are critical indicators. The R2 value quantifies how well a model
explains the overall variation in the response variable. The closer this value is to 1, the
better the model fits the data, indicating that it explains a larger proportion of the variation
in the response variable. Conversely, adjusted R2 accounts for the potential overfitting
that may arise with an increasing number of independent variables. Therefore, for models
with varying numbers of independent variables, adjusted R2 provides a more accurate
reflection of the model’s quality of fit. The R2 value of the quadratic equation is 0.9940,
with an adjusted coefficient of determination of 0.9864, both of which are higher than those
of the other models (Table 4). Therefore, the quadratic equation model was selected for the
fitting analysis.

(2) Factor variance results

In the analysis of the response surface quadratic model and variance results, pa-
rameters F and p are key indicators. The F parameter is commonly used to explain the
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relationship between changes in various factors and the overall variation. The larger the F,
the greater the proportion of the factor’s influence on the overall variation, which makes
it more likely to be statistically significant. However, the F value itself does not directly
indicate the significance of the factor: it merely provides a basis for assessing significance.
The p parameter is used to evaluate the significance of the model or individual factors.
A smaller p indicates a higher likelihood that the factor has a significant impact on the
response variable.

From the ANOVA results (Table 5), it can be seen that the significance of each factor
follows the order: A (water–bentonite ratio) > C (thickener content) > B (dispersant content).
Among the interaction effects of different factors, the order is: AC (water–bentonite ratio,
thickener content) > BC (dispersant content, thickener content) > AB (water–bentonite ratio,
dispersant content). Specifically, the significance of factors A and C is less than 0.0001,
indicating that these factors are highly significant, while the significance of factor B is
less than 0.005, indicating that this factor is significant as well. Among the interaction
effects, the interactions between AC and BC are the most significant, which suggests that
the individual factors have a high degree of influence and reliability.

Table 5. Quadratic model of fluidity response surface and analysis of variance (ANOVA) results.

Source Sum of Squares Mean Square F p

Model 6255 695.1 129.6 <0.0001
A 3741 3741 697.4 <0.0001
B 50 50 9.320 0.0185
C 1128 1128 210.3 <0.0001

AB 90.25 90.25 16.82 0.0046
AC 400 400 74.57 <0.0001
BC 380.3 380.3 70.89 <0.0001

(3) Response surface analysis

In the response surface analysis method, the three-dimensional response surface
illustrates the variation pattern of the response in the form of a three-dimensional plot by
depicting the trend of the response value in relation to two main independent variables.
Researchers can determine the range of optimal process parameters by observing the shape
of the surface (such as peaks, valleys, flat regions, etc.). This allows for the identification of
the optimal solution or the maximum or minimum point of the response value, providing a
theoretical foundation for the optimization of complex systems [29].

Figure 5 illustrates the effect of two-factor interactions on the fluidity results. When
the water–bentonite ratio remains constant, the fluidity shows little variation with changes
in the dispersant content. In contrast, Figure 5b shows a significant change in fluidity as
the water–bentonite ratio varies. At this point, the response surface is the steepest, and the
fluidity is highest when the thickener content is at its minimum and the water–bentonite
ratio is at its maximum. This suggests that the combined effect of the water–bentonite ratio
and thickener content on slurry fluidity is more significant. The response surface for the
dispersant content and thickener content interaction is relatively flat, indicating that the
interaction between the water–bentonite ratio and dispersant content has a weaker effect
on slurry fluidity. It can be seen that the interaction between the water–bentonite ratio
and thickener content has the greatest impact on slurry viscosity, with the fluidity’s three-
dimensional response surface varying between 75 mm and 160 mm, which is significantly
higher than that of the other response surfaces.
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Figure 5. Effects of interaction between different factors on the fluidity of slurry sealing materials.
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4.2.2. Response Surface Analysis of Water Retention

(1) Establishment of the model

As shown in Table 6, the coefficient of determination R2 and the adjusted R2 of the
quadratic equation are the highest among the various models, indicating a significant
relationship between the response value and the factors. Therefore, the quadratic equation
model was selected for fitting.

Table 6. Multimodel comprehensive statistical analysis of water retention.

Sequential p-Value Adjusted R2 Predicted R2 Suggested

Linear 0.0684 −0.1470 No
2FI 0.1999 −0.2800 No

Quadratic 0.9354 0.8240 Yes
Cubic 0.8148 0.6592 No

(2) Factor variance results

As shown in Table 7, parameter F of the model is 3.95, and the p is 0.0419, indicating a
high degree of fit between the model and the data. The order of the significance of influence
of each factor is A (water–bentonite ratio) > B (dispersant content) > C (thickener content),
and the order of the significance of influence of each factor is BC (dispersant content,
thickener content) > AB (water–bentonite ratio, dispersant content) > AC (water–bentonite
ratio, thickener content). The p value of factor A is 0.1343, indicating that the index is
significant. The interaction of BC was the most significant, and the interaction of AC was
the least significant.

Table 7. Quadratic model of water retention response surface and ANOVA results.

Source Sum of Squares Mean Square F p

Model 9.01 × 10−4 1.00 × 10−4 3.950 0.0419
A 7.26 × 10−5 7.26 × 10−5 2.870 0.1343
B 6.05 × 10−7 6.05 × 10−7 0.024 0.8816
C 5.51 × 10−7 5.51 × 10−7 0.022 0.8869

AB 4.76 × 10−5 4.76 × 10−5 1.880 0.2128
AC 7.56 × 10−6 7.56 × 10−6 0.300 0.6018
BC 8.65 × 10−5 8.65 × 10−5 3.410 0.1072
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(3) Response surface analysis

Figure 6 shows the effect of two-factor interaction on water retention. It can be
seen in Figure 6a that a higher water–bentonite ratio improves water retention, and the
floating range of the response surface is 94–97 mm, which is higher than other two-factor
response surfaces. Additionally, the change in water retention is most pronounced under
the interaction between the water–bentonite ratio and thickener content. When both the
water–bentonite ratio and thickener content are high, the response surface becomes steeper,
indicating that a higher water–bentonite ratio and thickener content are advantageous for
improving water retention. When the content of dispersant and thickener increases at the
same time, the water retention can be maintained at about 95%, but it is still gentler than
other response surfaces, that is, the interaction between dispersant content and thickener
content is poor, and the effect on the water retention of the material is not clear. On the
whole, a high water–bentonite ratio improves the water retention of slurry materials, and
the content of dispersant and thickener should be controlled at the same time.
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4.2.3. Response Surface Analysis of Permeability

(1) Establishment of the model

It can be seen in Table 8 that the R2 value of the cubic equation model is slightly higher
than that of the quadratic equation model, but its adjusted R2 is lower than that of the
quadratic equation, indicating that the explanatory power of the cubic equation model
is relatively weaker and requires further optimization. Therefore, the quadratic equation
model was selected to fit the experimental data.

Table 8. Multimodel comprehensive statistical analysis of permeability.

Sequential p-Value Adjusted R2 Predicted R2 Suggested

Linear 0.1492 −0.0471 No
2FI 0.6713 0.4741 No

Quadratic 0.9881 0.8715 Yes
Cubic 0.9849 0.7295 No

(2) Factor variance results

It can be seen in Table 9 that the F of the model is 5.61 and the p is 0.0166, indicating
that the model fits the data well and the experimental error is small. From the test of
significance, the order of the significance of influence of each factor is A (water–bentonite
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ratio) > C (thickener content) > B (dispersant content) and the interaction of factors AB
(water–bentonite ratio, dispersant) > AC (water–bentonite ratio, thickener content) > BC
(dispersant content, thickener content). The p of factor A is 0.0791, indicating that the index
is significant. The interaction of AB is the most significant, and the interaction of AC is the
least significant.

Table 9. Quadratic model of permeability response surface and ANOVA results.

Source Sum of Squares Mean Square F p

Model 0.1600 0.0170 5.61 0.0166
A 0.0130 0.0130 4.22 0.0791
B 0.0102 0.0102 0.33 0.5845
C 0.0120 0.0120 4.02 0.0848

AB 0.0540 0.0540 17.44 0.0042
AC 0.0300 0.0300 9.69 0.017
BC 0.0088 0.0888 2.86 0.1347

(3) Response surface analysis

The effect of the two-factor interaction on material permeability is shown in Figure 7.
The interaction between the water–bentonite ratio and dispersant has a significant impact
on the material’s permeability. The floating range of the response surface is 10%–50%, which
is notably higher than that of the other response surfaces. When the water–bentonite ratio
is large and the dispersant content is low, the permeability of the material is significantly
improved. The response surface of the water–bentonite ratio and thickener content is saddle-
shaped. When the water–bentonite ratio increases and the thickener content decreases, the
permeability of the material improves significantly. The fluctuation in the response surface
for the interaction between the water–bentonite ratio and thickener content is greater than
that of the dispersant content and thickener content. This indicates that the interaction
between the water–bentonite ratio and dispersant content has a more pronounced effect
on permeability than the interaction between dispersant content and thickener content.
The response surface for dispersant and thickener content is relatively flat, suggesting a
minimal impact on material permeability. To enhance the material’s permeability, it is
recommended to increase the water–bentonite ratio and reduce the dosages of dispersant
and thickener.
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4.3. Optimization and Analysis of Experimental Results

The test scheme was optimized by Design-Expert software (version 13), and
five groups of test schemes recommended by the software were selected to prepare the
sealing material slurry. The fluidity, water retention, and permeability of the material slurry
obtained from the tests were compared with those of the recommended test schemes, as
shown in Table 10.

Table 10. Optimized ratio and result verification.

Number

Experimental Optimization Ratio Fluidity (mm) Water Retention (%) Permeability (%)

Water–
Bentonite

Ratio

Dispersant
Content

(%)

Thickener
Content

(%)
Predicted Experi-

mental Predicted Experi-
mental Predicted Experi-

mental

1# 4.15 0.29 0.039 126.31 122 94.52 94.13 34.07 34.24
2# 4.38 1.04 0.19 117.85 115 95.08 94.51 24.97 25.12
3# 4.47 0.65 0.16 131.46 132 95.72 94.77 35.61 35.62
4# 4.39 0.13 0.25 113.67 109 95.29 94.09 35.91 36.45
5# 4.41 0.38 0.108 135.09 134 95.54 96.12 41.13 41.45

As can be seen in Table 10, the fluidity and water retention of the five groups of
materials from strongest to weakest are 5# > 3# > 1# > 2# > 4# and permeability 5# > 4# >
3# > 1# > 2#. Overall, the performance of group 5# best meets the sealing requirements.
Specifically, when the water–bentonite ratio of the sealing material is 4.41:1, the dispersant
content is 0.38%, and the thickener content is 0.108%, all performance indicators reach their
optimal levels.

5. Conclusions
We developed a novel liquid-phase non-setting borehole sealing material. This new

slurry sealing material, with good fluidity, excellent water retention, and significant per-
meability, was formulated using bentonite as the base material, sodium dodecyl benzene
sulfonate as the dispersing agent, and sodium carboxymethyl cellulose as the thickener.
We have summarized several key insights below.

1. In the single-factor experiment, as the water–bentonite ratio increased from 3:1 to
5:0, the fluidity of the sealing material increased from 79 to 151 mm, the permeability
increased from 18.5% to 57.6%, and the water retention decreased from 92.7% to 90.6%.
With the increase in dispersant content, the water retention of the sealing material
increased from 89.9% to 91.4% and the permeability increased from 31.8% to 41.8%,
but the fluidity decreased from 120 mm to 101 mm. On the contrary, with the increase
in thickener content, the water retention increased from 90.4% to 91.4%, the fluidity
decreased from 109 mm to 61 mm, and the permeability decreased from 27% to 17.3%.

2. A nonlinear quadratic regression model for fluidity, water retention, and permeability
concerning the three factors of water–bentonite ratio, dispersant, and thickener was
developed using the response surface methodology of response surface class design
methods. The interaction between the water–bentonite ratio and thickener had the
most pronounced effect on fluidity, ranging from 75 mm to 160 mm. The interaction
between dispersant and thickener had the most significant impact on water retention,
ranging from 93.3% to 94.5%. The interaction between water–bentonite ratio and
dispersant had the most substantial influence on permeability, ranging from 15%
to 46%.

3. The response surface analysis indicated that the deviation between the experimental
results and the predicted values for the optimized ratio of the new slurry sealing
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material was less than 0.81%. The optimal composition is a water–bentonite ratio
of 4.41:1, dispersant content of 0.38%, and thickener content of 0.108%. Under this
composition, the material exhibits fluidity of 134 mm, water retention of 96.12%, and
permeability of 41.45%.
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Appendix A
As shown in Figure A1, the fluidity of the slurry is neither beyond the green area nor

less than the red area, indicating that the fluidity is sufficient to ensure the slurry can fully
flow in the borehole while not being excessive enough to cause significant slurry loss into
fractures, thereby maintaining the stability of the sealing effect.
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Appendix A 
As shown in Figure A1, the fluidity of the slurry is neither beyond the green area nor 

less than the red area, indicating that the fluidity is sufficient to ensure the slurry can fully 
flow in the borehole while not being excessive enough to cause significant slurry loss into 
fractures, thereby maintaining the stability of the sealing effect. 

 

Figure A1. Test of material fluidity. (a) Schematic diagram of cylindrical mold dimension labeling. 
(b) Fluidity test result diagram. The yellow slurry is the developed sealing material, and the metal 
in the lower-left corner is a circular mold. 

  

Figure A1. Test of material fluidity. (a) Schematic diagram of cylindrical mold dimension labeling.
(b) Fluidity test result diagram. The yellow slurry is the developed sealing material, and the metal in
the lower-left corner is a circular mold.
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