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ABSTRACT: Gas drainage is an important method to prevent and control gas disasters.
Sealing materials have an important impact on the gas drainage effect. To improve the
extraction rate, the configuration and related characteristics of sealing materials were
studied in this study. It was found that the fluidity increased gradually with the increase
of the dosage of the suspension concentrate (SC). The water−cement ratio was directly
proportional to the setting time of the slurry. Also, the mixing amount of the special
cement was inversely proportional to the setting time of the slurry. The influence of the
amount of foaming agent, special cement, and suspending agent on the expansion rate of
the slurry was positive, and the influence gradually weakened. When the water−cement
ratio of cement-based materials was 0.6, the special cement content percentage was 6, the
suspension agent content percentage was 3, the plasticizer content percentage was 0.7,
the early strength agent content percentage was 1.2, and the foaming agent content
percentage was 0.2, the sealing effect was the best. The research results suggest that the
porosity and pore length of the cement-based material are smaller than those of polyurethane, and its sealing property was better.
This could further increase the sealing effect of the gas borehole, thereby facilitating gas extraction.

1. INTRODUCTION

Coal has been the main energy pillar in China, which has
supported the rapid development of the national economy.1−4

At present, 11.67% of the world’s usable coal reserves are
stored in China, ranked third in the world.5−7 China is the
largest coal-producing country in the world. Due to the
deterioration of the environment and the emergence of various
new energy sources, the proportion of coal in the consumption
structure of primary energy has been reduced by the state’s
macrocontrol policies. However, the appearance of new energy
is not enough to alleviate the current energy shortage
problem.8−11

Currently, the number of coal mines with high gas content
and coal and gas outburst is increasing.12−15 In the process of
coal production, coal mine gas accidents always threaten the
safety of coal mines. The total number of coal mine deaths in
China accounts for about 70% of the coal mine deaths in the
world. Thus, the prevention and control of gas accidents is an
important task needed to enhance the efficiency and reduce
the risk of coal mine production.16−18 The most effective
method of coal mine gas control is gas drainage.19−21 The gas
drainage is required to reduce the coal seam gas content, gas
pressure, and other indicators and then to achieve the
requirements of safety production. The low-permeability coal
seems to account for more than 95% of the coal seams mined
in mines with high gas content and coal and gas outburst in

China. The ultimate purpose of gas drainage hole sealing is to
effectively use the negative pressure of gas drainage, to reduce
the leakage of external air to the minimum, and then to
improve the concentration of the drainage pipeline.22−24 The
quality of the sealing hole is directly related to the quality of
the gas drainage effect, and the influence of sealing material on
the gas drainage effect is very important. At the moment, the
common sealing method is to employ polyurethane sealing
material,25−27 while the effect of this sealing method is very
unstable. This is because the initial gas drainage concentration
of a few boreholes can reach more than 90%, the gas drainage
concentration of a few boreholes can reach more than 20%,
and the gas drainage concentration of most boreholes in the
later stage is only about 5−15%.28−30 Due to the influence of
temperature, man-made activities, hole collapse, and other
factors, it is difficult to insert the polyurethane sealing material
into the predetermined sealing depth of the drilling hole. Thus,
foamed polyurethane cannot form enough expansion force and
cannot squeeze the polyurethane into the cracks around the
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hole in the sealed section.31−33 Therefore, these cracks become
air leakage channels. Moreover, as a small tunnel, the
deformation and creep will inevitably occur in the case of in
situ stress and excavation interference.34,35 The foamed
polyurethane has great elasticity and compressibility, and the
hardness of the foamed polyurethane is far smaller than that of
the coal rock, which cannot effectively support the borehole
shape. This results in the continuous formation of cracks
around the borehole in the sealed section after the hole sealing
(the gas leakage channel is in the second stage).36−39

The polyurethane sealing method has the following
problems:40,41 (1) Polyurethane sealing strength at both ends
is low. (2) The demand for ordinary cement is large and the
labor intensity of workers is high. (3) Ordinary cement often
has a certain shrinkage after solidification. Thus, it is easy to
have an air leakage channel formed on the borehole wall. The
use of a hole sealer for gas drainage hole sealing simplifies the
underground hole sealing process and reduces the labor
intensity of the sealing workers. There are many types of
sealing equipment,42−44 such as water pressure sealing device,
air pressure sealing device, push expansion type hole sealing
device, etc. No matter what type of sealing technology is used,
the selection of sealing materials for gas drainage is the same
strictly. Many experts and scholars have carried out extensive
and in-depth research on sealing materials.45−47 Based on their
composition, sealing materials can be divided into three
categories: inorganic materials (clay materials, cement-based
materials, high-water materials, PD materials (a new hole
sealing material), organic materials (polyurethane composite
materials, carbon fiber (CF) materials, polyurethane polyurea
materials), and flexible paste material (it is based on fly ash,
with the water-retaining agent, expansion agent, cellulose, and
coupling agent as auxiliary composite materials). Cement-
based grouting material is widely used as sealing material for
the time being. However, the ordinary cement material has the
characteristics of shrinkage after solidification.48−50 Adding a
certain amount of admixtures into cement materials can
improve the performance of cement. This improvement is
obtained by reducing the hydration heat of materials, which
improves the shrinkage characteristics of cement in the later
stage, reduces the setting time of cement, improves the early
strength of cement, increases the fluidity of cement, and
improves the expansion characteristics of cement in the
hydration process.51−53

To improve the sealing quality of drilling holes, experimental
research was carried out in this study on the proportion of
cement-based materials to obtain more suitable sealing
materials for coal mines. The optimal ratio was determined
mostly from the aspects of material fluidity, setting time,
compressive strength, and expansion rate to improve the
sealing effect and quality and to enhance the gas drainage
efficiency.

2. EXPERIMENTAL DESIGN

Based on the theoretical analysis of the sealing hole and the
actual operation situation, the best sealing effect can be
obtained only when the grouting materials meet the following
general requirements: stability, expansibility, and injectability.
Their stability is reflected through the strength characteristics
and long-term nonshrinkage. Thus, the material has to have a
certain strength to ensure that the sealing material does not
lose stability and is not damaged in the process of drilling-
induced deformation and extrusion. Moreover, due to material
shrinkage, the borehole sealing is not tight, resulting in air
leakage. Therefore, the material is required to have a long-term
nonshrinkage property. The expansion performance of the
material depends on the expansion rate and the expansion
force. Good expansibility not only can avoid leaving a “half-
moon” gas leakage channel after grouting but also can provide
certain active support for the borehole wall to compact loose
coal around the borehole wall and to reduce the area of air
leakage ring. The injectability suggests that the slurry can
maintain good fluidity within a certain time to ensure the
sealing grouting operation. During the operation, the slurry is
injected into the sealing equipment and the predetermined
position of the grouted section in the drilling.
Therefore, to study the comprehensive influence of different

water−cement ratios and additives such as special cement,
suspending agent, plasticizer, early strength agent, and foaming
agent on the fluidity, setting time, and expansion rate of slurry,
the orthogonal test method54,55 was used. The aim was to
analyze the influence and function of each component to fully
realize the advantages of various additives, optimize the slurry
performance, and enhance the sealing of boreholes’ gas
drainage effect. To reflect the influence of each factor on the
slurry and to accurately represent the influence law, six factors
and five levels were employed for the orthogonal test. The
influencing factors and levels are shown in Table 1. L25 (56)
test table was used, and its configuration is shown in the table.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Fluidity of Grouting Sealing Material. 3.1.1. Liquid-
ity Measurement Method. The fluidity test of grouting
materials was carried out by the flow test model.56 The size of
the truncated cone round mold was as follows: The inner
diameter of the upper opening was Φ = 36 ± 0.5 mm, and the
inner diameter of the lower opening was Φ = 61 ± 0.5 mm.
Initially, the prepared slurry was put into the truncated cone
mold, then scraped with a scraper, and lifted vertically and
gently. Ultimately, the maximum diameter and vertical
diameter of the slurry bottom were measured with a caliper,
and the average value was calculated as an integer. Each fluidity
test should be completed within 1 min.

3.1.2. Fluidity Measurement Results. According to the
results of the orthogonal test, the water−cement ratio and the

Table 1. Experiment Design

influencing factors

level water−cement ratio special cement (%) suspending agent (%) plasticizer (%) early strength agent (%) foaming agent (%)

1 0.55 4 2 0.6 1 0.1
2 0.6 5 3 0.7 1.1 0.15
3 0.65 6 4 0.8 1.2 0.2
4 0.7 7 5 0.9 1.3 0.25
5 0.75 8 6 1 1.4 0.3
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proportion of each component influenced the fluidity of the
material. The variation law of the fluidity is shown in Figure 1.
The effect of the early strength agent and foaming agent on

the fluidity of slurry was not great, and the fluidity was about
280 mm (Figure 1). With the increase in the water−cement
ratio and plasticizer content, the fluidity also increased
gradually. However, the increase in the water−cement ratio
was easy to cause water−cement separation of slurry. This was
because the water ratio was far beyond the water required for
cement hydration. Hence, fluidity increased significantly. The
reason why the increase of plasticizer content could increase
the fluidity was that it could reduce the amount of water used
for slurry mixing. It could also adsorb and wrap on the surface
of cement particles. These prevented the hydration reaction of
cement, reduced the formation of hydration products, and then
diminished the viscosity of the slurry and made the slurry
denser. However, when the plasticizer content was greater than
or equal to 0.8%, the slurry segregated when the water−cement
ratio was greater than or equal to 0.6. With the increase in the

amount of special cement, the fluidity first decreased and then
increased. The minimum value was 271.8 mm, which met the
requirements of injectability. The fluidity reduced with the
increase of the content of suspension concentrate (SC)
because the SC was very hygroscopic. Furthermore, the SC
dispersed into a gelled or suspended state in the water
medium. This could prevent the slurry from segregation,
thereby increasing the slurry viscosity and reducing the fluidity.

3.2. Setting Time of Grouting Sealing Material.
3.2.1. Determination Method of Setting Time. According to
GB/T1346-2011, the “test method for water consumption,
setting time, and stability of cement net propeller consistency”,
the setting time of the material was measured by the Vicat
instrument. The measuring device is exhibited in Figure 2. The
time interval from the completion of slurry preparation to the
initial setting of the slurry was considered as the initial setting
time of slurry material. Furthermore, the time from the
completion of slurry configuration to the final setting of slurry
material was recorded as the final setting time of slurry

Figure 1. Effect curve of material fluidity.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02911
ACS Omega 2021, 6, 21094−21103

21096

https://pubs.acs.org/doi/10.1021/acsomega.1c02911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02911?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


material. After the preparation of the slurry, it was poured into
the round mold, and the first measurement was conducted 30
minutes later. The test method was as follows: the round mold
was put under the test needle, the contact between the test
needle and the material surface was diminished, and finally, the
test needle was suddenly released and vertically entered the
material. When the test needle was 4 ± 1 mm away from the
bottom plate, the slurry material reached the initial setting
state. The determination method of the final setting time of the
slurry was as follows: turn over the round mold immediately
after the initial setting of the material, turn 180° and place the
larger diameter side upward, and use the final coagulation test
needle. When the accessory ring of the final setting needle
cannot leave traces on the surface of the material, the material
reaches the final setting state.

3.2.2. Determination of Setting Time. Figure 3 shows the
setting time effect curve of the slurry.

Figure 2. Vicat: setting time measuring device. 1: Vicat instrument; 2:
initial setting test needle; 3: final coagulation test needle; 4: round
mold.

Figure 3. Setting time effect curve.
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It can be observed that the different amounts of the
suspending agent, plasticizer, early strength agent, and the
foaming agent had little impact on the setting time of slurry.
The shortest initial setting time was 8.23 h and the longest was
9.63 h. The shortest final setting time was 8.43 h and the
longest was 9.98 h. The final setting time was not more than
0.5 h after the initial setting. After the initial setting time of the
slurry became 1.4 times longer than that of the initial setting of
water, which achieved the fastest rate of 437.4 times of the
initial setting time, the time did not exceed 11 h. During the
test, when the water−cement ratio was greater than or equal to
0.6, scum was formed on the surface of the slurry of individual
tests after solidification, which could be broken by pressing it
through the finger. This was because the water content
exceeded the water required for cement hydration, resulting in
slurry segregation and inconsistent density between upper and
lower grouts. The mixing amount of special cement was
inversely proportional to the setting time of the slurry. The

reason was that the special cement was very hydraulic. It could
not only participate in the hydration reaction and reduce the
mixing water but also had an early strength. The longest initial
setting time was 2.35 times the shortest one. The longest final
setting time was 2.35 times the shortest one, and the fastest
final setting time was 4.67 h. The setting time effect curve of
special cement indicated that when the content of special
cement was smaller than or equal to 7%, the setting time
diminished slowly with the increase of the special cement
content. However, when the content of special cement was
larger than 7%, the setting time was fast with the increase of
the special cement content. The decrease in velocity was
followed by a sudden increase in the change rate of the setting
time.

3.3. Expansion Rate of Grouting Sealing Material.
3.3.1. Determination Method of the Expansion Rate. The
material expanded under the restriction of a plastic cup. The
drainage method was applied to measure the expansion rate.

Figure 4. Expansion rate effect curve of the material.
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Although the deficiency of this method was that the expansion
of the material was not completely free, the constraints of each
group of material specimens were the same. Therefore, the
measured data could also reflect the expansion properties of
materials with different proportions. The volume of the plastic
cup used was V0 = 150.3 mL. The volume of the material after
28 days of expansion was determined by the drainage method.
The specific method was as follows: the solidified material was
taken out of the plastic cup, then its mass (M1) was measured,
and finally, its mass (M2) was measured again after evenly
coating by paraffin. The difference between the two masses was
the mass (Δm) of the paraffin coated. This allowed us to
further determine the volume (Vs) of the paraffin. When the
volume measured in water was V1, the expansion amount of
the material was V1 − V0 − Vs, and the expansion rate of the
material was (V1 − V0 − Vs)/V0 × 100%.
3.3.2. Test Results of the Expansion Rate. Figure 4

indicates the expansion rate effect curve of the material.
Figure 4 shows that when the water−cement ratio was

greater than or equal to 0.6, the water content had no
significant influence on the expansion rate of the slurry, which
was stable at about 9%. When the water−cement ratio was
0.55, the expansion rate was as large as 22.66%. Since the
porosity of the material was large, the strength was reduced. At

the same time, the excessive expansion was unfavorable to the
hole sealing device and gas drainage hole. It caused a lot of
unnecessary obstacles against the hole sealing technology. The
change of the early strength agent did not cause the large
fluctuation of the expansion rate of slurry. The minimum
expansion rate was 8.48% when the amount of early strength
agent was 1.1%, and the maximum value was 12.5% when the
amount was 1%, which was 1.48 times the minimum expansion
amount. When the content of the foaming agent was 0.3%, the
maximum expansion rate was 16.28%. When the content of the
foaming agent was 0.1%, the minimum expansion rate was
6.12%, and the maximum expansion rate was 2.66 times the
minimum value. When the ratio was less than 1, it was a
Bingham fluid, which had both viscosity and cohesive force.
Therefore, a part of the gas generated by the foaming agent in
the alkaline environment was sealed in the solidified material
before it could be released. Thus, the expansion of the material
was also a reason for the increase in porosity. When the
content of special cement was 7%, the maximum expansion
rate was 16.14%. When it was 4%, the minimum expansion rate
was 6.64%, and the maximum expansion rate was 2.43 times
the minimum value. The influence of special cement on the
expansion rate of the slurry was caused by ettringite generated
in the hydration process. The influence factors of special

Table 2. Four Optimized Matching Parameters

number
water−cement

ratio
special

cement ratio
suspending

agent plasticizer

early
strength
agent

foaming
agent

expansion
rate (%)

mobility
(mm)

initial setting
time (min)

final coagulation
time (min)

1 0.6 6 3 0.6 1.2 0.2 214 531 548 16
2 0.6 6 3 0.7 1.2 0.2 269 544 552 18
3 0.6 6 4 0.6 1.2 0.2 283 529 537 12.7
4 0.6 6 4 0.7 1.2 0.2 274 549 555 11.7

Figure 5. Stress−strain curves for different optimized matching parameters.
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cement on the setting time of slurry are illustrated in Figures 1,
3, and 4. They indicated that with the increase in the special
cement amount, the setting time of slurry was shortened and
more gas was generated. The body was sealed by the
solidification of the slurry.
When the content of SC was 4%, the maximum expansion

rate was 14.12%, and when the content of SC was 2%, the
minimum expansion rate was 6.74%. The SC had hygro-
scopicity and expansibility. It provided a basic environment for
the foaming agent. The maximum expansion rate was 16.68%
when the content of the plasticizer was 0.6%. The minimum
expansion rate was 7.48% when the amount of plasticizer was
1.67 times the minimum value, and the maximum expansion
rate was 2.23 times the minimum expansion rate. This was
because the sulfonic acid group with a negative charge was
ionized in the solution of plasticizer, which combined with
positive calcium ion and absorbed rapidly. It was attached to
the surface of cement particles and wrapped with cement
particles, which slowed down the hydration of cement to
ettringite.

4. DETERMINATION OF THE MATERIAL RATIO
Based on the above study, the proportion of materials could be
selected. Since the slurry was employed for sealing holes in gas
drainage, the fluidity and expansion rate of slurry were
considered as the main indexes, and the setting time of the
slurry was taken as the secondary index. The fluidity and
expansion rate could be as large as possible such that the sealed
section could be saturated with materials to achieve the
purpose of plugging the borehole. The initial setting time
should not be too short to have enough time to be completed
in construction. Moreover, the final setting time should not be
too long to be set and hardened as soon as possible after
sealing the hole. Therefore, four types of mixing ratios were
selected preliminarily (Table 2).
4.1. Compressive Strength Characteristics Using

Different Optimized Matching Parameters. Based on
the ratio determined by the above tests, and in accordance with
the requirements of the society of rock mechanics and
engineering, the compressive strength of the specimens with
a diameter of 50 × 100 mm2 was tested. The stress−strain
curves of four kinds of optimized matching parameters are
displayed in Figure 5.
Figure 5 reveals that the stress of different materials

increased with the increase of strain, while it reached the
peak gradually and then declined. Besides, all four materials
showed strong plastic behavior and no obvious brittle behavior.
Compared with other types of matching, no. 2 material had the
largest peak stress, about 20 MPa, and the minimum
discreteness and strong heterogeneity, thus, no. 2 material
was chosen. This material had the following characteristics:

(1) It could meet the requirements of bag grouting hole
sealing, and the slurry did not flow out after the bag was
injected.

(2) The flow time was controllable, and the solidification
speed could be adjusted based on the tunnel temper-
ature.

(3) The calorific value was small during the solidification
process. It could expand about 18% after the later
solidification.

(4) The initial strength was about 8 h, and it was not less
than 4 MPa.

4.2. Dilatational Force Characteristic. After solid-
ification, the sealing material could effectively reduce the
cross-sectional area of the air leakage ring. Hence, it was of
great significance to study the expansion force of the material.
The self-developed expansion force test device was utilized in
the test.
The expansion force of the no. 2 material was tested. The

changing trend of expansion force with time is presented in
Figure 6.

Figure 6 displays that the expansion force of cement-based
materials first increased with time and then tended to become
a constant value. Its stable expansion force value remained at
0.43 MPa after 4 h. It did not decay for a long time, which
indicated that the material had experienced no shrinkage.
Because of its expansive force, the material had a long-term
supporting effect on the borehole, which had a positive effect
on the tight sealing of the borehole.

4.3. Microstructural Characteristics. The development
of the pores (including pores and fissures) in the sealing
materials also affects the sealing performance of the materials.
If the pores of the materials are developed, the air leakage
channels are formed between the borehole wall and the
materials. This results in the air leakage of the borehole.
Therefore, scanning electron microscopy (SEM) experiments
were carried out on the no. 2 materials and common
polyurethane materials. The microscopic images of the
materials are illustrated in Figure 7. The void ratio of the
materials was analyzed by the digital processing technology,
and the pore size was predicted.
After statistical analysis of the data calculated by the

software, 117 voids were selected in the SEM images of
polyurethane materials and 90 voids in the SEM images of
cement-based materials. The results demonstrated that the
porosity of polyurethane materials was 7.2%, and that of
cement-based materials with no. 2 ratio was 5.6%. Figure 8
displays the distribution characteristics of the voids.
Figure 8 reveals that the gap length of the two materials was

mostly concentrated in the range of 10−30 μm. Also, the
maximum probability of the gap length between 11 and 15 μm
was 37% in polyurethane materials and 35% in cement-based
materials with gap length between 11 and 15 μm. Moreover,
nearly 75% of the surface gap width of polyurethane materials
and cement-based materials was distributed between 0 and 10
μm. Therefore, cement-based materials had better sealing
performance than polyurethane materials.

Figure 6. Expansion force−time curve of cement-based materials.
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Mine gas extraction is a major means of gas control, and
“hole sealing” is an important technique in mine gas extraction.
The soft coal seam’s difficult drilling, sealing hole serious
leakage, and technical problems such as nonstandard borehole
coupling seriously affect the mine gas extraction. Through
research and development of the new sealing hole grouting
material, it is conducive to further combine the new hole
sealing technology and hole sealing equipment, and then form
the sealing technology suitable for the soft coal seam. In this
way, we can achieve the comprehensive purpose of increasing
the concentration, improving the extraction efficiency,
reducing the sealing cost, and providing support for gas
control and gas utilization.

5. CONCLUSIONS
The research mainly studied the materials used in gas drainage
from the aspects of ratio, fluidity, setting time, expansion rate,
compressive strength, microstructure, and other aspects. The
main conclusions are summarized as follows:

(1) The effect of early strength agent and foaming agent on
the fluidity of slurry was not significant. With the
increase in water−cement ratio and plasticizer content,
the fluidity increased gradually. However, the increase in
water−cement ratio easily caused the water−cement of
slurry to separate, and the fluidity to decrease with the
increase of suspension agent content.

(2) The water−cement ratio was directly proportional to the
setting time of the slurry. Furthermore, the mixing
amount of the special cement was inversely proportional

to the setting time of the slurry. The influence of the
amount of the foaming agent, special cement, and
suspending agent on the expansion rate of the slurry was
positive. This influence was gradually weakened.

(3) Based on the compressive strength test, the best ratio of
cement-based materials was as follows: water−cement
ratio of 0.6, special cement content percentage of 6,
suspending agent content percentage of 3, plasticizer
content percentage of 0.7, early strength agent content
percentage of 1.2, and foaming agent content percentage
of 0.2. Its heat value was small in the process of
solidification and could expand about 18% after later
solidification.

(4) The results indicated that the expansion force of cement-
based materials first raised and then tended to become a
constant value. The initial strength was formed for about
8 h, and it was not smaller than 4 MPa. The porosity of
cement-based materials was 5.6%, and the gap length
between 11 and 15 μm was 35%, suggesting that the
sealing property of cement-based materials was better.
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