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To solve the problem of unstable sealing in the sealing section of a gassy, soft coal seam, a seal reinforcement material for gas extraction
boreholes was developed, which was mainly made of ordinary Portland cement and blended with additives such as aluminium powder,
quicklime, and gypsum. Firstly, in order to obtain the necessary expansion and compressive strength of reinforcement material, key
factors affecting the material properties were determined. Key factors affecting the expansion properties and compressive strength of
reinforcing materials were investigated by a single-factor test. Moreover, according to the central combination (Box–Behnken) ex-
perimental principle and response surface analysis (RSA), the interactions of various factors on the expansion and compressive strength
were determined, and the optimal experimental conditions were acquired.(e experimental results indicated that the optimum ratio of
thematerial was 2% for gypsum and 0.52% for aluminium powder and quicklime at the experimental temperature of 20°C, and the ratio
of water to material was 0.6. Finally, in the N1103 working face of No. 3 coal seam of Yuwu coal mine, Luan Group, China, the sealing
property of the reinforcement material was validated, and the problem of hole collapse at the borehole orifice was solved (resulting in a
gas concentration 2.48 times that measured before borehole reinforcement), and the gas drainage effect was enhanced.

1. Introduction

A large amount of gas is often associated with a coal seam and
is a valuable source of clean energy, and at the same time, it
can threaten the safety of mine operation [1–4]. With the
continuous increase of coal mining depth in China, gas di-
sasters are becomingmore prominent [5–8]. Gas drainage, the
fundamentalmeasure to solve the gas problem, and the quality
of borehole sealing can directly affect the efficiency of gas
drainage and the normal operation of the whole mine [9–12].
In the process of gas extraction, the sealing of boreholes drilled
is an important guarantee for high-efficiency gas extraction,
and the sealing performance of sealing material restricts the
efficiency of gas extraction to a great extent [13–16].

Many researchers have investigated sealing materials
[17–19]. Li et al. [20] developed a new type of inorganic

sealing material with good compactness and expansivity,
which could improve the poor sealing effect, large air
leakage, and low concentration of traditional sealing ma-
terials. However, this sealing material reduces the com-
pressive strength of the materials while providing high
expansibility; Zhai et al. [16, 21] developed a kind of flexible
colloidal material suitable for drilling deformation, aiming at
the shortcomings of traditional solid sealing material, to
ensure the sealing effect of gas drainage during drilling. (is
material does not have good compressive strength and is not
suitable for drilling holes in soft coal seam; Wang et al. [22]
investigated the mechanism of coal seam air leakage, ana-
lysed the influences of time, active support pressure, and
drainage pressure on air leakage, and proposed an active
support sealing method with double expansion materials as
sealing material. (e material is a kind of delayed expansion
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material, and its slow solidification in the early stage makes it
unable to play a good supporting role in time.

In addition, some researchers studied the optimal sealing
effect of sealing materials by means of mathematical
modelling and numerical simulation. Under the condition of
different sealing lengths, Guan-Hua et al. [23] analysed
various fracturing sealing parameters and, when combined
with the Lagrange interpolation method, obtained optimised
sealing parameters; Ge et al. [24] optimised the ratio of
sealing materials under the optimum compressive strength
and shrinkage, determined the appropriate sealing length,
and verified it by field tests. Hashemi et al. [25] compared the
aforementioned theoretical laboratory test data and studied
the ability of hollow cylinder test data to predict the shear
failure of a borehole; Erol and François [26] evaluated the
performance of various grouting materials, through thermal,
hydraulic, and mechanical laboratory characterisation.

Most of the published studies on borehole sealing ma-
terials have been limited to borehole seals, which belong to
the sealing materials with high expansibility and low
compressive strength and are not suitable for the sealing of
drilled holes in high-gas loose soft coal seams. Soft coal
makes a high-gas soft coal seam prone to collapse when the
drill pipe exits the borehole, which makes it difficult to reach
the necessary sealing depth [27]. (erefore, the slurry
studied should have good expansibility, and the slurry has
good compressive strength after initial setting, which can
offer a good consolidation support effect on the hole sealing
section and excellent permeability. In this study, higher
requirements were imposed on the sealing material in view
of the above problems, which requires the sealing material
with high strength and microexpansion performance. Based
on the previous work, in this work, the compressive strength
of reinforcement material was determined by the hardness of
coal seam. (e single-factor experiment and multifactor
experiment were used to analyse the expansion and me-
chanical properties of this new reinforcement material and
determine the optimal ratio of the key influencing factors of
the reinforcement material. To confirm the reliability of the
experimental results, Yuwu coal mine was selected to verify
the field effect. (e results showed that the newly developed
reinforcement material can solve the problem of borehole
instability before borehole sealing and improve the efficiency
of borehole gas drainage, which has important practical
significance.

2. Experimental Work

2.1. Experimental Materials. (e compressive strength of
reinforced materials was determined as follows: the coal
seams are divided into extremely hard coal seam 5.0> f> 4.0,
hard coal seam 4.0> f> 3.0, medium-hard coal seam
3.0> f> 1.5, soft coal seam 1.5> f> 0.8, and extremely soft
coal seam 0.8> f> 0.5 (f represents the firmness coefficient of
coal and rock). (e cutting machine is generally suitable for
cutting the coal seam with hardness less than or equal to 4.
(erefore, the coal-rock firmness coefficient of the sealing
material is 4> f> 1.5. According to equation (1), the

compressive strength of the sealing material is calculated to
be 15–40MPa:

f �
R

10
, (1)

where R is the one-way ultimate compressive strength of
standard coal and rock specimens (MPa).

To meet the requirement that the compressive strength
of the reinforcement material is 15MPa to 40MPa, cement-
based material was selected as the base material of the re-
inforcement material [28, 29]. Cement-based sealing ma-
terials are widely used in sealing holes for gas drainage in
coal mines because of their advantages of low price, simple
operation, and good applicability [30]. Based on ordinary
Portland cement and other additives, a kind of sealing
material for drilling reinforcement was developed. (e self-
developed new reinforced sealing material is mainly com-
posed of ordinary Portland cement, aluminium powder
(AL), quicklime (CaO), gypsum, and other inorganic ad-
ditives. Cement is the main base material of strengthening
materials, which enhances the compressive strength of
materials; aluminium powder and CaO are mainly used as
expansion agents, which can compensate for the shrinkage
of the cement paste [31, 32]; gypsum can increase the volume
of cement paste and improve the overall strength [33].

(e key factors affecting the expansion source of rein-
forcement materials are as follows:

(1) Aluminium powder: the main component of cement
is silicate, which is soluble in water and weakly al-
kaline after hydrolysis. After adding aluminium
powder into the cement, the chemical reaction of
aluminium powder in the alkaline solution produces
hydrogen, which will cause the volumetric expansion
of the cement, compensate for the shrinkage of the
cement slurry, play the role of expansion filling, and
improve the sealing performance of the cement [34].
(e principle of chemical expansion is as follows:

SiO 2−
2 + H2O⇔HSiO3

−
+ OH−

2Al + 2OH−
+ 2H2O � 2AlO2

−
+ 3H2 ↑

(2)

(2) CaO: with the hydration of Cao in water, Ca(OH)2 is
continuously generated and the lattice volume
grows. In addition, a proper amount of CaO can be
used as reactant to consume Al(OH)3, promoting the
reaction to the right to produce hydrogen and
achieve the desired expansion; too much alkaline
material not only affects the early deformation
performance of cement, but also causes the early
deterioration of cement structure due to the segre-
gation and cracking sensitivity induced by alkali,
which also has a great impact on the early hydration
and microstructure formation of cement [35]. (e
principle of chemical expansion is expressed as
follows:

2Al + CaO + 3H2O � Ca AlO2 2 + 3H2 ↑ (3)
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(1) CaO dissolves in water to form Ca(OH)2, and the
reaction is exothermic, as shown in the following
equation:

CaO + H2O � Ca(OH)2 (4)

(2) Aluminium powder reacts with water to generate
hydrogen and Al(OH)3:

2Al + 6H2O � 2Al(OH)3 + 3H2 ↑ (5)

(3) Al(OH)3 is an amphoteric substance, which reacts
with strong bases:

2Al(OH)3 + Ca(OH)2 � Ca AlO2 2 + 4H2O (6)

(3) Gypsum: the gypsum used in the experiment is
gypsum dihydrate (CaSO4·2H2O). Its influence on
the expansion performance of sealing materials is
mainly concentrated in the reaction with tricalcium
aluminate (C3A) in the cement component to pro-
duce calcium vanadate (AFt). (e expansion is based
on water absorption-induced swelling, and the ex-
pansion effect is produced by the increase of lattice
volume, but the contribution to the expansion is
generally small [36]. (e chemical reaction is written
as follows:

C3A + H2O⟶ C3AH6

C3AH6 + CaSO4 · 2H2O⟶ AFt
(7)

Moderate increases in gypsum content can enhance the
strength of cement and strengthen and support the sur-
rounding rock after the hole is sealed, but when the gypsum
content is excessive, it continues to react with the solid state
of hydrated calcium aluminate to generate high sulphur
content hydrated calcium aluminate after the cement is
hardened, with the volume increased by about 1.5 times,
causing cement stone cracking, collapsing the hole during
the second drilling operation.

2.2. Experimental Design. (e single-factor experiment was
used to investigate the effects of A (Al), B (gypsum), and C
(the ratio of water to material) on the expansion properties
and compressive strength of the reinforcement materials in
the experiment (assuming there is no interaction between
the three factors). (e expansion ratio and compressive
strength are the main objects of analysis, and the time of
condensation was used as the secondary analysis object.
Finally, the selection range of each other amount of ad-
mixture was determined. It is worth noting that, in the
single-factor experiment stage, since aluminium powder and
CaO are two reactants inducing gas expansion, they are not
separable and were equally divided and repeatedly prepared

as a swelling agent for these experiments. (e multifactor
experimental level design was determined according to the
conclusions obtained from the single-factor experiment
[37].

To avoid the limitation of single variable experiment and
consider the influence of interaction amongmultiple factors,
a multifactor experiment was conducted to study the sig-
nificance. According to the single-factor experiment in the
early stage, three main influencing factors were selected: A
(Al), B (gypsum), and C (ratio of water to material). A total
of 17 groups of experimental schemes were designed with
three factors and three levels (Tables 1 and 2).

2.3. Performance Testing. Expansibility experiment of rein-
forcement materials was assessed by first, weighing a set
amount of cement, and then the additive was weighed
according to the experimental design table and added to the
cement for uniform stirring [38]. (en, the tap water was
weighed according to the ratio of water to material of the
experimental design and added it to the cement, and the
additive mixture was prepared in the previous step for
thorough agitation. After stirring evenly, the slurry was
poured into a graduated cylinder and sealed with a sealing
tape. (e slurry was then placed in a cement curing tank set
at 20°C to ensure that the entire reaction was carried out
under sealed, constant-temperature conditions. (e initial
volume of the mixed slurry was recorded as V0, and the
volume of the mixed slurry was recorded every four minutes
and recorded as V1, V2, V3, . . ., Vn, respectively (Vn is the
final determined value). (e final expansion ratio of the
reinforcing material can be calculated according to the
following formula:

λ �
Vn − V0

V0
× 100%, (8)

where λ is the expansion ratio of the reinforcing material, Vn
represents the final volume of the slurry, and V0 is the initial
volume of the slurry.

Compression strength testing of reinforcement materials
was carried out [35, 39]. To obtain the compressive strength
of each component, the experimental cement slurry needed
to be prepared in accordance with the amount of each
component. After the slurry was thoroughly stirred, it was
poured into a cylindrical mould with a diameter of 50mm
and a height of 100mm. (en, we placed the slurry on a
vibrating table for compaction purposes, scraped off the
excess, and smoothed the top. Next, these samples were
placed in an incubator at a temperature of 20°C. (is ex-
periment researched the compressive strength of the cement
components after solidification for 48 h. To ensure the in-
tegrity of the sample, the test block was taken out after being
placed for 3 h, the upper and lower surfaces were smoothed
and the compressive strength was measured immediately.
On account of the solidification time being short and the
cement weak, special care must be taken during demoulding
and grinding to avoid damage to the test block.

So as not to affect the smooth operation of downhole
drilling, considering the possibility of field operation and the
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time taken, it is necessary to strengthen the material to meet
the required compressive strength within 48 h (above
15MPa). (erefore, the compressive strength of the rein-
forcement material at 48 h was measured.

3. Results and Discussion

3.1. Influence of Ingredients in Reinforcement Materials on
Material Properties

3.1.1. Effects of Aluminium Powder and Quicklime on Ma-
terial Properties. (e experiment determined that the alu-
minium powder and CaO doses were 0%, 0.43%, 0.52%, and
0.68%; the experimental temperature was 20°C; and the ratio
of water to material was 0.6.

As shown in Figure 1(a), when the amount of aluminium
powder added is 0%, the final expansion ratio is −2.3%. (e
main reason for the shrinkage is that the pores formed by the
cement in the hydration stage and the C-S-H gel (calcium
silicate hydrate gel) will shrink due to the decreasedmoisture
content during drying. As the aluminium powder content
increased from 0.43% to 0.68%, the expansion ratio of the
reinforcing material increased from 7.2% to 10.2%. As the
reaction between aluminium powder and quicklime con-
tinued, the reaction began at 0 to 16 minutes, generating
more gas and increasing the expansion ratio. When the
experiment was carried out for 16 to 32min, the reactants
and reaction rate gradually decreased, and the expansion
ratio increased slowly. When the experiment was conducted
for 32 to 48min, the reaction was completed and the ma-
terial was stabilised. At this time, the expansion ratio did not

increase, and the expansion ratio curve eventually became
flat.

In Figure 1(b), the blue line represents the change of the
compressive strength of the reinforced material with dif-
ferent aluminium powder contents at 48 h. (e red line
shows the change of the initial and final setting time of the
reinforced material with different aluminium powder con-
tents (Figures 2(b) and 3(b) also show similar changes).
Figure 1(b) shows that as the amount of aluminium powder
increased, the initial solidification time and final solidifi-
cation time of the cement material were reduced slightly
[40]. (is is because, upon addition of aluminium powder
and quicklime, the changes in water content in the cement
slurry and a small amount of f-CaO (free calcium oxide) in
the cement itself are accelerated, which accelerates the hy-
dration and hardening of the cement, but the effect is not
obvious. When the amount of aluminium powder added is
0%, the compressive strength is 13.5MPa; the amount of
aluminium powder is increased from 0.43% to 0.68%, and
the compressive strength is reduced from 9.8MPa to
6.9MPa. (is is because with the addition of aluminium
powder and quicklime, bubbles remain in the cement slurry,
which reduce the strength thereof. When insufficient alu-
minium powder is added, the expansion requirement cannot
be satisfied; upon excessive addition thereof, the internal
pores of the cement grow, and the compressive strength is
decreased. In general, it is concluded that the cement ex-
pansion ratio was about 10%, and the suitable dose of al-
uminium powder was about 0.52%.

3.1.2. Effect of Gypsum Content on Material Properties.
(e experiment determined that the amount of gypsum
added was 0%, 1%, 2%, and 3%; the experimental temper-
ature was 20°C, and the ratio of water to material was 0.6.

Figure 2(a) illustrates that gypsum content is increased
from 0% to 3%, the final expansion ratio of the cement slurry
is increased to 1.72%, and when the gypsum content is
increased from 1% to 3%, the three curves are similar. When
the gypsum content is 1% or 2%, the expansion ratio of the
cement slurry is similar because the gypsum is slower to
form after the gypsum is dissolved in the cement, and the
solid phase remained unchanged before and after the re-
action, which fundamentally limits the expansion effect.

Figure 2(b) shows that, with the increase of gypsum
content, the compressive strength of cement paste grad-
ually increases from 8.9MPa to 9.8MPa; the solidification
time is also gradually increased from 16 to 26min. It can
be concluded that the amount of gypsum has little effect on
the strength of the cement paste because the gypsum helps
to solidify the cement slurry. Meanwhile, the gypsum also
prolongs the setting time, increases the reaction time of
the slurry, and provides a guarantee for the grouting time.
(erefore, the choice of gypsum content is about 1%
to 2%.

3.1.3. Effect of the Ratio of Water to Material on Properties of
Reinforcing Materials. (e experiment determined that the
amount of the ratio of water to material was 1, 0.6, and 0.5;

Table 1: Factors and their levels used in the Box–Behnken design.

Factor Unit Level
Aluminium powder content % 0.43 0.52 0.68
Gypsum content % 1 2 3
Ratio of water to material 0.5 0.6 1

Table 2: Experimental plans and results.

Class number A B C E S
1 0.52 1.00 0.50 10.9 11.1
2 0.52 2.00 0.60 10.5 10.6
3 0.52 3.00 1.00 8.7 7.8
4 0.52 1.00 1.00 7.4 5.7
5 0.52 2.00 0.60 10.5 10.6
6 0.68 2.00 1.00 9.6 5.6
7 0.43 1.00 0.60 7.5 11.8
8 0.68 1.00 0.60 12.1 8.2
9 0.43 2.00 1.00 6.9 8.9
10 0.68 2.00 0.60 12.4 8.7
11 0.52 3.00 0.50 11.9 12.2
12 0.43 2.00 0.50 9.5 15.6
13 0.68 3.00 0.60 12.9 9.4
14 0.68 2.00 0.50 13.8 10.6
15 0.43 2.00 0.50 9.3 14.3
16 0.52 1.00 0.60 9.8 10.1
17 0.43 3.00 0.60 8.2 13.2
E denotes the expansion ratio and S is the compressive strength.
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the aluminium powder and calcium oxide contents were
both 0.52%, the gypsum content was 2%, and the experi-
mental temperature was 20°C.

As seen from Figure 3(a), as the ratio of water to material
is reduced from 1 to 0.5, the expansion ratio increases from
7.9% to 11.2%. (is is because, when the ratio of water to
material is lowered, the solid volume material per unit
volume of slurry increases, enhancing the effect of the ex-
pansion agent; however, if the ratio of water to material is
too large, segregation will occur at the initial stage of so-
lidification of the cement, and the pore distribution is more

loose. H2 generated by the reaction of the aluminium
powder and water will escape (in part), resulting in a de-
crease in the expansion ratio. At the beginning of the ex-
periment from 0 to 16min, since the reaction had just
started, the reactants were present in sufficient quantity and
the reaction rate was fast; as the reaction proceeded for 16 to
32min, the masses of reactants were continuously reduced,
resulting in a gradual slowing of the reaction rate. (e re-
action was substantially complete when the reaction was
carried out for 32 to 48min; however, regardless of the ratio
of water to material being 1 :1 or 1 : 2, the final expansion
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Figure 2: Effect of gypsum content on material properties. (a) Effect of gypsum content on expansion. (b) Effect of gypsum content on
solidification time and compressive strength.
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Figure 1: Effects of aluminium and quicklime content onmaterial properties. (a) Effects of aluminium and quicklime content on expansion.
(b) Effects of aluminium and quicklime content on solidification time and compressive strength.
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ratio of the cement had reached more than 10%, in line with
our experimental requirements.

Figure 3(b) illustrates that, with the increase of the water-
to-material ratio, the initial solidification time of cement
slurry increases from 20min to 60min, the final solidifi-
cation time increases from 40min to 90min, and the
compressive strength decreases from 11.4MPa to 6.9MPa.
(is is because the increase in the water-to-feed ratio leads to
a decrease in the cement slurry concentration, a decrease in
the solid volume of the cement per unit volume, and a longer
solidification time. Furthermore, the compressive strength
of the cement slurry is reduced. Since the ideal value of the
compressive strength of the cement paste is 10MPa, the
value of the ratio of water to material was finally determined
to be between 0.5 and 0.6.

3.2. Optimal Choice of Proportion of Components. To elu-
cidate the effect of the interaction of three factors on the
reinforcing material, a 17-group orthogonal experiment
(Table 2) was designed, and the results of the experiment are
described below.

3.2.1. Expansive Multifactor Analysis. As can be seen from
Table 3, Design-Expert recommends the use of a quadratic
model with minimal bias and better fit than other models.

Figure 4 demonstrates a normal distribution diagram of
the studentised residual, which can be used to determine
whether, or not, the obtained observation has an abnormal
point after fitting with the model. (e distribution of the
residual points on the graph is almost collinear, indicating
that the fitting effect of the model is more accurate and
reliable.

According to the quadratic model multiple regression
equation, the optimal contour lines between the respective

variables and the response surfaces between the respective
variables are drawn (Figures 5 and 6).

(e shape and trend of contour lines can reflect the
intensity and significance of the interactions between the
two factors. As illustrated in Figure 5, the interaction be-
tween A (aluminium powder) and C (the ratio of water to
material) is the most obvious. When the expansion ratio is
less than 10%, as the amount of aluminium powder increases
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Figure 3: Effect of the ratio of water to material on material properties. (a) Effect of the ratio of water to material on expansion. (b) Effect of
the ratio of water to material on solidification time and compressive strength.

Table 3: R2 analysis.

Source Sequential P

value
Adjusted

R2
Predicted

R2

Linear <0.0001 0.9239 0.8845
2FI 0.4083 0.9250 0.8414
Quadratic 0.0007 0.9893 0.9500 Suggested
Cubic 0.1535 0.9976
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gradually, the ratio of water to material increases gradually.
(is is because the amount of aluminium powder con-
tributes most to the expansivity. To maintain the constant
expansivity, the ratio of water to material must be increased
to weaken the expansibility. Secondly, when the expansion
ratio is less than 10%, only a small amount of aluminium
powder must be added to reduce the gypsum content
quickly, and when the amount of gypsum is less than 2%, the
results are consistent with the results of the single-factor
experiment. Finally, the interaction relationship between B
(gypsum content) and C (water-to-material ratio) is the
worst. When the expansion ratio is fixed, the interaction
contour between gypsum content and the ratio of water to
material is relatively smooth, and the effect of the ratio of
water to material on expansion ratio is much greater than
that of gypsum. (e results are consistent with the results of
the single-factor experiment and ANOVA.

Figure 5 demonstrates that compared with curves AB
and BC, the AC optimisation contour changes faster and the
interaction is most obvious. From Figure 6, it can be ob-
served that the response surface of AC is the steepest, fol-
lowed by AB, and that of BC is almost flat. When the
expansion ratio is 10%, with the increase of aluminium
powder content, the gypsum content decreases rapidly, and

the ratio of water to material increases slowly. With the
increase of gypsum content, the increase of the ratio of water
to material is almost zero.(is is because aluminium powder
is the main factor affecting the expansion of the reinforcing
material, and the ratio of water to material only exerts a
certain influence on the expansion of the material, and the
influence of the gypsum on the expansivity of the solid
material can be negligible.

3.2.2. Multifactor Analysis of Compressive Strength. As can
be seen from Table 4, Design-Expert recommends the use of
a quadratic model withminimal bias and better fit than other
models.

In Table 5, the F-value is 57.15, P< 0.0001, indicating
that the model has a high degree of fit to the data, and the
experimental error is small. In the significance test, the P

values of the three factors A, B, and C are all less than 0.05,
suggesting that the three indicators are significant; the one
degree term PAB � 0.8911, PAC � 0.3259, and PBC � 0.2528:
the saliency order is such that BC>AC>AB, and the in-
teraction of BC is the most significant; the quadratic terms
P2
A � 0.0086, P2

B � 0.2439, and P2
C � 0.0610: the saliency

order is such that A2>C2>B2 and the interaction of A2 is
the most significant.
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Figure 5: Optimised contours between the respective variables. (a) Optimised contour between A and B. (b) Optimised contour between A
and C. (c) Optimised contour between B and C.
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Figure 6: Response surface between the respective variables. (a) (e response surfaces of A and B. (b) (e response surfaces of A and C.
(c) (e response surfaces of B and C.

Table 4: R2 analysis.

Source Sequential P value Adjusted R2 Predicted R2

Linear <0.0001 0.4507 0.9150
2FI 0.7690 0.3865 0.9008
Quadratic 0.0100 0.8493 0.9693 Suggested
Cubic 0.8493 0.9430

Table 5: Response surface quadratic model and analysis of variance results.

Source Sum of squares Degree of freedom Mean square F-value P value
Prob.> F

Model 116.93 9 12.99 57.15 <0.0001 Significant
A 26.87 1 26.87 118.21 <0.0001
B 3.96 1 3.96 17.40 0.0042
C 56.02 1 56.02 246.41 <0.0001
AB 4.579E− 003 1 4.579E− 003 0.020 0.8911
AC 0.25 1 0.25 1.12 0.3259
BC 0.35 1 0.35 1.55 0.2528
A2 2.97 1 2.97 13.05 0.0086
B2 0.37 1 0.37 1.62 0.2439
C2 1.13 1 1.13 4.97 0.0610
Residual 1.59 7 0.23
Lack of fit 0.75 5 0.15
Pure error 0.84 2 0.42
Cor. total 118.52 16

8 Advances in Materials Science and Engineering



According to the quadratic model multiple regression
equation, the optimal contours between the respective
variables and the response surface between the respective
variables are drawn (Figures 7 and 8).

It can be seen from Figures 7 and 8 that when the
compressive strength is 15MPa, with the increase of the
amount of aluminium powder gradually, the ratio of water to
material decreases rapidly, (is is because the amount of
aluminium powder contributes the most to the expansivity,
which reduces the compressive strength of the reinforced
material, and gypsum provides a certain compressive
strength for the reinforced material. Secondly, the smaller
the C (ratio of water to material), the higher the compressive
strength of the material, the larger its viscosity, but the
smaller ratio of water to material is not conducive to the hole
sealing hole in a grouting field test. Finally, the interaction
effect of B (gypsum) and C (ratio of water to material) is
more obvious, and the response of gypsum and the ratio of
water tomaterial is steeper than that of the surface.(e effect
of the ratio of water to material is much greater than that of
gypsum. (e results are consistent with the results of single-
factor experiment and ANOVA.

Figure 7 illustrates that, compared with the AB and AC
curves, the BC optimisation contour changes faster and the

interaction is most obvious. From Figure 8, it can be ob-
served that the response surface of BC is the steepest, fol-
lowed by AC, and AB is almost flat. When the compressive
strength is 15.6MPa, as the amount of aluminium powder
increases, the amount of gypsum increases rapidly, and the
ratio of water to material decreases slowly. However, as the
amount of gypsum increases, the ratio of water to material
increases to almost zero. (is is because the addition of
aluminium powder can make the reinforcement material
expand and the generated gas greatly reduces the strength of
the reinforcing material, and the addition of gypsum en-
hances the strength of the reinforcement material.

3.2.3. Optimisation and Verification of Experimental Results.
In order to further analyse and verify the experimental
results, the optimised experimental scheme was obtained by
Design-Expert, and then five sets of recommended experi-
mental schemes were selected for verification.

Table 6 shows that, using the ratio recommended by
Design-Expert 8.0.6 Trial, the maximum absolute error of
the predicted value and the true value is only 0.1%, regardless
of the expansion ratio or compressive strength of the cured
material, indicating that the model is relatively reliable.
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Figure 7: Optimised contours between the respective variables. (a) Optimised contour between A and B. (b) Optimised contour between A
and C. (c) Optimised contour between B and C.
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In summary, in order to ensure the practicability and
simplicity of the fieldwork, under the premise of meeting the
experimental requirements, the compressive strength is
about 15.6MPa, and the expansion ratio is about 10%. (e
optimised experimental conditions were selected as follows:
aluminium powder and quicklime content 0.52%, gypsum
content 2%, and the ratio of water to material 0.6.

4. Field Application

(e N1103 working face of No. 3 coal seam in Yuwu coal
mine of Lu’an Group in Shanxi Province was selected for
field testing. (e gas content of the coal is high (the gas
content of the raw coal is 3.06–23.69m3/t), and the coal

quality is relatively soft (0.6< f< 0.9) [41]. With the increase
of mining depth, the gas content and pressure of the coal
seam increase. At present, it is difficult to mine gas in the
working face of Yuwu coal mine. After the hole is formed,
the hole section is prone to collapse. It is difficult for the gas
extraction pipe to be sent to the designated position in the
hole, and it is unable to seal the hole effectively, resulting in
low concentration of gas extraction, and the problem of gas
outburst cannot be overcome, which brings about significant
hidden danger to the safe production of the coal mine.

To investigate the practical application effect of drilling
reinforcement seal, in the field test, the method of drilling
combination cross was used. A total of 24 experimental
boreholes were divided into four groups: A, B, C, andD: each
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Figure 8: Response surface between the respective variables. (a) (e response surfaces of A and B. (b) (e response surfaces of A and C.
(c) (e response surfaces of B and C.

Table 6: Optimised ratio and result verification.

No. Al
(%)

Gypsum
(%)

Ratio of
water to
material

Predictive
expansion
ratio (%)

Experimental
expansion ratio

(%)

Expansion
ratio error

Predictive
compressive

strength (MPa)

Experimental
compressive

strength (MPa)

Compressive
strength error

(MPa)
1 0.51 1.37 0.6 10.7 10.3 0.4 15.1 14.8 0.2
2 0.52 1.86 0.55 10.5 10.3 0.2 15.2 15.5 −0.3
3 0.52 2 0.6 10.4 10.5 −0.1 15.4 15.3 0.1
4 0.52 1.88 0.53 10.9 10.2 0.7 15.2 15.7 −0.5
5 0.53 1.05 0.6 10.4 10.7 −0.3 15.6 15.2 0.4
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group had three optimised boreholes and three ordinary
boreholes. After the completion of hole sealing, the gas
concentration of 24 holes was monitored for 2 months, and
the changes in gas content in the holes are demonstrated in
Figure 9.

It can be seen from Figure 9 that the gas concentration of
the ordinary borehole without reinforcement is far lower
than that of the reinforced borehole in the whole test stage. It
can be seen from Figure 9(a) that the gas concentration of
ordinary boreholes is below 30%, and the gas concentration
of ordinary boreholes in Figures 9(b)–9(d) is better than that
in Figure 9(a), but the maximum gas concentration is no
more than 60%; however, observing the gas concentration in
the reinforcement boreholes in the above four figures, the
gas concentration of the reinforcement boreholes is found to
decrease from 80.815% to 44.62% after 60 days, and all
remain stable.

After 60 days, the average gas concentration of the
reinforced hole is 44.62%, the average gas concentration of the

unreinforced hole is 17.92%, and the gas concentration of the
reinforced hole is 2.48 times that of the unreinforced hole.(is
is because the collapse of the opening section of the ordinary
borehole without reinforcement occurred, and the insufficient
feeding position of the gas drainage pipe led to the short length
of the sealing section of the borehole and the failure to block
the gas flow between the borehole and the roadway, resulting
in the low concentration of gas drainage. (e results confirm
the effectiveness of drilling reinforcement and the practica-
bility of the proposed reinforcement materials.

5. Conclusion

To solve the problem of hole sealing (whereby it is easy to
lose stability in the sealing section of high gas content, soft
coal seams), a new type of drilling reinforcement sealing
material was developed. At the same time, the better to
combine with the field test in Yuwu coal mine, the following
conclusions can be drawn:
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Figure 9: Changes in gas concentration in boreholes with time. (a) Gas content in group A. (b) Gas content in group B. (c) Gas content in
group C. (d) Gas content in group D.
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(1) (rough the division of the hardness of soft coal
seams and coal cutter, the range of compressive
strength of reinforcement material was determined.
Based on cement-based materials and the mecha-
nism of chemical reaction, the influences of each
component of reinforced cement material and the
ratio of water to material on its expansivity were
studied. A new reinforcement material supple-
mented with additives such as aluminium powder,
quicklime, and gypsum for drilling holes was
developed.

(2) (e influences of aluminium powder, gypsum, and
the ratio of water to material on the expansivity and
compressive strength of the solidified material were
studied by single-factor experiment, and the influ-
ence of the interaction of three factors on the
reinforced material was analysed by a response
surface method. A reinforced material with an ex-
pansion ratio of about 10% and compressive strength
of about 15MPa was obtained. Verified by experi-
ments, the optimal ratio of key components was
obtained as follows: aluminium powder (quicklime),
0.52%; gypsum, 2%; water-to-material ratio, 0.6.

(3) (e better to verify the effectiveness and reliability of
the reinforcement material parameters obtained
from the physical simulation experiment, Yuwu coal
mine was selected as a test bed upon which to val-
idate the effect of the reinforcement material.(e gas
drainage concentration of the reinforced hole de-
creased from 80.815% to 44.62%, which was 2.48
times higher than that of the unreinforced hole,
achieving the purpose of hole reinforcement and
improving the gas drainage effect.
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