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To improve coal seam gas drainage performance, we developed a double-expansive (DE) material to seal the borehole. -e
swelling process of this material includes an initial swelling stage and a secondary swelling stage. We studied the swelling pressure
properties of the DE material under four constraint conditions using a self-made swelling test device. Further, the active support
effect of the DEmaterial on the borehole was analyzed by simulating borehole stability with COMSOLMultiphysics software. -e
results exhibit the following: (1)-e swelling pressure of the DEmaterial exhibits time-dependent behavior, and the mathematical
relationship between the swelling pressure and time can be obtained by nonlinear fitting. (2) -e radial swelling potential is
principally formed during the secondary swelling stage, providing the main active support on the radial constraint. (3) -e active
support imposed on the hole wall can prevent the extension of plastic and damage regions around the borehole, for improved
stability of the gas drainage borehole. Finally, field tests demonstrate improved gas drainage performance of the borehole sealed by
the DE material compared to a conventional sealing material.

1. Introduction

Coalbed methane (CBM) is an unconventional natural gas
and presents hazards in coal mines [1–3]. Methane pro-
duces a greenhouse effect that is more than 20 times higher
than that of carbon dioxide [4, 5]. -us, the development of
CBM would benefit coal mine hazard prevention, resource
utilization, and environmental protection. Gas drainage via
boreholes in the coal seam is the major strategy used to
exploit CBM in underground coal mines in China [6–9].
Borehole sealing plays a critical role during the gas drainage
process, and the quality of this sealing directly influences
gas drainage performance. If the borehole is poorly sealed,
the air in the tunnels of coal mines can be inhaled into the
gas drainage borehole via fractures, which is considered to
be an air leakage phenomenon of gas drainage borehole.
-is will cause a significant decrease in the concentration of
the methane in the drainage borehole [10–12]. When the

concentration of methane drops to 5%–16%, there are
hazards of fire and blasting in the drainage pipe net. Ad-
ditionally, methane can only be utilized directly when its
concentration is above 30%, and it is expensive for current
technology to utilize methane that has been diluted to
a lower concentration [13].

To reduce the air leakage of gas drainage borehole,
efficient sealing materials have been developed. Zhou et al.
[6, 14, 15] developed a secondary hole sealing technology,
which is implemented by the introduction of fine expansive
particles into seam fractures. -e fractures are sub-
sequently blocked by the particles after several days, pre-
senting a barrier to air entering the seam. Zhai and Xiang
et al. [11, 16] proposed a flexible gel (FG) sealing material
with good compactness and stability and utilized an active
sealing method to inject the FG material into the fractures
around the borehole. Liu et al. [17] tested the shrinkage rate
and uniaxial compression strength of a sealing material
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composed of ordinary Portland cement (OPC) and an
expansion agent and found that the best material had
a water-cement ratio of 0.8 : 1.

Generally, sealing materials with good swelling properties
are required to guarantee the sealing quality and to reduce air
leakage of drainage boreholes. -e swelling pressure of the
material can provide active support that acts on the wall of the
borehole, to resist borehole deformation, inhibit the devel-
opment of fractures around the borehole, and reduce air
leakage [18]. However, materials that have been applied
commercially to seal gas drainage boreholes provide little
active support to the hole wall. -erefore, a novel material
must be developed that can be used to provide active support
on the inner wall of a gas drainage borehole.

-e swelling pressure of a material is a resistance to
maintain its initial volume and shape [19]. Many researchers
have studied the swelling pressure of soil and rock materials,
proposing models to predict the swelling pressure and
swelling potential based on swelling pressure tests [20–22].
However, the swelling pressure properties of sealing ma-
terials throughout the hydration process have rarely been
examined in detail. In this study, we developed a DEmaterial
to seal gas drainage boreholes. We then used a self-designed
swelling test device to analyze the swelling pressure prop-
erties of the DE material under four different constraint
conditions. -en, adopting COMSOL software, the active
support effect of the DE material on the gas drainage
borehole was simulated. Finally, field tests were conducted to
compare the gas drainage performances of boreholes sealed
by the DE material and conventional sealing material. Our
results provide insight into how to accurately assess the
swelling pressure of the sealing material during hydration
and thus will serve as a reference for the future study of
efficient sealing materials for coal seam gas drainage.

2. Materials and Methods

2.1. DE Material

2.1.1. Composition of the DE Material. -e DE material is
composed of main raw material and supplementary mate-
rial, combined at amass ratio of 17 : 3.-emain rawmaterial
is composed of OPC and mineral powder (at a mass ratio of
8 : 9).-e supplementary material includes a solid expansion
agent, bentonite, naphthalene water reducer, and aluminum
powder (mass ratio of 26 : 6 :1 :1).-e chemical composition
of the solid expansion agent includes MgO (4.1%), CaO
(26.8%), CaSO4 (19.2%), SiO2 (31.1%), and Al2O3 (18.3%),
with a loss on ignition of 0.5%. -e bentonite that acts as an
efficient suspending agent [23, 24] can prevent separation of
the DE paste during solidification. -e naphthalene water
reducer acts to reduce water consumption. -e optimal
water-solid ratio of the DE material is 0.8 :1. At this optimal
water-solid ratio, the DE material has a compression
strength that ranges from 2.9MPa to 3.6MPa, a fluidity of
213mm, and a setting time of about 15 hours.

2.1.2. Basic Properties of the DE Material. According to our
prior results of applying the free swelling test to the DE

material using Le Chatelier’s rubber bagmethod [25], the DE
material initially swells rapidly and then continues to swell
slowly for a long time (Figure 1). -e volume of the DE
material at the 168th hour is obviously larger than that at the
16th hour. -erefore, the swelling process can be divided
into an initial swelling stage (0–16th hour) and a secondary
swelling stage (16th hour–240th hour). In an alkaline so-
lution environment, hydrogen is generated by the chemical
reaction between the aluminum powder and water [26],
which induces the fast swelling of the DEmaterial during the
initial swelling stage. However, this fast swelling attenuates
gradually, due to the decrease of the aluminum powder in
the material.

-e microstructure properties of the DE material were
previously characterized by environmental scanning elec-
tron microscopy (FEI Quanta 250 FEG-SEM) at a magnifi-
cation of 3000 times and using an energy dispersion
spectrometer (Bruker Quantax 200 Xflash; resolution is
superior to 129 eV). Micrographs of the DE material at the
16th hour and 168th hour after the start of hydration are
plotted in Figures 2(a) and 2(b), respectively, and the energy
dispersive spectrums of the principal crystals are shown in
Figures 2(c) and 2(d). -e data showed the formation of
ettringite (AFt) and portlandite (CH) crystals in the DE
material during its hydration. -e sizes of these two crystals
at the 168th hour were both larger than those at the 16th
hour. -is indicates the AFt and CH crystals both grow or
expand after the solidification of the DE material. -e
number of the AFt crystal at the 168th hour was more than
that at the 16th hour, but there was no obvious variation for
the CH crystals.

2.2. Swelling Pressure Test Method

2.2.1. Swelling Test Device and-eory. A swelling test device
was designed to measure the swelling pressure of the DE
material (Figure 3). -is device is made up of a hollow
cylinder with an inner diameter of 50mm and height of
100mm, four bolts with 7mm diameter, an upper plate with
30mm thick, and a base that is 30mm thick. -ree strain
gauges, whose axes are perpendicular to the axis of the
cylinder, are pasted on the outer wall of the cylinder. -e
hoop strain (dtw) at the outer wall of the cylinder can be
measured by the strain gauges. And there is a stress gauge set
in the base. -e stress gauge and the strain gauges are
connected to data acquisition devices 1 and 2, respectively.
USB cables allow transmittance of the experimental data to
a computer from the data acquisition devices.

-e swelling pressure of the DE material during its
hydration can be divided as the radial swelling pressure (Pr)
and the axial swelling pressure (Pa), along the radial and
axial directions of the cylinder, respectively. Pa can be
monitored directly by the stress gauge set in the base. Using
the swelling test device, Pr cannot be measured directly but
can be calculated by dtw. Due to the radial deformation of the
hollow cylinder that is only induced by Pr (as an internal
pressure in the cylinder), the analytical solution of the hoop
strain (dt) in the cylinder wall is expressed as follows [27]:
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Figure 2: -e micrographs of the DE material and the EDS of the CH and Aft crystals: (a) micrograph at the 16th hour; (b) micrograph at
the 168th hour; (c) EDS of CH crystal; (d) EDS of AFt crystal.
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Figure 1: Free swelling ratio of the DE material during hydration with macrographs of the material at the 16th hour and the 168th hour.
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dt �
1 + μ

E

Pr · r2c

r0 + δ( 
2 − r2c

1− 2μ +
r0 + δ( 

2

r2
 , (1)

where E and μ are Young’s modulus and the Poisson ratio of
the cylinder material, respectively, rc is the elastic-plastic
critical radius in the cylinder, r0 is the inner radius of the
cylinder, δ is the thickness of the cylinder, r0 + δ is the initial
outer radius of the cylinder, and r is the distance to the axis
of the cylinder.

-e swelling pressure of the DE material is far less than
the yield strength of the cylinder material (355MPa).
-erefore, the entire cylinder remains elastic, and we can
obtain

rc � r0. (2)

Incorporating (2) into (1), the hoop strain of the cylinder
can be rewritten as

dt �
1 + μ

E

Pr · r20

r0 + δ( 
2 − r20

1− 2μ +
r0 + δ( 

2

r2
 . (3)

-en, dtw can be expressed as

dtw � dt

r�r0+δ �
1 + μ

E

2Pr · r20

r0 + δ( 
2 − r20

(1− μ). (4)

-erefore, Pr can be derived as

Pr �
E r0 + δ( 

2 − r20  · dtw

2 1− μ2( r20
. (5)

2.2.2. Test Procedure. Using the swelling test device, the
swelling pressure test procedure can be summarized as follows:

(i) Test device connection: -e swelling test device,
data acquisition devices, and computer were con-
nected according to Figure 3. -e upper plate was
not installed at this step.

(ii) DE paste preparation: According to GB/T 1346-
2011, 500 grams of the DE material and 400 grams
of water were stirred twice in a slurry agitator, at
25°C. -e first stirring is performed at a rate of
140 r/min for 120 s.-en, stirring is stopped for 15 s.
Finally, the second stirring is performed at a rate of
285 r/min for 120 s.

(iii) Monitoring of swelling parameters and data pro-
cessing: After DE paste sample preparation, the paste
sample was immediately transported into the hollow
cylinder. When the cylinder was full, the upper plate
was installed on the cylinder and fixed by bolts and
nuts (Figure 3). -en, the swelling parameters of Pa
and dtw were monitored by the computer via the data
acquisition devices for 240 hours. Finally, using (5),
Pr could be calculated using dtw.

2.2.3. Test Scheme. With swelling, the DE material was
constrained radially by the hollow cylinder and constrained
axially by the bolts. We aimed to investigate the swelling
pressures of the DE material in four hollow cylinders of
different dimensions and different radial constraint stiffness
(Sr). However, the axial constraint stiffness (Sa) of the bolts
was maintained constant at 126.8MPa·m2. Table 1 lists the
constraint stiffness used in the four tests.

3. Results and Discussion

3.1. Time-Dependent Behavior of Swelling Pressure. -e
swelling pressure of the DE material exhibited a significant
time-dependent characteristic during its hydration, as
shown in Figure 4. -e swelling pressures, including Pr and
Pa, increased over time initially and then tended to be stable
gradually. For instance, in test no. 1 (Sr � 41.2MPa·m2 and
Sa � 126.8MPa·m2), Pr and Pa are 0.63MPa and 0.49MPa at
34 hours after the starting hydration of the DE material
(Figure 4(a)). -en, Pr and Pa rapidly increased between the
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Figure 3: Swelling test device and the connections with the computer and data acquisition devices.
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34th hour and the 83rd hour. Finally, Pr and Pa increased
slowly and reached the stable values of 1.58MPa and
1.37MPa, respectively. -e stable value is the maximum
swelling pressure (MSP). For the other tests, the tendency of
the swelling pressure to vary over time is consistent with that

in test no. 1.-e time-dependent swelling pressure of the DE
material agrees with the results of Shi [28, 29].

-e time (tm) to reach the maximum radial swelling
pressure (MSP-r) is similar to that of the maximum axial
swelling pressure (MSP-a). Specifically, tm is about 116.5 hours
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Figure 4: Variations of swelling pressure over time: (a) radial and axial swelling pressures-time curves in test no. 1; (b) radial and axial
swelling pressures-time curves in test no. 2; (c) radial and axial swelling pressures-time curves in test no. 3; (d) radial and axial swelling
pressures-time curves in test no. 4.

Table 1: Constraint stiffness in the four tests.

Test no. δ (mm) rb∗ (mm) Sr (MPa·m2) Sa (MPa·m2)
1 2 7 41.2 126.8
2 3 7 61.8 126.8
3 4 7 82.4 126.8
4 5 7 103 126.8
∗Radius of the bolt.
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in test no. 1, 166 hours in test no. 2, 201 hours in test no. 3, and
131 hours in test no. 4. However, there is also a difference in the
values of tm for different tests. For Sr< 82.4MPa·m2, tm in-
creased with Sr. However, for Sr� 82.4MPa·m2 in test no. 4, the
value of tm decreased significantly. As discussed in Section
2.1.2, formation and growth of AFt and CH occurs in the DE
material after solidification. Furthermore, based onmany prior
studies [30–35], the continuous formation and growth of AFt
is a major contributor to the swelling of many inorganic
materials. -e chemical reaction of forming AFt is as follows:

6Ca2+
+ 2Al(OH)

−
4 + 4OH− + 3SO 2−

4 + 26H2O

⟶ Ca6 Al(OH)6 2 · SO4( 3 · 26H20(AFt)
(6)

From (6), it is clear that the formation and growth
process of AFt is influenced by the transmission of ions in
the DE material. After the hardening of the DE material,
with aluminum, calcium, and sulfate ions present in the
pores that continued to concentrate around the AFt, the AFt
forms and grows over time [31–33]. A counterforce from the
constraint is imposed on the DE material. -e counterforce
has a positive correlation with the swelling pressure and
increases with Sr. Pores in the DE material may be partially
compressed under the counterforce, which hinders ion
migration and prolongs the formation and growth process of
AFt. When Sr increases to 82.4MPa·m2, the swelling pres-
sure becomes much larger. -erefore, the pores in the DE
material may be compressed further or be completely under
a relatively high counterforce, which may drive some of the
ions that are migrating from pores to gather together. -e
formation and growth progress of AFt will be much shorter.
-erefore, the tm of test no. 4 was less than that of test nos. 2
and 3. However, the critical counterforce, which reduces tm,
was not determined in this study.

-e time-dependent behavior of the swelling pressure is
shown in Figure 4 and can be applied to evaluate the stability
of a coal seam borehole and to estimate air leakage [18]. To
mathematically describe the time-dependent behavior of the
swelling pressure, (7a) was introduced for nonlinear fitting:

P � A2 +
A1 −A2

1 + exp((t− a)b)
, (7a)

where A1, A2, a, and b represent the fitting parameters and t

is time.
After nonlinear fitting, the fitting parameters are listed in

Table 2. -e correlation coefficients between the fitting
equation and the experimental data are larger than 0.98.
-erefore, (7a) can be used to accurately describe the time-
dependent behavior of the swelling pressure. Moreover,
from the fitting results, it can be seen that the fitting pa-
rameter A2 roughly coincides with MSP, and the parameter
A1 is close to 0. Hence, the time-dependent behavior of the
swelling pressure can be described as

P � MSP ·
exp((t− a)b)

1 + exp((t− a)b)
. (7b)

3.2. Radial Swelling Potential at Each Stage. Based on the
results of the swelling pressure tests, the radial swelling
pressures produced at different swelling stages are plotted in

Figure 5. -e radial swelling pressures were less than
0.125MPa at the initial swelling stage (0–16th hour). How-
ever, the radial swelling pressures produced at the secondary
swelling stage (17th hour–240th hour) are 1.526MPa,
1.614MPa, 2.057MPa, and 2.08MPa in test nos. 1, 2, 3, and 4,
respectively. -is result indicates that the radial swelling
pressure produced at the secondary swelling stage is larger
than that at the initial swelling stage and increases with Sr.

In practice, the swelling potential of the DE material
energy is released radially and axially, and it is the radial
swelling potential that is a key for the active support acting
on the gas drainage borehole wall. For the laboratory tests,
the radial swelling pressure, as an internal pressure, does
work to the hollow cylinder, and then elastic energy (WH) is
saved in the hollow cylinder. Hence, WH can be adopted to
assess the radial swelling potential of the DE material. In this
paper, we define WH as the radial swelling potential index
(RSPI) of the DEmaterial. Based on the elastic theory and by
applying the integration method, the WH and the RSPI can
be expressed as follows (Appendix A):

WH � RSPI � 
r0+δ

r0


2π

0

A

r
B +

C

r2
 dφ dr,

A �
P2
rr

3
0L0(1 + μ)

2δE
,

B � 1− 2μ,

C � r0 + δ( 
2
.

(8)

-e RSPI of the DE material at different swelling stages is
illustrated in Figure 6.-e values of RSPI at the initial swelling
stage were 0.147×10−4 J, 0.155×10−4 J, 0.421× 10−4 J, and
0.724×10−4 J in test nos. 1, 2, 3, and 4, respectively. However,
the values of RSPI at the secondary swelling stage were
12.58×10−4 J, 13.79×10−4 J, 22.44×10−4 J, and 23.29×10−4 J
for the four tests, showing that the values of RSPI increase with
Sr. Furthermore, the values of RSPI at the initial swelling stage
were much lower than those at the secondary swelling stage.

In the initial swelling stage, the swelling of the DE
material is mainly caused by the foaming effect of the
aluminum powder.-en, a porous structure is formed in the
DE material, as shown schematically in Figure 7(a), which
includes pores, calcium silicate hydrates (C-S-H), AFt
crystals, and CH crystals. -e AFt and CH crystals formed at

Table 2: Fitting parameters of the fitting curves.

Fitting
curves A1 A2 a b R2

1-Pr-T −0.27 1.58 41.31 21.48 0.991
1-Pa-T 0.03 1.37 49.43 24.39 0.990
2-Pr-T −0.09 1.68 91.77 31.00 0.987
2-Pa-T −0.08 1.53 91.77 31.00 0.987
3-Pr-T −1.42 2.15 28.67 49.57 0.986
3-Pa-T −0.34 1.97 66.46 45.75 0.993
4-Pr-T −0.35 2.21 47.48 22.59 0.997
4-Pa-T −0.33 2.09 47.48 22.59 0.997
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this stage do not play a role in the swelling of the DE
material, but they do enhance the strength of the material in
this initial phase [36]. -e swelling potential caused by the
foaming effect is very low, and due to the compressibility of
the porous structure at this stage, the swelling potential
energy can be easily absorbed by the compression of the
pores. -at is why the value of the RSPI is very low at this
stage. However, the fast swelling in this initial swelling stage
ensures that the gas drainage borehole is sealed quickly.

In the secondary swelling stage, the DE material has been
solidified. -e schematic for the morphology model of hy-
drates of the DE material in the secondary swelling stage is
illustrated in Figure 7(b).-e pores become smaller than those
at the 16th hour, and the AFt and CH crystals become larger.
-e swelling is mainly caused by the formation or growth of
the crystals, which exert a notable pressure on the surrounding
medium [35,37–39]. When there is a slight radial deformation
of the hollow cylinder, much elastic energy will be stored in the

cylinder. -erefore, the radial swelling potential of the DE
material is mainly formed in the secondary swelling stage,
causing main active support on the radial constraint.

3.3. Active Support Effect of DE Material for a Gas
Drainage Borehole

3.3.1. Coal Creep Model and Validation

(1) Creep Model of Coal. Coal is a typical viscoelastic-plastic
medium [40]. It is necessary to consider its creep property to
study the stability of the borehole. In this study, a creep
model consisting of Burgers body (Kelvin body in series with
Maxwell body) in series with a plastic element was adopted.
-e Burgers body reflects the viscoelastic deformation of coal,
and the plastic element controls the failure of coal, which is
determined by the Mohr–Coulomb yield criterion, F:
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F � σ1 −
1 + sin ϕ
1− sin ϕ

σ3 − σs, (9)

where σ1 and σ3 are the maximum and minimum principal
stresses, φ is the internal friction angle, and σs is the uniaxial
compressive strength.

For F< 0, the plastic element does not work. -e creep
equation of coal in the viscoelastic deformation stage can be
expressed as follows [41]:

e
ve
ij(t) �

Sij

2GM
+

Sij

2ηM
t +

Sij

2GK
1− e
− GK/ηK( )t

 , (10)

where eve
ij(t) is the deviatoric strain tensor at the viscoelastic

deformation stage, Sij is the deviatoric stress tensor, G and η
are the shear modulus and the viscosity coefficient, re-
spectively, and the subscripts “M” and “K” represent the
Maxwell body and Kelvin body in the Burgers body.

Assuming the coal is an isotropic material, the elastic
constitutive relation can be expressed as follows:

Sij � 2Geij,

σm � 3Kεm,
(11)

Sij � σij − σmδij,

eij � εij − εmδij,
(12)

where K is the bulk modulus, σij and εij are stress and strain
tensors, respectively, σm � σkk/3 and εm � εkk/3 represent
the average normal strain and stress, respectively, and δij is
the Kronecker delta.

Incorporating (11) and (12) into (10), the viscoelastic
strain in three dimensions is obtained as

εve
ij � σij − σmδij 

·
1

2GM
+

1
2ηM

t +
1

2GK
1− e
− GK/ηK( )t

   +
σm

3K
.

(13)

For F� 0, based on the nonassociated flow rule, the strain
increment of the plastic element can be expressed as follows:

dεp
ij � dλ

zQ

zσij

, (14)

where dλ is the plastic multiplier and Q is the plastic po-
tential function, which is expressed as follows:

Q � σ1 −
1 + sin ψ
1− sin ψ

σ3 −
2c cos ψ
1− sin ψ

, (15)

where c is the cohesion of coal and ψ is the dilatation angle.

(2) Model Verification. To verify the proposed creep model,
the creep behavior of the coal sample, from the no. 2 coal
seam in Huangling no. 2 coal mine, was tested under triaxial
stress condition (σ1 � 7MPa and σ2 � σ3 � 3MPa). In ac-
cordance with (13) and the experimental data, the creep
parameters of the coal were obtained. -en, (13) was
implemented into the solid mechanics module of the
COMSOL Multiphysics software as a viscoelastic constitu-
tive equation. Combining the built-in plastic model of the
solid mechanics module, the creep deformation under the
same triaxial stress condition was simulated. -e parameters
used in the simulation are listed in Table 3, which are from
the experimental results. -e simulated results and the
experimental data are plotted in Figure 8. -e comparison
shows that the creep model presented in this study can
describe the coal sample’s creep curve, which includes
a transient creep stage, a decelerating creep stage, a steady
creep stage, and an accelerating stage.

3.3.2. Simulation of Gas Drainage Borehole Stability

(1) Physical Model and Boundary Conditions. As shown in
Figure 9, the physical model is 2m in height and 2m in
width, and the diameter of the borehole is 0.1m. AB, BC, and
AD have a constant normal stress boundary condition,
P0 �10MPa. -e DC is under a fixed boundary condition,
Ux �Uy � 0. -e simulation was conducted under two kinds
of stress boundary conditions of the borehole: (1) no active

CH

C-S-H

Pore

AFt

(a)

Pore AFt

CH

C-S-H

(b)

Figure 7: Schematic for the morphology model of hydrates in the DE material: (a) initial swelling stage; (b) secondary swelling stage.
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support imposed on the hole wall, and (2) an active support,
S1, imposed on the inner wall of the borehole, which is from
the swelling of the DE material and can be assumed as
presented in the following equation. -e parameters in this
simulation are chosen from Table 3.

S1 � 1.5 ·
exp((T− 40)20)

1 + exp((T− 40)20)
. (16)

(2) Borehole Stability Analysis. -e vertical stress distribu-
tion around a gas drainage borehole is illustrated in Fig-
ure 10. -e vertical stress near the hole wall is lower than the
in situ stress, which indicates damage to the coal that is close
to the borehole after borehole excavation. -is damage
region extends over time. For the borehole sealed without
active support, the maximum damage distance to the hole
wall was 47mm one day after drilling excavation. For 2 days
and 5 days after borehole drilling, the maximum damage
distance increased to 96mm and 123mm, respectively.
However, when the active support, S1, was imposed on the
hole wall, the maximum damage distances were reduced to
24mm, 37mm, and 51mm at the 1st day, 2nd day, and 5th
day after drilling excavation.

Figure 11 illustrates the distribution of the plastic region
around the borehole. -e plastic region also extends over
time but shrinks when the active support is imposed on the
borehole wall. Without active support on the hole wall, the
radii of the plastic regions were 129mm, 220mm and
246mm for 1 day, 2 days, and 5 days after drilling, re-
spectively. However, with active support, S1, the radii of the
plastic regions were reduced to 121mm, 165mm, and
183mm for 1 day, 2 days, and 5 days after drilling,
respectively.

-e stability of the borehole weakens over time due to
the creep of the coal, which is consistent with the results of
Liu and Paraschiv-Munteanu et al. [42, 43]. However, the
active support imposed on the borehole can efficiently limit
the enlargement of the damage region and the plastic region,
resulting in improved stability of the gas drainage borehole.
-erefore, the borehole sealed by the DE material is more
stable than that sealed by materials lacking swelling pressure.

4. Field Tests

4.1. Field Situation. To compare the gas drainage borehole
sealing effect for the DE material and a conventional material,
field tests were carried out at panel 207 of Huangling no. 2 coal
mine in China. -e buried depth of the panel 207 is 369m–
413m, and the dip angle ranges from 4° to 7°. -e gas pressure
of the panel is 0.29MPa–1.51MPa, and the gas content ranges
from 6.75m3/t to 14.52m3/t.-e coal seam permeability in this
panel is measured as 6.7×10−17m2∼3.6×10−16m2, with
a mean value of 2.5×10−16m2. -e conventional sealing
material used for the field test consisted of OPC, water reducer,
and aluminum powder (mass ratio of 1 : 0.006 : 0.002). -is
material has a free swelling ratio of 15% and a maximum
swelling pressure of 50 kPa under a water-solid ratio of 0.6 :1.
In this panel, forty coal seam boreholes were prepared and
divided into two groups.-e boreholes in Group 1 were sealed
by the DE material, and the boreholes in Group 2 were sealed
by the conventional sealing material. -e sealing length of the
gas drainage borehole in the panel 207 is 16m. After sealing,
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Figure 8: Comparison between experimental data and simulated
results.
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Figure 9: Physical model and boundary conditions.

Table 3: Parameters of the coal from Huangling no. 2 coal mine.

Density (g/cm3) GM (GPa) Gk (GPa) ηM (MPa·h) ηK (MPa·h) c (MPa) ψ (°) φ (°)
1.38 1.94 3.26 117.5 10.2 0.85 17 31.5
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the boreholes were connected to the drainage net with a neg-
ative drainage pressure of −15 kPa.

4.2.GasDrainagePerformanceComparison. Figure 12 shows
the gas concentrations recorded in the drainage process for 50
days. On the first day, the gas drainage concentrations were
48% and 47% in Group 1 and Group 2, respectively. -en, in
Group 2, the gas concentration attenuated very fast, changing
from 47% to 4% during 50 days. However, in Group 1, the gas
concentration decreased slowly from 48% to 32%.
-roughout the whole drainage process, the average gas
concentration of Group 1 was 39.1%, more than twice the
average concentration (17%) of Group 1. Field tests results
revealed no discernible difference between the sealing effect of
the conventional sealing material and the DE material at the
beginning stage. However, throughout the entire drainage
process, the active support from the DE material significantly
improved the gas drainage performance, compared with the
borehole sealed using the conventional sealing material.

5. Conclusions

To improve coal seam gas drainage performance, we de-
veloped a DE material for borehole sealing. -is material is
composed of OPC, mineral powder, a solid expansion agent,
bentonite, naphthalene water reducer and aluminum
powder. -e swelling process of the DE material includes an
initial swelling stage affected by the foaming effect of the
aluminum powder and a secondary swelling stage induced
by the growth and formation of the crystals. According to
the results, the key conclusions are summarized as follows:

(1) -e swelling test device was used to test the swelling
pressure of the DE material under four constraint
conditions. -e swelling pressure properties of the
DE material revealed that (a) the swelling pressure of
the DE material is time-dependent during its hy-
dration, and the relationship described here of the
swelling pressure and time can describe this time-
dependent behavior accurately and (b) the radial
swelling potential is principally formed during the
secondary swelling stage.

(2) -e stability of a gas drainage borehole weakens over
time due to the creep of the coal. However, the active
support imposed on the hole wall can efficiently
inhibit the enlargement of the damage region and the
plastic region, for improved stability of the gas
drainage borehole.

(3) Field tests results show significantly improved gas
drainage performance of the borehole sealed by the
DE material. -e DE-sealed borehole had an average
gas concentration in 50 days of 39.1%, more than
twice that of the borehole sealed by the conventional
sealing material.

Appendix

A. Derivation Process of (8)

With the swelling of the DE material, the radial swelling
pressure does work to the hollow cylinder. Part of the radial
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swelling potential is converted to elastic deformation energy
and is saved in the cylinder, and this can be calculated by the
integration method. As shown in Figure 13, the hollow cyl-
inder can be divided into numerous unit hollow cylinders,
whose thicknesses are all dr. -e unit hollow cylinder is
composed of numerous rectangular units, with length of r · dφ
and width of dr. -erefore, the elastic deformation energy
stored in the hollow cylinder and the RSPI can be expressed as

RSPI � WH � 
r0+δ

r0


2π

0
WR, (A.1)

where WR represents the elastic deformation energy saved in
a rectangular unit.

Based on the elastic theory, the stresses and strains in the
rectangular unit can be expressed as

Pr−1 � −Pr−1 � Pr ·
r20
r2

,

εr−1 � −εr−2 � −dt,

(A.2)

where Pr−1 and Pr−2 are the normal and tangential principal
stresses, respectively, and εr−1 and εr−2 are the normal and
tangential principal strains. It should be noted that the stress
and strain along the axis of the cylinder are both 0.
-erefore, the elastic deformation energy saved in the
rectangular unit can be calculated as follows:

WR � WR1 + WR2,

WR1 �
1
2
L0Pr−1εr−1r dφdr,

WR2 �
1
2
L0Pr−2εr−2r dφdr,

(A.3)

where WR1 and WR2 represent the normal and tangential
elastic deformation energies, respectively.

Incorporating (A.2) into (A.3), we can obtain

WR � PrL0r
2
0
dt

r
dr dφ, (A.4)

where L0 is the length of the hollow cylinder and is equal to
100mm.

-en, combining with (3), (A.4) can be rewritten as

WR � A B +
C

r2
 

dφ dr

r
,

A �
P2

rr30L0(1 + μ)

2δE
,

B � 1− 2μ,

C � r0 + δ( 
2
.

(A.5)

Finally, incorporating (A.5) into (A.1), we can obtain

WH � RSPI � 
r0+δ

r0


2π

0

A

r
B +

C

r2
 dφ dr,

A �
P2

rr30L0(1 + μ)

2δE
,

B � 1− 2μ,

C � r0 + δ( 
2
.

(A.6)
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