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Gas extraction is most commonly used to control gas disasters in coal mines. The distribution of the plastic zone around a
borehole and the sealing quality are key factors affecting gas extraction. In this paper, the plastic zone was simulated by
COMSOL, and a theoretical equation of the plastic zone radius was derived. In addition, an antispray hole equipment and the
“two plugging and one injection” sealing technology were proposed. The results show that a larger borehole pore size
corresponds to a larger plastic zone and larger range of pressure relief of the borehole. The error between the calculated and
simulated plastic zone radii is within 1%, and the modified equation is applicable to Puxi mine. The loss and harm caused by
borehole spraying are reduced by applying antispray hole equipment. By applying the “two plugging and one injection” sealing
technology and phosphogypsum-based self-produced gas expansion paste material to block the borehole, the sealing quality is
improved and an accurate gas mixing flow, pure flow, and concentration were obtained. As the plastic zone enlarges, the gas
extraction flow gradually increases with, but the relative variation of flow first increases and subsequently decreases.
Considering the safety and economy of construction, the optimal radius of the plastic zone is 64.9mm.

1. Introduction

Coal is a type of energy used throughout the world, and it is
widely used in the power, fuel, and oil industries [1–4]. How-
ever, with the continuous depletion of shallow coal reserves
and the increasing demand for coal, coal mine disasters grad-
ually increase with the increase of the mining depth [5–8].
Among coal mine disasters, gas disasters are considered the
most serious threat to the safety of China’s coal industry
[9–13]. Over the past 70 years, there have been 25 cata-
strophic coal mine accidents, which have killed more than
100 people in China, and 18 of these accidents were gas disas-
ters [14, 15]. Therefore, to prevent coal and gas outburst in
the coal mining process, gas drainage, high-pressure water
injection hydraulic fracturing, mine ventilation dilution gas,
protective coal mining, and other technical measures are usu-
ally adopted in coal mines, among which gas drainage is the
most commonly used method [16–19]. In some high-gas-

content mines in South China, drilling through the layer is
often performed to control gas disasters [20–22].

One of the main factors affecting the effect of gas drain-
age is the borehole diameter [23–25]. Once a borehole is
formed, the coal body around the borehole undergoes pres-
sure relief and plastic damage, forming plastic zone for gas
migration [26–29]. At present, based on the elastic-plastic
theory, Guo et al. [30] studied the stress distribution charac-
teristics and pressure relief range of coal around the bore-
hole by analysing the borehole stress and air leakage form.
Cheng et al. [31] established the mechanical model of bore-
hole softening and expansion based on the Hoek Brown cri-
terion and deduced the elastic area, plastic softening area,
and fracture around the borehole. Su [32] used theoretical
analysis and numerical simulation to analyse the failure
mechanism of the coal body in a bedding hole, which
formed the elastic deformation area around the hole. The
stress distribution and displacement equation of the coal
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body in the plastic softening zone and the pressure relief
fracture zone were analysed.

Another main factor that affects the effect of gas drain-
age is the sealing quality of the borehole [33, 34]. In recent
years, many new sealing methods and sealing materials have
been proposed by a number of scholars. Zhang et al. [35, 36]
developed the “strong-weak-strong” borehole sealing tech-
nology, which can improve the CMM drainage efficiency
of a single high-gas low-permeability coal seam. Liu et al.
[37] tested 10 groups of sealing materials and presented a
new sealing method and an appropriate sealing equipment,
including an automatic grout pump and two types of rubber
bottom subs, which were used to improve the sealing perfor-
mance of inclined cross-measure drainage boreholes. Zhou
et al. [38] proposed a second-sealing-plugging technology
for gas drainage and examined the migration law of gas
movement in the fracture network of the coal seam. Ni
et al. [39] studied the microcharacteristics of borehole seal-
ing materials composed of frozen composite material with
PU and expansive cement. Xiang et al. [40] developed a flex-
ible gel sealing material and experimentally compared its
sealing performance with that of conventional sealing mate-
rials. Ge et al. [41] conceived a novel hydraulic fracturing
sealing material composed of cement, hardening, accelerat-
ing, and water-reducing admixtures; polypropylene fibre;
and mixing water. Despite the emergence of new technolo-
gies and materials for antiair leakage, these methods increase
the drainage efficiency on the premise of a long sealing
depth, which increases the construction difficulty and cost
of sealing boreholes. An economical and effective sealing
method with a short sealing depth for inseam boreholes is
necessary to prolong the efficient continuous drainage time
and increase the drainage amount of methane [42–45].

In this paper, based on the elastic-plastic theory, the
COMSOL simulation software was used to simulate the plas-
tic area range of the coal body around a drill hole and verify
whether the plastic area ranges of the theory and simulation
were consistent with each other and analysed the relation-
ship between different borehole diameters and plastic area
ranges. The new type of blowout preventer was used to con-
struct a test drilling hole, the “two plugging and one injec-
tion” sealing technology and phosphogypsum-based self-
produced gas expansion slurry material were used to block
the drilling hole, and the accurate gas mixed flow, pure flow,
and concentration data were measured. Finally, the appro-
priate plastic area of the borehole was determined by analys-
ing the gas drainage effect in different plastic areas of the
drilling hole.

2. General Situation of Puxi Mine

Jiahe Mining Co., Ltd. is the raw coal company of Hunan
Heijin Times Co., Ltd., and the subordinate Puxi mine is a
gas outburst mine in the northeast of Jiahe County, Chenz-
hou, Hunan Province, as shown in Figure 1. The administra-
tive area is under the jurisdiction of Xinglang town, Jiahe
County. The geographical coordinates of the mining area
are 112° 24′ 52″~112° 27′ 11″ E and 25° 35′ 10″~25° 39′

41″ N. The north-south strike of the mine is 4.5 km; the
east-west strike is 1.8 km, on average; the area is
8.6186 km2. There are seven coal seams in the mine: coal
seam II, coal seam III, coal seam IV, coal seam V, coal seam
V2, coal seam VI, and coal seam VII from top to bottom.
Coal seam V has a stable occurrence and is the main coal
seam of the mine, while coal seams II and VI are locally min-
able coal seams. The average thickness and inclination angle
of coal seam V are 2.42m and 25°, respectively. Since the
mine was put into operation, coal and gas outburst have
occurred 106 times, and the types of outburst are mainly
extrusion and pour-out. The maximum coal outburst
amount is 430 t, and the maximum gas outburst amount is
46,000m3. With the increase in mining depth, the outburst
frequency and intensity are increasing. Although many pro-
jects have been performed in the borehole through the coal
seam via the floor roadway in the mine, the borehole, which
has a diameter of 65mm, is not ideal. The extraction time is
long, the extraction concentration is low, and regional out-
burst elimination cost is relatively high. Therefore, it is very
important to determine the appropriate borehole diameter
and plastic zone range.

3. Numerical Simulation of the Plastic Zone
around the Borehole

3.1. Model and Calculation Parameters. In this paper, COM-
SOL Multiphysics was used to simulate and study the plastic
zone in the coal body around crossing boreholes with differ-
ent pore sizes. Model size selection depends on the range of
the effects of stress changes around the borehole. According
to theoretical analysis, a local change of the coal body only
has a significant impact over a limited range, and stress
changes are negligible far from the local construction site.
According to the characteristics of 2254 working surfaces
in Puxi mine, the model was established. Because of the sym-
metry of the model, only half of the computational domain
was used to achieve a numerical solution. A 2m × 2mmodel
is established, as shown in Figure 2. The borehole is located
at the centre of the left boundary of the model. The bot-
tom boundary of the model is fixed, that is, the vertical
displacement is 0, the left boundary is symmetric con-
straint, and the right boundary is horizontal constraint,
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Figure 1: Location of Puxi mine.

2 Geofluids



that is, the horizontal displacement of the right boundary
is 0, and the top boundary has a uniform load of
1.3MPa to simulate the dead weight boundary of the over-
lying rock mass. The basic parameters of the coal seam are
shown in Table 1.

3.2. Analysis of the Numerical Simulation Results. After com-
pletion of the borehole, the stress field around the borehole
will change and redistribute. The coal body will expand,
deform, and flow towards the borehole, causing plastic fail-
ure of the coal body. During borehole formation, the coal
body adjacent to the borehole gradually bears the supported
pressure of the coal body. The coal body adjacent to the
borehole shows a state of stress concentration, which dam-
ages the coal body in the adjacent region because the
strength is lower than the concentrated stress and forms a
plastic zone.

As shown in Figure 3, after completion of the borehole,
the plastic zone, elastic zone, and initial stress zone were suc-
cessively formed around the borehole from inside to outside.
Because the coal around the borehole was difficult to bear a
large stress, the peak value of concentrated stress shifted
away from the borehole wall, and the stress borne by the coal
around the borehole gradually decreased and finally lowered
than the original stress, which was the process of pressure
relief. When the stress of the coal body at a certain distance
from the borehole is lower than the strength of the coal body
and only causes an elastic change but not a plastic change of
the coal body, the pressure does not decrease in this area.
Therefore, the range of the plastic zone, which can be
expressed according the radius of the plastic zone, will affect
the range of pressure relief of the borehole.

Figure 4 shows the distribution of the plastic zone
around boreholes of 75mm, 87mm, 94mm, 105mm, and
113mm from left to right. With the increased of the bore-
hole pore size, the plastic zone around the borehole gradu-
ally increased. As shown in Figure 3, when the coal body
entered the plastic state, the maximum tangential stress
shifted from the periphery of the borehole to the junction
of the elastic zone and plastic zone. As it extended into the
coal body, the tangential stress gradually returned to the ini-

tial stress, so the peak point of tangential stress and the point
of zero effective plastic strain were on the boundary of the
plastic zone.

As shown in Figures 5 and 6, the tangential stress around
the borehole first increased and subsequently decreased,
while the effective plastic strain of the coal around the bore-
hole gradually decreased with increasing distance from the
borehole centre. Therefore, the x-coordinate that corre-
sponds to the tangential stress peak point and the point
where the effective plastic strain became 0 defined the radius
of the plastic zone.

As shown in Table 2, the radii of the plastic zones of
boreholes with pore sizes of 75mm, 87mm, 94mm,
105mm, and 113mm are 46.3mm, 53.9mm, 57.6mm,
65.0mm, and 70.3mm, respectively. Thus, a larger pore size
corresponds to a larger plastic zone and larger range of pres-
sure relief. From the perspective of gas extraction, a larger
borehole diameter corresponds to a larger range of pressure
relief of the coal body and a better gas extraction effect.

4. Modified Model of the Plastic Zone Range

4.1. Basic Model of Plastic Zone Range. Before analysing the
plastic zone of the borehole, we can assume some conditions
to transform the stress distribution around the borehole into
a round hole problem of plane strain: (1) the surrounding
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Figure 2: Geometric model.

Table 1: Basic parameters of the coal seam.

No. Model parameter Parameter values

1 Elasticity modulus (MPa) 1180

2 Bulk modulus (MPa) 630

3 Cohesion (MPa) 0.68

4 Internal friction angle (°) 20.7

5 Tensile strength (MPa) 0.2

6 Density (kg·m-3) 1350

Borehole

Plastic zone

Elastic zone

Initial stress zone

Tangential stress

Initial stress

Radial stress

Figure 3: Stress distribution law around the borehole.
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rock mass of the borehole is a homogeneous, continuous,
and isotropic ideal elastic-plastic body; (2) the properties of
coal in different directions are identical; (3) after the bore-
hole forms, the transverse and longitudinal displacement
and deformation are small; (4) the lateral pressure coefficient
of the surrounding rock is 1.

A plane coordinate system is established with the centre
of the borehole as the origin. The distance between any point
of the plane and the centre of the borehole is r. If the radius
of plastic zone is Rp, the variation gradient of cohesion in the
plastic zone can be expressed as Equation (1).

jc =
c0 − cs
Rp − R

, ð1Þ

where jc is the gradient of change; c0 is the initial cohesion,
MPa; cs is the residual cohesion, MPa; Rp is the radius of
plastic zone, m; and R is the borehole radius, m. In the plas-
tic zone, the cohesion at distance r from the drilling centre
can be expressed as Equation (2).

c∗ = cs + jc r − Rð Þ: ð2Þ

In the elastic zone, c∗ = c0. For axisymmetric problems,
the stress satisfies the equilibrium equation, so Equation
(3) can be obtained.

dσ
dr

+ σr − σθ

r
= 0, ð3Þ
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Figure 4: Plastic zone of different pore sizes.
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where σr is the radial stress, MPa, and σθ is the tangential
stress, MPa. In the plastic zone, the rock mass material sat-
isfies the equilibrium equation and the corresponding yield
criterion. Hence, in this paper, the Mohr-Coulomb criterion,
which is currently the most widely used criterion, is still
used. In polar coordinates, the Mohr-Coulomb criterion
can be expressed as Equation (4).

σθ = ξσr +
2c∗ cos φ
1 − sin φ

, ð4Þ

where ξ = 1 + sin φ/1 − sin φ; φ is the internal friction angle
of coal, °.

4.1.1. Stress in the Plastic Zone. Substitute Equation (4) into
Equation (3) to obtain Equation (5).

dσr

dr
+ 1 − ξð Þ

r
σr =

σ∗

r
, ð5Þ

where σ∗ = 2c∗ cos φ/1 − sin φ. Using the differential for-
mula, Equation (6) is obtained.

σr = e−
Ð
1−ξ/rdr

ð
σ∗

r
e
Ð
1−ξ/rddr + C

� �
: ð6Þ

By substituting Equation (2) into Equation (6) and com-
bining with ξ = 1 + sin φ/1 − sin φ, we obtain Equation (7).

σr = jcR − csð Þ cot φ + 2jc cos φ
1 − 3 sin φ

r + rξ−1C: ð7Þ

When r is equal to R, σr is equal to 0. Thus, the integral
constant can be obtained by making k1 = ðjcR − csÞ cot φ
and k2 = 2jc cos φ/1 − 3 sin φ and combining the condition

of the stress boundary. Therefore, Equation (8) can be
obtained.

σr = k1 + k2r − k1
r
R

� �ξ−1
− k2r

r
R

� �ξ−2
: ð8Þ

By substituting Equation (8) into Equation (4), we
obtain Equation (9).

σθ = ξk1 + ξk2r − ξk1
r
R

� �ξ−1
ξk2r

r
R

� �ξ−2
+ σ∗: ð9Þ

According to the total theory of plasticity, εZ is equal to
0 in the problem of plane strain. Thus, the plastic constitu-
tive Equation (10) can be obtained.

εr =
ψ

4G∗ σr − σθð Þ

εθ =
ψ

4G∗ σθ − σrð Þ

8><
>:

9>=
>;, ð10Þ

where εr is the radial strain; ψ is the plastic index; G∗ is the
weakening shear modulus, MPa; and εθ is the tangential
strain. The elastic constitutive Equation (11) is as follows:

εr =
1 − v2

E
σr −

v
1 − v

σθ

� �

εθ =
1 − v2

E
σθ −

v
1 − v

σr
� �

8>><
>>:

9>>=
>>;, ð11Þ

where V is Poisson’s ratio; E is the modulus of elasticity,
MPa. We substitute Equations (8) and (9) into Equations
(10) and (11) to obtain the strain expression as Equation
(12).

εpr =
ψ

4G∗ 1 − ξð Þσr − σ∗½ � + 1 − v2

E
1 − 1 + ξð Þv

1 − v
σr

� �
−

v
1 − v

σ∗
� �

εpθ =
ψ

4G∗ σ∗ − 1 − ξð Þσr½ � + 1 − v2

E
ξ −

v
1 − v

� �
σr + σ∗

h i
8>>><
>>>:

9>>>=
>>>;
,

ð12Þ

where εpr and εpθ are the radial strain and tangential strain
in the plastic zone, MPa, respectively.

4.1.2. Stress in the Elastic Zone. The stress solution in the
elastic region can be expressed as Equation (13).

σr

σθ

)
= A ± B

r2
, ð13Þ

where A and B are undetermined coefficients.
When r approaches infinity, σr = σθ = p0 = A; when r is

equal to Rp, σ
∗ = σ0 = 2c0 cos φ/1 − sin φ. Simultaneously,

the elastic-plastic interface satisfies Equation (14).

σr + σθ = 2p0, ð14Þ

where p0 is the initial stress, MPa.
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Figure 5: Tangential stress distribution of different pore sizes.
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Equation (15) can be obtained by substituting Equation
(14) into Equation (3).

σr r=Rp
= p0 1 − sin φð Þ − c0 cos φ,

���
σθ r=Rp

= p0 1 + sin φð Þ + c0 cos φ:
���

8><
>: ð15Þ

Substituting Equation (15) into Equation (13), we obtain
Equation (16).

σr = p0 −
R2
p

r2
p0 sin φ + c0 cos φð Þ,

σθ = p0 +
R2
p

r2
p0 sin φ + c0 cos φð Þ:

8>>><
>>>:

ð16Þ

By substituting Equation (16) into Equation (11), we
obtain the strain in the elastic region.

εer =
1 + v
E

1 − 2vð Þp0 − p0 sin φ + c0 cos φð ÞR
2
p

r2

" #

εeθ =
1 + v
E

1 − 2vð Þp0 + p0 sin φ + c0 cos φð ÞR
2
p

r2

" #
8>>>>><
>>>>>:

,

ð17Þ

where εer and εeθ are the radial strain and tangential strain in
the elastic zone, MPa, respectively.

4.1.3. Radius of the Plastic Zone. At the elastoplastic interface,
r = Rp and σ

∗ = 2c0 cos φ/1 − sin φ. Because σpr = σer, Equation
(18) can be obtained according to Equations (8) and (16).

k1 + k2Rp − k1
Rp

R

� �ξ−1
− k2r

Rp

R

� �ξ−2
+ c0 cos φ = p0 1 − sin φð Þ:

ð18Þ

By substituting Equation (1) and the expressions of k1 and
k2 into Equation (18), we obtain the range of the plastic zone
of the borehole.

Rp

R

� �ξ−1
c0 − csð Þ 2 cos ϕ

1 − 3 sin ϕ
+ c0 cot ϕ − cs cot ϕ

Rp

R

� �� �

+
Rp

R
p0 1 − sin ϕð Þ − c0

3 cos ϕ 1 − sin ϕð Þ
1 − 3 sin ϕ

+ cs cot ϕ
1 − sin ϕ

1 − 3 sin ϕ

� �
= p0 1 − sin ϕð Þ − c0 cos ϕ − cot ϕð Þ:

ð19Þ

In particular, when the surrounding rock of the borehole is
an ideal elastoplastic body, Equation (19) can be reduced to
Equation (20).

Rp = R
p0 1 − sin φð Þ − c0 cos φ − cot φð Þ

c0 cot φ

� �1−sin φ/2 sin φ

:

ð20Þ

4.2. ModifiedModel of the Plastic Zone Range.The plastic zone
radii of boreholes with different pore sizes, which were calcu-
lated by formula (20), are shown in Table 3.
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Figure 6: Effective plastic strain of different pore sizes.

Table 2: Radii of the simulated plastic zones of boreholes with
different pore sizes.

Radius of borehole (mm) 37.5 43.5 47.0 52.5 56.5

Radius of plastic zone (mm) 46.3 53.9 57.6 65.0 70.3

6 Geofluids



Tables 2 and 3 show that there was an error between the
numerically simulated and calculated radii of the plastic
zones. Hence, formula (20) must be corrected. Figure 7
shows the variation law of the plastic zone range with the
borehole radius and the variation law of the difference of
the radius determined between the two methods.

As shown in Figure 7, the difference between the two
methods shows an approximate first-order function with
the radius as Equation (21).

R1 = kR + c, ð21Þ

where R1 is the difference, m; k is the slope. After calculation,
the slope is 0.12, so the modified equation is shown in Equa-
tion (22).

RP1 = RP + R1 = RP + 0:12R, ð22Þ

where RP1 is the modified radius of the plastic zone, m.
Table 4 shows a comparison between the calculated radius
of the plastic zone by Equation (22) and the simulated radius.

Table 4 shows that the error between the plastic zone
radius calculated by Equation (22) and the simulated radius
was within 1%, which proves that Equation (22) is applicable
to Puxi mine. In Equation (22), the initial stress, cohesion,
and internal friction angle are constants, so Equation (22)
is a first-order function of the radius. According to Equation
(22), when the radius increases, the plastic zone around the
borehole also increases. The range of pressure relief of the
borehole will increase, and the effect of gas extraction of
the borehole will improve.

5. Analysis of the Gas Extraction Effect under
Different Ranges of the Plastic Zone of
the Borehole

5.1. Test Method. To study the relationship between the plas-
tic zone of different boreholes and the gas extraction effect in
Puxi mine, the effect of plastic zone radii of 46.4mm,
53.8mm, 58.1mm, 64.9mm, and 69.9mm on the gas extrac-
tion effect was preliminarily determined and investigated,
and the variations of the gas concentration, mixed flow rate,
and pure flow in different plastic zones of the borehole were
investigated. In principle, for the test area, we selected a newly
excavated floor roadway with a length of more than 150m,
and the test site was determined to be the 2254 floor roadway
in combination with the site conditions of Puxi mine.

5.2. Construction and Sealing of the Borehole

5.2.1. Application of the New Type of Antispray Hole
Equipment in the Soft Coal Seam. During or after the con-

struction of large boreholes, pulverized coal and gas are con-
tinuously ejaculated from the boreholes in a short period of
time due to the soft coal quality of coal V in Puxi mine. This
phenomenon is called borehole spraying. A large amount of
gas emitted from the borehole over a short period of time
would make the gas concentration in the tunnel abnormally
increase and endanger the personal safety of underground
construction personnel. To solve the problem of an abnor-
mal increase of the gas concentration in the roadway caused
by borehole spraying in the highly gassy and soft coal seam,
a new type of antispray hole equipment was adopted in the
test to reduce the damage caused by borehole spraying, as
shown in Figure 8.

As shown in Figure 8, the equipment is composed of an
upper cylinder and a lower semicircle arc plate. In the bore-
hole construction process, if borehole spraying occurs, the
gas extraction pump will be immediately opened. When
pulverized coal and gas pass through the antispray hole
equipment, gas enters the gas chamber through the pump-
ing air hole under the effect of negative pressure and subse-
quently enters the gas extraction pump through the short
extraction pipe. The pulverized coal loses kinetic energy
and flows out from the space between the upper cylinder
and the lower semicircle arc plate. In the usage process,
the gas concentration can be monitored by the gas concen-
tration monitor to determine whether borehole spraying has
stopped. Compared with the existing equipment, the new
type of antispray hole equipment has simple structure and
convenient installation and disassembly. It can effectively
reduce the gas concentration when the borehole spraying.
At the same time, it can separate the pulverized coal and
gas twice to ensure the gas drainage effect and finally ensure
the safety of personnel in the roadway. Application of this
new type of antispray hole equipment solved the problem
that the gas concentration in the roadway abnormally
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Figure 7: Comparison of the plastic zone radius.

Table 3: Calculated radii of the plastic zone of boreholes with
different pore sizes.

Radius of borehole (mm) 37.5 43.5 47.0 52.5 56.5

Radius of plastic zone (mm) 41.9 48.6 52.5 58.6 63.1
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increases due to gas gushing in the borehole construction
process.

5.2.2. Borehole Sealing. The quality of borehole sealing
directly affects the effect of gas extraction in the coal seam.
By selecting the appropriate borehole sealing technology
and materials, the quality of borehole sealing and the effect
of gas extraction can be improved in the coal seam. There-
fore, after borehole construction was completed, the “two
blocks and one injection” sealing technology was selected
for borehole sealing (see Figure 9). The process of grouting
and hole sealing is depicted in Figure 10, a grouting pipe
was used to inject phosphogypsum-based self-produced gas
expansion paste material into the bag, and friction was gen-
erated between the bag and the borehole wall after the bag
expanded. Under the continuous action of the grouting
pump, the slurry would fill the cracks around the borehole
wall to prevent gas from flowing out of the cracks.

The phosphogypsum-based self-produced gas expansion
paste material is composed of the following components: 55
parts of phosphogypsum, 30 parts of water, 9 parts of
cement, 0.18 parts of polyoxyethylene alkylamine, 0.9 parts
of hydroxyethyl cellulose, 0.22 parts of acrylic acid, 0.39
parts of sodium methanesulfonate, 0.01 parts of ammonia
persulfate, 4.0 parts of sodium bicarbonate, and 0.3 parts
of microsilica powder. The preparation method is to add
polyoxyethylene alkylamine and acrylic acid in water and
stir to form a mixture. Then, cement, hydroxyethyl cellulose,
ammonia persulfate, sodium methyl propylene sulfonate,

microsilica powder, and sodium bicarbonate are added to
phosphogypsum to form mixed powder. Finally, the mixed
powder is added to the mixture and stirred to make an
expanded slurry. The phosphogypsum-based self-produced
gas expansion paste material reacts slowly at room

Gas extraction pipe

Discharge pipe

Capsular bagBlasting valve

Rock Coal

CH4Grouting pipe

Phosphogypsum-based self-produced gas 
expansion paste material

One-way valve

Figure 9: Principle of the “two blocks and one injection” sealing
technology.

Pumping air hole

Gas chamber

Valve

Gas extraction pump

Gas concentration monitor 

Connector

Flowmeter
Pressure
controller 

Short pipe
of extraction 

Anti-spray hole equipment

Upper cylinderDrill pipe

Water container

Rock

Coal

Figure 8: New type of antispray hole equipment.

Table 4: Comparison of the radius of the plastic zone.

Radius of borehole (mm) 37.5 43.5 47.0 52.5 56.5

The simulated radius of plastic zone (mm) 46.3 53.9 57.6 65.0 70.3

The calculated radius of plastic zone (mm) 46.4 53.8 58.1 64.9 69.9

Error (%) 0.2 0.19 0.87 0.15 0.57
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temperature, has good fluidity, can be injected into cracks,
and has high compressive strength. At the same time, it
improves the utilization rate of phosphogypsum and reduces
its pollution to the environment.

A comparison of before and after the borehole wall
cracks are filled with the phosphogypsum-based self-
produced gas expansion paste material is shown in
Figure 11. When the sealing section is full of the paste mate-

rial, the discharge pipe is closed and the paste material
expands and fills the cracks around the borehole wall along
the borehole diameter under the effect of the grouting pres-
sure. In the preparation process of the phosphogypsum-
based self-produced gas expansion paste material, the addi-
tion of polyoxyethylene alkyl and hydroxyethyl cellulose
increases the bubble viscosity. Thus, the foam can expand,
but the surface is not broken. As shown in Figure 12, the

350 um

(a)

50 um

(b)

Figure 12: Optical microstructure of the paste material.

Crack

Paste material

Gas extraction pipe

Figure 11: Comparison before and after grouting.

Capsular bag

Blasting valve

Grouting pipe

Discharge pipe Extraction pipe

Figure 10: Hole-sealing process.
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foam distribution is homogeneous, and the structure of the
foam wall is intact. Therefore, after the paste material enters
the cracks, it can effectively seal the cracks and improve the
sealing quality. In addition, at normal temperature, the paste
material slowly reacts, which ensures good fluidity after the
paste material enters into the cracks.

5.3. Result of Test. As shown in Figure 13, the investigation
area of each borehole plastic zone was defined as a unit,
which was divided into five investigation units, and each
unit had five boreholes, and five boreholes of each unit
were networked for extraction. The “two blocks and one
injection” sealing technology and phosphogypsum-based
self-produced gas expansion paste material were used in
the test to improve the sealing quality and air tightness.
Therefore, accurate data for the gas mixed flow, pure flow,

Pipeline infrared
methane sensor 

Multi-parameter sensor
for mine gas extraction

Figure 14: Gas flow concentration.

Figure 13: Borehole construction and borehole networking.
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and concentration were measured. After the completion of
borehole construction and sealing, the daily gas mixing
flow, pure flow, and concentration of each unit were mea-
sured for 15 days. The reading on the pipeline infrared
methane sensor is the gas concentration of each unit, and
the reading on the multiparameter sensor for mine gas
extraction is the mixed flow and pure flow of each unit,
as shown in Figure 14.

The change rule of the average mixed flow, pure flow,
and concentration in the first 15 days of different units is
shown in Figure 15. In Figure 15, when the radius of the
plastic zone of the borehole increased from 46.4mm to
69.9mm, the mixed flow increased from 0.061m3/min to
0.268m3/min, the pure flow increases from 0.027m3/min
to 0.196m3/min, and the concentration increases from
44.53% to 73.03%. The increased in radius of the plastic zone
improved the gas extraction effect.

On one hand, an increase of the plastic zone of the
borehole results in an increase of the pressure relief circle
around the borehole, which causes a better gas extraction
effect. On the other hand, to increase the radius of the
plastic zone of the borehole, it is necessary to expand the
borehole diameter, which increases construction difficulty,
construction cost, and construction risk. Therefore, to
achieve safety, cost minimization, and extraction maximi-
zation, it is necessary to analyse the variation of the mixed
flow and pure flow relative to the radius difference of the
plastic zone with the increase of the plastic zone, as shown
in Table 5.

As shown in Table 5, the relative variation of mixed
flow increased from 5.68 to 21.58 and subsequently
decreased to 7.60, while the relative variation of pure flow
increased from 3.92 to 18.42 and subsequently decreased
to 6.2. With the increased of the radius of the plastic zone,
the rates of increased of the mixed flow and pure flow first
increased and subsequently decreased. Therefore, consider-

ing the safety and economy of construction, the optimal
radius of the plastic zone was 64.9mm.

6. Conclusions

(1) COMSOL Multiphysics is used to simulate the plas-
tic zone of coal around a borehole. A larger bore-
hole pore corresponds to a larger plastic zone and
a larger range of pressure relief of the borehole.
The basic model of the plastic zone range is estab-
lished, and the stress in the elastic zone and radius
of the plastic zone are derived step by step. By com-
paring the radii of the plastic zone from numerical
simulation and calculation, the theoretical equation
of the radius of the plastic zone is modified. The
results show that the modified equation is suitable
for Puxi mine

(2) A new type of antispray hole equipment is used to
construct a borehole, and the loss and harm caused
by borehole spraying are reduced. The “two plug-
ging and one injection” sealing technology and
phosphogypsum-based self-produced gas expansion
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Figure 15: Changes in flow and concentration.

Table 5: Relative change of the mixed flow and pure flow.

Radius
(mm)

Radius
difference
of plastic

(m)

Mixed
flow
(m3/
min)

Relative
variation of
mixed flow

Pure
flow
(m3/
min)

Relative
variation
of pure
flow

46.4mm – 0.061 – 0.027 –

53.8mm 0.0074 0.103 5.68 0.056 3.92

58.1mm 0.0043 0.148 10.47 0.095 9.07

64.9mm 0.0038 0.230 12.06 0.165 10.29

69.9mm 0.005 0.268 7.60 0.196 6.2
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paste material are used to block the borehole, and
the sealing quality is improved

(3) The accurate gas mixing flow, pure flow, and con-
centration are obtained. With the increase of the
plastic zone, the flow of gas extraction gradually
increases, but the relative variation of flow first
increases and subsequently decreases. Therefore,
considering the safety and economy of construction,
the optimal radius of the plastic zone is 64.9mm
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