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Coalbed methane is always a major hidden danger that affects mining safety in coal mines. In the study of coal seam water injection
to control gas disaster, the increase of free water content is helpful to destroy the integrity of coal seam and to promote the flow of
gas in fractures. However, when the free water fills the fracture space, it will increase the flow resistance of gas, and then will reduce
the gas extraction efficiency. At present, there is currently no mathematical model describing the effects of coal seam water injection
that combines these two aspects on gas drainage. In this study, a series of experiments were conducted to study the differences in
mechanical property changes under wetting conditions with different coal samples. The experimental results show that the elastic
modulus and compressive strength decrease as an exponential function with increasing water pressure. Based on the experimental
results, a gas-liquid-solid coupling model including effective stress change and gas desorption is established and used to predict a
field gas extraction application. According to the results of the numerical model, In the plastic failure zone of coal seam, the
permeability increases, the elastic modulus drops and gas migrates faster. In the water wetting zone, the free water occupies the
fracture space, which blocks the gas migration channel. The overall effect of water injection on gas extraction depends on which
impact plays a dominant role. The established gas drainage model is validated by field data and can reflect the pattern of
borehole damage and gas drainage under water injection.

1. Introduction

Coalbed methane (gas) is not only a major hidden danger
affecting the safety of mining in coal mines but also an excel-
lent clean energy source. As of 2015, gas outburst accidents
accounted for 27% of the total number of coal mine accidents
in China, and the number of mines with coal gas outbursts
has reached 1,192 [1]. Therefore, the study of coal seam gas
drainage technology can not only prevent coal mine gas
disasters in a timely manner but also change harm to benefits
and increase the utilization rate of coal gas [2].

At present, the mining protective layer in the mine is the
main means of regional gas disaster management and has
been widely used underground. Limited by the geologic com-

plexity of coal seams, gas control in a single coal seam also
needs to be combined with local preextraction of gas, loose
blasting, and other local antiburst measures [3]. However,
in practice, such measures often face problems, such as low
gas concentrations, fast flow attenuation, and the problem
of small blasting areas, which make it difficult to quickly
reduce the gas content [4].

As a kind of local gas control measure, coal seam
water injection has an obvious softening effect on coal
seams and reduces gas and coal dust release to the
surrounding environment, thereby achieving the goal of
quickly eliminating dynamic coal seam disasters. However,
coal seam water injection is still associated with great
differences in the study of coal and gas outbursts. Most
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researchers and engineers believe that the existence of free
water changes the mechanical properties of coal and
reduces coal seam cohesion and uniaxial compressive
strength, thereby changing the stress distribution of coal
seams, further causing fractures in coal seams and pro-
moting the release of methane into the surrounding envi-
ronment. Fredlund et al. [5], Ji et al. [6], and Kishida et al.
[7] carried out experiments on the seepage characteristics
of rock under loading and unloading and studied the pro-
cess of primary fracture propagation and penetration
under different water injection pressures. It is pointed
out that free water not only promotes the development
of fractures but also reduces the compressive strength of
rock samples. Deng et al. [8] studied the change in perme-
ability of water-bearing sandstone in the context of confin-
ing pressure. The change in permeability is closely related
to free water erosion and sandstone damage. Bo et al. [9]
and Zhang et al. [10] studied the mechanical properties of
rocks under different water saturations and pointed out
that rocks with different saturations have effects on the
rock elastic modulus and acoustic emission parameters.
As the water saturation increases, the rock’s peak strength
and elastic modulus decrease rapidly.

Other researchers believe that coal seam water injec-
tion significantly changes the gas desorption characteristics
and closes the adsorption gas desorption channel, thereby
reducing the gas drainage efficiency. Peng et al. [11]
believe that the axial pressure and water content are the
key factors determining the permeability of coal samples.
On the one hand, the axial pressure narrows the seepage
channel of the gas and completely closes some micro-
cracks. On the other hand, the free water in the coal sam-
ple blocks the gas migration channel and further leads to a
decrease in the permeability of the coal sample. Letham
et al. [12] studied the gas seepage law before and after
water injection. On the basis of gas-water two-phase flow,
a coalbed methane drainage model considering the gas
slippage effect was established. The results show that gas
saturation is greatly affected by free water. With the
increase in coal seam water injection time and water injec-
tion pressure, gas production shows a gradual decline.
Oostrom and Lenhard [13] analyzed the effects of free
water on gas saturation, relative permeability, and rock
mass deformation based on the double pore characteristics
of the rock mass. The study pointed out that free water
obviously hinders gas migration. The above research
results show that the presence of free water inhibits the
gas desorption and diffusion process in the reservoir.

It can be seen from the current research that the effect
of coal seam water injection on gas drainage has two sides:
on the one hand, water injection softens the coal seam and
reduces the cohesion and uniaxial compressive strength of
coal, which promotes fracture generation in the coal seam
and accelerates gas flow; on the other hand, water injec-
tion changes the desorption characteristics of the gas in
the pores of coal and closes the desorption channel of
the pore gas, which reduces the rate of gas diffusion from
the pore to the fractures. There is currently no mathemat-
ical model describing the effects of coal seam water

injection on gas drainage combining these two aspects.
Therefore, in this study, we started from the two-phase
flow seepage theory and established a gas drainage model
for the dual-porosity and dual-permeability characteristics
of coal seams under water injection conditions. The effects
of fracture initiation and expansion on gas drainage in the
plastic failure zone of the coal seam before and after water
injection were studied, and the effects of free water plug-
ging the gas migration in the hydraulic wetting zone were
analyzed. Based on these results, the variations in coal
seam permeability, gas pressure, and flow rate under water
injection were obtained.

2. The Mechanical Properties of the Coal
Sample under Water Injection

Coal seam water injection is an important method to con-
trol coal and gas outburst [14]. In this section, we conduct
experiments to study the differences in mechanical prop-
erty changes under wetting conditions between soft coal
and hard coal. The coal samples were collected from the
Pingdingshan No.10 coal mine in Henan Province and
the Gushuyuan coal mine in Shanxi Province, China,
and the samples represent typical medium-hard coal and
hard coal, respectively.

The experiments were conducted by an electrohydrau-
lic servo triaxial testing machine. The coal samples were
subjected to full stress-strain testing in conjunction with
water injection. First, the coal sample was placed in the
pressure chamber. Then, the confining pressure corre-
sponding to a chosen value is applied, and water is
injected into the coal sample at a certain pressure. Finally,
an axial load is applied until the coal sample breaks. Addi-
tionally, the stress and strain of the coal sample are
recorded. The water injection pressures were 0, 0.5, 1.0,
1.5, 2.0, 2.5, and 3.0MPa, and the confining pressures
were 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0MPa, respectively.
These values were chosen to ensure that all the tests were
under the same effective stress condition. To eliminate
random deviation, we tested three samples at each stress
stage. The test results are shown in Figures 1 and 2.

From Figures 1 and 2, it can be seen that the elastic
modulus and uniaxial compressive strength of the coal
samples decrease with increasing water content. For the
coal samples from the Pingdingshan No. 10 coal mine
(soft coal), the elastic modulus drops 46%, and the uniax-
ial compressive strength drops 28%. For the coal samples
from the Gushuyuan coal mine (hard coal), the elastic
modulus drops 18%, and the uniaxial compressive strength
drops 15%. The experimental results prove that the water
content can decrease the mechanical properties of coal
and that soft coal is more affected by water than hard
rock.

Based on the testing results, the relationship between the
elastic modulus and water pressure can be expressed as

E = A0e
−J0Pfwð Þ + E0, ð1Þ

where E0 is the residual elastic modulus. Similarly, the

2 Geofluids



relationship between uniaxial compressive strength and
water pressure can also be expressed as

σc = A1e
−J1Pfwð Þ + σc0, ð2Þ

where A0 and A1 are the amplitude of the drop; J0 and J1 are
the attenuation coefficient.

3. The Gas-Liquid-Solid Coupling Model for
Gas Extraction

As shown in the last section, water injection remarkably
changes the mechanical properties of coal. To study the gas

extraction of coal seams with water injection, a coupled
gas-liquid-solid model considering the two side effects of
water injection should be established. The main assumptions
are as follows. In the following, a set of field equations for coal
deformation, gas flow, and water flow are defined. These field
equations are coupled through new porosity and permeabil-
ity models for the coal matrix and fractures. These deriva-
tions are based on the following assumptions [15]:

(1) The coal seam is a homogeneous, isotropic, and dual
poroelastic medium

(2) Strains are infinitesimal
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Figure 2: The uniaxial compressive strength changes with water injection ((a) coal samples from the Pingdingshan No. 10 coal mine; (b) coal
samples from the Gushuyuan coal mine).
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Figure 1: The elastic modulus changes with water injection ((a) coal samples from the Pingdingshan No. 10 coal mine; (b) coal samples from
the Gushuyuan coal mine).
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(3) Gas contained within the pores is ideal, and its vis-
cosity is constant under isothermal conditions

(4) Gas adsorption only takes place in the matrix

(5) The matrix pores are filled with bound water, which
cannot flow. The water flow only occurs in the frac-
ture system. Before water injection, the coal seam
has no obvious free water flow

In general, coal seam is a dual-porosity media containing
matrix pores and fractures. The natural fractures of coal seam
can be divided into horizontal bedding fracture and vertical
cleat fracture. Methane is mainly stored in the pores by
adsorbing on the micropore surface accounting for 70-95%
of the total reserves. Throughout the water injection process,
free water gradually flows along the fractures in the coal
seam. Finally, the coal seam fracture contains two kinds of
fluids, free water and gas. The flow of the fluid is shown in
Figure 3.

3.1. Coal Deformation. During gas drainage in a coal seam,
coal deformation can be defined by the equilibrium equation,
geometric equation, and constitutive equation. Therefore, by
treating coal as an isotropic material, the Navier-type equa-
tion for coal deformation can be expressed as follows [16]:

Gui,kk +
G

1 − 2υ uk,ki − αPmg,i − βPfg,i − βPfw,i − Kεs,i + f ,i = 0,

ð3Þ

where G is the shear modulus of coal and υ is Poisson’s ratio.
α and β are the Biot coefficients [17]. K is the bulk modulus

of coal. Subscriptsm and f represent the matrix and fracture,
respectively. f ,i is the component of the body force, and εs is
the sorption strain. The parameters can be defined as follows:

α = 1 − K
Ks

,

β = 1 − K
a0 ⋅ Kf

,

εs =
εLPmg

Pmg + PL
e −λθð Þ,

ð4Þ

where Ks is the bulk modulus of the matrix. K f is the normal
stiffness of fracture. The subscript mg, fg, and fw represent
gas in the matrix, gas in the fracture, and water in the frac-
ture, respectively. λ is the bound water coefficient, and θ is
the water content in porosity.

3.2. Fluid Flow Equations. In a coal seam, gas and water exist
in the pores and fractures. The mass of free-phase gas,
adsorbed gas, and free water can be written as follows [18]:

Mmg = ρmgϕm + ρgaρc
VLPmg
Pmg + PL

e −λθð Þ,

Mfg = ρfgϕf Sfg,
Mfw = ρfwϕf Sfw,

ð5Þ

where ρmg is the gas density. ρga is the gas density under
standard conditions. ρc is the coal density. VL and PL
are Langmuir volume and pressure constants. Pmg is the

Warren-Root
model

PoroFracture
Matrix

Methane

Matrix MicrofractureFracture

Adsorbed
methane

Micro
fracture

Matrix Matrix

MatrixMatrix

Free
water

Plastic
failure zone

Free
methane

Soften
zone

K
f

a
0

b
0

a
0

Figure 3: Concept diagram of a coal seam and fluid flow.
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gas pressure in the matrix. ϕm and ϕf are the porosity in
the matrix and fracture, respectively. ρfw is the free water
density. Sfg and Sfw are the saturation of gas and water
in the fracture.

When free water is injected into the coal seam, convec-
tion and diffusion are the main modes of fluid flow. The fluid
pressure in every point of the coal seam changes with time.
Therefore, the mass balance equations of gas and water can
be obtained [19].

∂Mmg
∂t

−∇ vmg ⋅ ρmg

� �
−∇ Dmg ⋅ ∇Mmg
� �

= 0, ð6Þ

∂Mfg
∂t

−∇ vfg ⋅ ρfg
� �

−∇ Dfg ⋅ ∇Mfg
� �

= 0, ð7Þ

∂Mfw
∂t

−∇ vfw ⋅ ρfw − gΔHð Þ = 0, ð8Þ

whereM is the fluid mass. v is the fluid seepage velocity, and
D is the diffusion coefficient of gas.

In the fluid mass balance equations (Equations
(6)–(8)), the free water and gas seepage velocity are
affected by the relative permeabilities krw and krg, the frac-
ture permeability kf , and fluid pressures Pfw and Pfg.
Hence, the seepage velocity of gas and water in the frac-
ture can be defined as follows:

vfw = −
kf krw
uw

� �
∇Pfw, ð9Þ

vfg = −
kf krg
ug

 !
∇Pfg, ð10Þ

vmg = −
km
ug

 !
∇Pmg, ð11Þ

where uw and ug are the viscosities of gas and water,
respectively.

Based on this assumption, free water is considered an
incompressible fluid, while the gas density changes with

time. According to the ideal gas law, the gas density can
be defined as follows:

ρfg =
MgPfg
RT

: ð12Þ

Here, Mg is the molecular mass of the gas. R is the
universal gas constant, and T is the absolute gas tempera-
ture. Substituting Equations (9)–(12) into Equations
(6)–(8), the governing equations for gas and water flow
in a dual-porosity medium are obtained as follows:

ϕm + ρcpga
VLPL

Pmg + PL

� �2 e −λθð Þ
" #

∂Pmg
∂t

+ Pmg
∂ϕm
∂t

= ∇ Pmg
km
ug

∇Pmg

 !
+∇ Dmgϕm∇Mmg
� �

− ω Pmg − Pfg
� �

,

ð13Þ

ϕf Sfg
∂Pfg
∂t

+ PfgSfg
∂ϕf

∂t
+ ϕf Pfg

∂Sfg
∂t

= ∇ Pfg
kf krg
ug

∇Pfg

 !

+∇ Dfg ⋅ ∇Mfg
� �

+ ω Pmg − Pfg
� �

,
ð14Þ

ϕf Sfwρfw + Sfwρfw
∂ϕf

∂t
+ ϕf ρfw

∂Sfw
∂t

−∇ Pfw
kf krw
u

∇Pfw − gΔH
� �

= 0,
ð15Þ

where a0 is the initial fracture aperture, g is the gravity,
and ω is the transfer coefficient between the matrix and
fracture, which can be defined as follows [20]:

ω = 8 1 + 2
a20

� �
km
μ
: ð16Þ

3.3. Dynamic Porosity and Permeability Models. The
porosity and permeability of the fracture are controlled
primarily by the aperture of the fractures. To analyze the
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Figure 4: Sketch of a coal matrix with a REV.
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change in fracture aperture, we consider a representative
elemental volume (REV) from the dual-porosity model as
an example. As shown in Figure 4, the matrix block fills
the center of the repeating REV with a half fracture sur-
rounding the matrix block on all sides. The deformation
of REV includes the deformation of horizontal and vertical
fractures and the deformation of the matrix block.

Based on our previous work [21], the dynamic porosity
and permeability models for the coal matrix can be defined
as follows:

ϕm
ϕm0

= 1 − Nα

ϕm0K

εLPL Pmg − Pmg0
� �

Pmg + PL

� �
Pmg0 + PL

� � e −λθð Þ − εv

" #
,

ð17Þ

km
km0

= ϕm
ϕm0

� �3
= 1 − Nα

ϕm0K

εLPL Pmg − Pmg0
� �

Pmg + PL

� �
Pmg0 + PL

� � e −λθð Þ − εv

" #" #3
,

ð18Þ
where N = ððb0/a0Kf Þ + ð1/KÞÞ−1.

The dynamic porosity and permeability models for coal
fracture can be defined as follows:

ϕf

ϕf 0
= 1 − B

εLPL Pmg − Pmg0
� �

Pmg + PL

� �
Pmg0 + PL

� � e −λθð Þ − εv

 !
, ð19Þ

kf
kf 0

=
ϕf

ϕf 0

 !3

= 1 − B
εLPL Pmg − Pmg0

� �
Pmg + PL

� �
Pmg0 + PL

� � e −λθð Þ − εv

 !" #3
,

ð20Þ
where B = 3K/ðKϕf 0 + 3K f Þ.
3.4. Auxiliary Equations for Two-Phase Flow. In this paper,
the van Genuchten model [22] is taken to analyze the compo-
nent change in two-phase flow. Before water is injected into
the coal seam, the fractures are full of free gas, and the gas sat-
uration is 1. With increasing water injection time, the satura-
tion of free water increases gradually from 0 to Sfw. The
change equation for saturation of all component fluids in
the fracture can be defined as follows:

Sfg + Sfw = 1, ð21Þ

where Sfg and Sfw are the saturation of gas and water, respec-
tively. The transport rates of water and gas in the fracture are
not the same due to the different pressures and viscosities.
Thus, the capillary pressure between water and gas should
be taken into account. The capillary pressure can be defined
as follows:

Pc = Pfg − Pfw: ð22Þ

The water content in fracture Cfw and the concentration
of gas Cfg can be written as a function of saturation and
capillary pressure.

Cfw = ϕf
∂Sfw
∂Pc

, ð23Þ

Cfg = ϕf
∂ 1 − Sfwð Þ

∂Pc
= −Cfw: ð24Þ

Based on the van Genuchten model, the water saturation
Sfw, water content Cfw, and relative permeability krw can be
defined as follows:

Sfw =
1

1 + γHcj jn½ �m , Hc > 0,

1, Hc ≤ 0,

8<
:

Cfw =
γm
1 −m

ϕf

� �
S1/mfw 1 − S1/mfw

� �m, Hc > 0,

0, Hc ≤ 0,

8<
:

krw = SLfw 1 − 1 − S1/mfw
� �mh i2

, Hc > 0,

1, Hc ≤ 0,

8<
:

krg = 1 − Sfwð ÞL 1 − 1 − S1/mfw
� �mh i2

,

ð25Þ

where γ, n, m, and L are the characteristic parameters of the
coal seam. Hc is the water head, Hc = Pc/ρw × g.

Substituting Equations (23) and (24) into Equations (14)
and (15) yields the governing equations of flows for gas and
water in a fracture.

ϕf Sfg
∂Pfg
∂t

+ PfgSfg
∂ϕf

∂t
− PfgCfw

∂Pc

∂t
= ∇ Pfg

kf krg
ug

∇Pfg

 !

+∇ Dfg ⋅ ∇Mfg
� �

+ ω Pmg − Pfg
� �

,
ð26Þ

ϕf Sfwρfw + Sfwρfw
∂ϕf

∂t
+ ρfwCfw

∂Pc

∂t

−∇ Pfw
kf krw
u

∇Pfw − gΔH
� �

= 0:
ð27Þ

3.5. Cross Coupling. For convenience, the governing equation
for coal deformation is rewritten as follows:

Gui,kk +
G

1 − 2v uk,ki − αPmg,i − βPfg,i − βPfw,i

− K
PLεLPmg,i

Pmg + PL

� �2 e −λθð Þ + F ,i = 0:
ð28Þ

Substituting the partial derivatives of ϕm and ϕf with
respect to time from Equations (17) and (19) and the
permeability Equations (18) and (20) into the gas flow
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Equations (13), (26), and (27) yields the final fluid flow
equations.

ϕm +
ρcpgaPLVL

Pmg + PL

� �2 e −λθð Þ −
α

K
1
K

+ b0
a0Kf

 !−1
PLεLPmg

Pmg + PL

� �2 e −λθð Þ
" #

� ∂Pmg
∂t

= ∇ Pmg
km
ug

∇Pmg

 !
+∇ Dmg ⋅ ∇Mmg
� �

+ 8 1 + 2
a20

� �
km
ug

Pfg − Pmg
� �

−
α

K
1
K

+ b0
a0Kf

 !−1

Pmg
∂εv
∂t

,

ð29Þ

ϕf Sfg
∂Pfg
∂t

+ PfgSfgB
∂εv
∂t

− PfgSfgB
εLPLPmg

Pmg + PL

� �2 e −λθð Þ

− CfwPfg
∂Pc

∂t
= ∇ Pfg

kf krg
ug

∇Pfg

 !
+∇ Dfg ⋅ ∇Mfg
� �

− 8 1 + 2
a20

� �
km
ug

Pfg − Pmg
� �

,

ð30Þ

ϕf Sfwρfw + ρfwSfwB
∂εv
∂t

− ρfwSfwB
PLεLPmg

Pmg + PL

� �2 e −λθð Þ

+ Cfwρfw
∂Pc

∂t
= ∇ pfw

kf krw
uw

∇pfw − gΔH
� �

:

ð31Þ

Equation (29) is the governing equation of gas flow in the
coal matrix. In this equation, the first term in the brackets on
the left-hand side is the volume of gas released (or seques-
tered) from the free-phase gas, the second term is the volume
of gas released (or sequestered) from the adsorbed-phase gas,
and the third term is the volume of gas released (or seques-
tered) due to coal matrix shrinking or swelling. On the
right-hand side, the second term is a coupled term with the
pressure associated with the gas flow in the fracture, and
the third term is the volume of gas released due to the bulk
deformation of the coal. Equation (30) is the governing equa-
tion of gas flow in coal fracture. On the left-hand side, the
first term is the pressure variation of the gas in the fracture,
the second term is the volume of gas released due to the bulk
deformation, and the third term is the volume of gas due to
coal matrix shrinking. On the right-hand side, the second
term is a coupled term related to the pressure associated with

Table 1: Numerical model physical parameters.

Parameter Value Parameter Value

Coal elastic modulus E/GPa From Figure 1(a) Adsorption pressure constant PL/MPa 2.07

Compressive strength σc/MPa From Figure 2(a) Adsorption volume constant VL/m
3/kg 0.0256

Poisson ratio ν 0.34 Adsorption pressure strain εL 0.0102

Coal density ρc/kg/m
3 1250 Initial matrix porosity φm0 0.05

Air density/kg/m3 0.717 Initial matrix permeability km0 2.8·10-18

Facture stiffness Kf /MPa 4800 Methane diffusion rate Dn/m
2 3.6·10-12

Dynamic viscosity μ/Pa·s 1.84·10-5 Initial fracture porosity φf 0 0.002

Bulk modulus K/MPa 5400 Initial fracture permeability kf 0 2.08·10-17

Matrix width a0/m 5·10-6 Initial temperature T/K 300

Fracture width b0/m 0.005 Water injection pressure pfw/MPa 2

Combined water coefficient λ 14.4 Initial pore water content θ/% 0.02

Water density ρw/kg/m
3 1000 Water dynamic viscosity μw/Pa·s 1·10-3

Initial gas saturation Sfg 1 Initial water saturation Sfw 0

VG model γ 1.89 VG model m 0.54

VG model n 2.81 VG model L 0.5

Table 2: Numerical model boundary conditions.

Coal seam deformation Value Fluid migration Value

Upper boundary/MPa 14 Methane extraction pressure/kPa 20

Lower boundary Fixed Water injection pressure/MPa 2

Left boundary
Roller support

Initial water pressure/MPa 0

Right boundary Initial methane pressure/MPa 2

Borehole boundary Free Water injection time/day 21

Initial displacement 0
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Figure 6: Damage zone near the boreholes.
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the gas flow in the matrix. Equation (31) is the governing
equation of water flow in a coal fracture, and the meanings
of each term are the same as in Equation (30).

4. Simulation of Field Gas Extraction under
Water Injection

4.1. Engineering Background and Simulation Model. The
Pingdingshan No. 10 coal mine is an old coal mine with a
long mining history in Henan Province, China. The No.
20180 working face is the current mining area, and the No.
20120 working face is the preparing working face next to it.
As a high-gas mining face, methane needs to be extracted
in advance. However, the low permeability of the coal hin-
ders gas extraction via boreholes. It would take a much longer
time to let the gas pressure drop to a safe level if there is no
other treatment, which would delay coal production. The

engineers want to inject water into the coal seam to speed
up the gas drainage, but they are unsure of the results. Thus,
we use the model established above to simulate the gas drain-
age efficiency under water injection.

The mining plane graph of the No. 20120 working face
and the numerical model are shown in Figure 5. In
Figure 5(b), the length and height of the numerical model
are 40m and 5m, respectively, which are used to simulate
the geological occurrence of coal seams. There are 13 bore-
holes in the model with a diameter of 10 cm and a distance
of 3m. As shown in the numerical model, odd-numbered
boreholes are gas extraction boreholes, and even-numbered
boreholes are water injection boreholes. The simulation
parameters are listed in Table 1, and the boundary conditions
are listed in Table 2. Three points in the model (20.2m,
2.5m), (21.5m, 2.5m), and (22.8m, 2.5m) were selected
and recorded as points 1, 2, and 3, respectively. These three
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points are used to analyze the changes in fluid parameters
during coal seam water injection.

4.2. Simulation Results and Discussion

4.2.1. Coal Deformation and Failure. Figure 6 shows the plas-
tic failure zone evolution of boreholes with and without water
injection. Excavation of a borehole results in a significant
plastic failure zone near the wall of the borehole. When it
reaches the end of the water injection time (20th day), the
plastic failure range of the gas extraction borehole is
approximately 1 times the drilling radius, while the plastic
failure range of the water injection borehole is approxi-
mately 2 times the borehole radius. It can be seen that
the plastic failure zone is much larger with water injection.
As discussed in Section 2, the water weakens the mechani-
cal properties of the coal.

Figure 7 shows the drop in the elastic modulus at differ-
ent locations. Obviously, in this numerical model, the elastic
modulus at different boreholes has different trends. Around

the water injection borehole, the elastic modulus of the coal
seam decreases gradually with time. When the numerical
model calculation time reaches the 20th day, the elastic mod-
ulus drops to approximately 1.7GPa, while there is no obvi-
ous change in the elastic modulus near the gas drainage
borehole, and the free water softens the coal seam.

The elastic modulus at point 1 (near the water injection
borehole) drops the most, and that at point 3 (near the gas
drainage borehole) exhibits almost no change. The results
are consistent with Equation (1).

4.2.2. Coal Seam Permeability Change. Figure 8 shows the
trend line of permeability in the coal matrix along the model.
The permeability ratio of the coal matrix near the water injec-
tion borehole increases to approximately 2.5. Near the gas
drainage borehole, the value is only 2.0. This illustrates that
the plastic failure zone near the water injection borehole is
larger and more serious than that near the gas drainage bore-
hole. In addition to the plastic failure zone, the permeability
in most areas near the gas drainage borehole is less than 1,
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which demonstrates that gas drainage decreases the perme-
ability. In the previous coal seam permeability and solid
deformation governing equations (Equations (18), (20), and
(28)), the permeability of the coal seam is affected by the cou-
pling effect of plastic failure of the coal seam, gas desorption,
and free water flow, which is also the main reason for the dif-
ferent permeability results near water injection boreholes and
gas extraction boreholes.

Figure 9 shows the fluid permeability ratios changing in
coal fractures. The relative permeability of gas decreases as
water is injected, while the relative permeability of water
increases. The increase in the relative permeability of free
water promotes the flow of the liquid phase in the fracture,
which makes it easier for free water to reach saturation
quickly. Additionally, the free water relative permeability
trend line also demonstrates that the water will block the
gas seepage channels.

4.2.3. Changes in Fluid Components in a Fracture. To see how
the gas and water contents change, the fluid saturation and
concentration in coal fracture at point 2 are plotted in
Figures 10 and 11. Figure 10 shows that as the water injection
time increases, the free water saturation in coal fracture
increases. With the continuous increase in free water satura-
tion, the gas saturation in the drainage borehole continuously
decreases. As the fracture space is gradually filled with free
water, the gas migration channel is occupied, which restrains
gas movement to the drainage borehole. However, Figure 11
shows that the gas concentration decreases much faster than
the drop in gas saturation, which means that before the water
occupies the fracture space, the gas has already escaped.

4.2.4. Fluid Pressure and Production. Figure 12 shows the
water and gas pressure distribution, shown as the dotted line
for point 1. In the plastic failure zone near the water injection
borehole, the softening effect of free water causes the original
fracture to be continuously destroyed and expanded, which

improves the permeability of the coal seam and promotes
the gas pressure drop. When there is no free water injection,
it takes 8 days to drop to a safe pressure of less than 0.75MPa.
On the other hand, when free water enters the free water wet-
ting zone far from the water injection borehole (point 3), the
free water completely occupies the fracture space; on the
basis of reducing the gas saturation, it hinders the flow of
gas in the fracture and significantly reduces the velocity of
the gas pressure drop. At point 1, the coal seam gas pressure
drops to only approximately 1.2MPa. During the gas drain-
age process, there is a significant competition phenomenon
related to the gas pressure drop in the coal seam. The change
in gas pressure is the result of the interaction of free water
and coal seam permeability.

After water injection in working face 20120, we recorded
gas concentration data in the #1 gas drainage borehole and #2
water injection borehole. As shown in Figure 13, in the water
injection borehole, the gas concentration in the extraction
pipe rapidly drops from approximately 3.5% to 1.5%, and
the influence of free water on gas flow becomes more prom-
inent. Compared with adjacent drainage boreholes, with
the expansion of the wetting radius of free water, the
influence of free water on gas is more prominent. After
drilling (0-4 days), the expansion of the plastic failure
zone in the coal seam prompts the free gas to flow rapidly
into the borehole, which makes the gas concentration
approximately 3%. However, in regard to the later stage
of extraction (8-16 days), under the action of long-term
water injection, the free water inhibits the desorption of
the adsorbed gas and increases the resistance of the gas
flowing in the fracture, forcing the gas concentration in
the extraction borehole to decrease to approximately 1%.
Compared with the curve of gas concentration in the
model, the curve of gas concentration in different bore-
holes is generally in a downward stage, but the downward
trend of the curve is affected by the geological conditions
of the coal seam and free water flow. This is the main
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reason for the discreteness between the numerical model
results and the collected data.

5. Discussion

In this paper, the softening effect of free water on the
mechanical strength of coal samples was verified by water
injection experiments and uniaxial compression experiments
of coal samples. Then, based on the relevant two-phase flow
theory, a gas-liquid-solid coupling model for gas drainage
under coal seam water injection was established.

In the existing research on coal seam water injection to
eliminate gas disasters, according to different research con-
tents, it can be divided into the following two types. The first
is to study the influence of water injection on the mechanical
strength of coal seam. On this basis, the plastic failure zone
change of coal seam under abutment pressure is discussed.
In another type of research, it focuses on the effect of free
water on gas transport. Therefore, in the existing research,
there is currently no mathematical model describing the
effects of coal seam water injection on gas drainage that com-
bines these two aspects. As the numerical model results show,
the softening and destruction effects of free water on coal
seams are distinguished. Based on this, the effect of free water
on gas flow is further studied, and it turns out that the exis-
tence of free water increases the resistance of gas flow. Of
course, it must be pointed out that, in further research, per-
meability experiments containing extra coal samples need
to be conducted.

6. Conclusion

In this study, we aimed to better understand the influence of
water injection on gas drainage in coal seams. A series of
experiments were conducted to study the differences in
mechanical property changes under wetting conditions with
different coal samples. Based on the experimental results, a
gas-liquid-solid coupling model including effective stress
change and gas desorption is established. The model is used
to simulate the field gas extraction in the 20120 working face
in the Pingdingshan No. 10 coal mine, and the results are val-
idated with field data. The main research conclusions are as
follows:

(1) Water injection can weaken the mechanical proper-
ties of coal. The experimental results show that the
elastic modulus and compressive strength decrease
as an exponential function with increasing water
pressure

(2) Based on the gas-liquid-solid coupling model, the
permeability, elastic modulus, and gas pressure in
different reaction areas (plastic failure zone and water
wetting zone) induced by water injection are ana-
lyzed. In the plastic failure zone, the permeability of
the coal seam increases, which allows gas to flow into
the extraction borehole and eliminates the danger of
a gas outburst

(3) There is a significant competition phenomenon for
the pressure drop when water is injected into the coal
seam. On the one hand, the water pressure will
weaken the properties of coal and decrease the effec-
tive stress in the coal seam, which will increase per-
meability and accelerate gas flow. On the other
hand, the free water will occupy the fracture space,
which blocks the gas migration channel. The overall
effect of water injection on gas extraction depends
on which impact plays a dominant role

(4) Combined with the gas flow data of boreholes #1 and
#2 collected on site, the results of the gas-liquid-solid
coupling model matched the field results. Although
there is dispersion between the on-site flow data
and the coupled model data, the downward trend of
the flow trend lines is consistent. The established
drainage model better reflects the law of borehole
damage and gas drainage under water injection
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