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When adsorbing gas is injected into coal, the gas ﬁlls in the fractures quickly and a pressure diﬀerence between
matrix and fractures is created. Because of this diﬀerence, there is a pressure gradient within the matrix. The
gradient evolves with time from the initial equilibrium (zero gradient) to the ﬁnal equilibrium (zero gradient), so
does the adsorption–swelling induced matrix deformation. Previous studies have not taken this eﬀect into
consideration. In this study, we hypothesize that the pressure gradient aﬀects the expansion of the gas-invaded
area/volume with the matrix and the propagation of the expansion front creates a non-uniform deformation
within the matrix. Under this hypothesis, a relation between coal permeability and the expansion of the gasinvaded area with the matrix can be established. When the gas-invaded area is localized in the vicinity of the
fracture wall, the expansion of the matrix within this area narrows the fracture opening. We deﬁne this as local
swelling/shrinking. This local swelling/shrinking is controlled primarily by the coal internal structure. When the
gas-invaded area is further spread over the matrix, the expansion of the whole matrix may narrow or widen the
fracture opening depending on the external boundary conditions. This global swelling/shrinking is controlled
primarily by the external boundary conditions. These conceptual understandings are deﬁned through strain ratebased coal permeability models for both the matrix and the fractures. This strain rate based time-dependent
permeability model was veriﬁed against experimental observations, that couples coal deformation, the gas ﬂow
in the matrix system and gas ﬂow in the fracture system.

1. Introduction
Coal permeability in coal seam is a key controlling factor for the
coalbed methane (CBM) extraction. It has been widely studied through
both laboratory measurements and modelling over past few decades.
Previous experimental studies have shown that the coal permeability
mainly depends on the coal fractures under the inﬂuences of external
stresses and gas pressure.1–9 When the gas pressure decreases, the
fracture will be mechanically close due to the rising eﬀective stress.
This leads to the decrease of coal permeability. While the matrix
shrinkages after gas desorption out of coal, and thus increase coal
permeability. A number of coal permeability models have been developed to account for the mechanisms mentioned above.10–12
The dual porosity and dual permeability models were widely applied to characterize coal reservoir. The interactions between coal
matrix and fractures are normally deﬁned by the gas mass exchange
⁎

term. The mechanical interaction between fractures and coal matrix
during coal deformation is not considered in all the permeability
models. Since the mechanical properties between coal matrix and
fracture are dramatically diﬀerent, the interaction can cause a signiﬁcant eﬀect on permeability changes under certain conditions13
where it is diﬃcult to predict the evolution of permeability. These
problematic behaviors have attracted growing attention from researchers.14–17 Compared with the ﬂow in conventional reservoirs, gas
ﬂow in an unconventional reservoir is subject to more nonlinear, coupled processes. Liu et al.18 elucidated the role of the transition of coal
matrix swelling, from local swelling to macro-swelling, under high
diﬀerential pressure on the evolution of permeability. This highlights
the role of mechanical interaction between matrix and fracture. Because
of the high contrast of permeability between fractures and matrix, the
diﬀusion process from fracture to matrix lasts for an extended period,
potentially from a few months to years following the initiation of gas
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fracture instantly. Therefore, the gas pressure in the fracture reaches
the injection pressure. The gas pressure changes from zero (before the
injection) to the injection pressure (after the injection) inﬂates the
fracture from the initial opening to a new magnitude. It results in the
increase of fracture permeability. If the injection pressure maintains as
a constant, gas diﬀuses from the fracture into the matrix. This diﬀusioninduced the interaction between the matrix and the fracture aﬀects the
evolution of the fracture opening.

injection. As gas propagates from the fracture wall into the matrix, the
gas-invaded volume expands through the matrix, creating a non-uniform swelling zone. A few results of experimental tests have documented the importance of the interaction of mechanical deformation.19–25 Liu et al.18 conducted an explicit simulation to verify dynamic
interactions between coal matrix swelling/shrinkage and fracture
aperture alteration, and translations of these interactions to permeability evolution under unconstrained swellings. The model predictions
are consistent with typical laboratory and in-situ observations documented within the literature. Peng et al.15 proposed a continuous permeability model that characterizes the matrix-fracture interactions. The
eﬀective strain aﬀected fracture permeability is divided into global
strain and local strain subjectively. The results imply that the coal
permeability proﬁles regulated primarily by the matrix diﬀusivity. The
“V” shape proﬁle represents that the transition of coal permeability
from the initial equilibrium state to ﬁnal equilibrium state takes a long
period of time. In another word, the strain in matrix takes long period
of time to reach ﬁnal equilibrium when matrix diﬀusivity is low.
However, the assumption is inconsistent with real physical processes.
Zhang et al.26 investigated the deformation compatibility between the
matrix and the fracture. It provide compelling evidence that coal permeability is closely related to the expansion of gas invaded volume
from fracture into matrix. The transition from local (to the fracture)
swelling to global depends on the distribution of matrix strain. Based on
these previous understandings, the resultant matrix strain of gas invasion controls permeability evolution.
It has been demonstrated that the interaction between matrix and
fracture controls the evolution of coal permeability. However, there is
currently no suitable continuous model that includes this mechanism.
In this paper, this important mechanism was incorporated. We hypothesize that the gas diﬀusion-induced non-uniform deformation in
coal matrix has been responsible for this interaction under the conditions of constant conﬁning stresses. In the following sections, we ﬁrst
apply the conventional poroelasticity theory to simulate the exact responses to coal permeability to gas injection under the constant conﬁning stresses. We formulate a strain rate based permeability model
that couples coal deformation and gas ﬂows in both fractures and matrix as a set of partial diﬀerential equations. These equations are then
solved using a commercial tool.

2.1. Modelling approach
Due to the symmetry, a quarter of the controlled volume is selected.
The model length is 5 mm while the height is also 5 mm. The length of
fracture is 3 mm and the aperture is 0.1 mm. The fracture structure is
modeled explicitly which is embedded in the matrix. A constant conﬁning stress is applied on the top and right boundaries. It is assumed
that absorbing gas is injected at the left-bottom corner of the model. No
ﬂow conditions are applied on all boundaries. The mass exchange between the matrix and fracture occurs on the connection boundary. The
geometry boundary condition between matrix domain and fracture
domain is pressure continuity across interior boundary. We assume that
the matrix is homogeneous and elastic, and its deformation obeys the
Hooke's law. The fracture is also assumed as homogeneous and elastic
with much lower Young's modulus. According to the theory of continuum mechanics, the deformation of the homogeneous, isotropic, and
uniform elastic medium can be described by the Navier-type equation27:

Gui, kk +
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uk, ik −αp −KεL
p + fi = 0
1 − 2v
(p + Lb)2 i

(1)

where G the shear modulus, ui is the component of displacement in the i
-direction, ν the Possion's ratio, α is the Biot coeﬃcient, K is the bulk
modulus, εL is the Langmuir volumetric strain constant representing the
volumetric strain at inﬁnite pore pressure. Lb is the Langmuir pressure
at which the measured volumetric strain is equal to 0.5εL, p is the pore
pressure, fi is the component of body force in the i –direction.
The ﬂow in both fracture and matrix is assumed to be governed by
Darcy's law. For the case of an ideal absorbing gas, the governing
equations for matrix and fracture are:

2. Conceptual validation of the hypothesis
The goal of this section is to conceptually prove our hypothesis
through a simple model. We consider a controlled volume in which a
fracture is embedded in the coal matrix, as illustrated in Fig. 1. Gas is
injected through the fracture. When gas is injected, it ﬁlls up the
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where ϕm and ϕf are the porosity of matrix and fracture system, respectively, pm and pf are the gas pressure in matrix and fracture systems,
M is the molecular mass of gas, R is the universal gas constant, T is the
absolute gas temperature, ρs is coal density, ρa is gas density at atmospheric pressure, La is the Langmuir volume constant, ρg is the gas
density, km and kf are the permeability of matrix and fracture system.
All the parameters for fracture and matrix system in simulation model
are listed in Table 1. The resulting governing equations are a set of nonlinear partial diﬀerential equations (PDEs) that are second order in
space and ﬁrst order in time. These equations are implemented and
solved numerically using COMSOL Multiphysics.
2.2. Modelling results
For the purpose of comparison, we modeled two cases with diﬀerent
ratios of the fracture permeability to the matrix permeability. We set
these ratios as 1 and 100 respectively. In the following analysis, we look
at the evolutions of the eﬀective strain in the matrix along the Line A,
and at Point A and Point B as shown in Fig. 1. The modelling results are
shown in Figs. 2 through 5. Evolutions of the eﬀective strain in the coal

Fig. 1. A model of gas injection into coal with an embedded fracture under
constant conﬁning stresses. Due to symmetry, a quarter of the model was selected for the simulation.
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Table 1
Property parameters of explicit model.
Parameters

Value

Young's modulus of matrix
Young's modulus of fracture
Langmuir volume
Langmuir pressure
Langmuir volumetric strain
Possion's ratio of matrix
Possion's ratio of fracture
Porosity of matrix
Porosity of fracture
Permeability of matrix
Permeability of fracture
Fracture aperture
Injection pressure, P0
Conﬁning stress

10 GPa
2 GPa
0.0017 m3/kg
1.2 MPa
0.002
0.27
0.27
0.02
0.02
1 × 10−19 m2
1 × 10−17 m2
0.1 mm
6 MPa
26 MPa

Fig. 3. Correlation between gas pressure and strain evolution.

matrix are shown in Fig. 2. The positive sign denotes the swelling
(extensive) strain while the negative sign denotes the shrinking (compressive) strain. When the permeability ratio is equal to 1, it represents
the single porous medium. The swelling strain along Line A evolves
from the initial value (zero) to the maximum when the pore pressure
reaches the injection pressure everywhere. Although the swelling strain
increases as the gas propagates from the injection point into the matrix,
the strain is almost uniform along the Line A.
When the permeability ratio is equal to 100, the eﬀective strain
changes dramatically along the line as well as over time. The eﬀective
strain at Point A reaches the maximum shrinking (compressive) magnitude right after the gas injection. After the injection, gas prorogates
from the fracture into the matrix through diﬀusion. When the gas-invaded area is localized in the vicinity of the fracture wall, the eﬀective
stress in this area decreases and the localized shrinking (compressive)
strain rebounds signiﬁcantly. When the gas-invaded volume spreads
further through the matrix, the entire matrix swells. When the entire
matrix swells, the eﬀective strain in the vicinity of the fracture switches
from initial shrinking (compressive) to ﬁnal swelling (extensive). The
eﬀective strain map for Line A shows both the spatial evolution of the
eﬀective matrix strain along the distance from the fracture wall to the
exterior boundary and the temporal evolution from the initial injection
state to ﬁnal equilibrium state. For the spatial evolutions, complex

Fig. 4. The relationship between fracture strain and strain diﬀerence in matrix.

evolutions from shrinking (compressive) strain to swelling (extensive)
strain can be seen in the vicinity of the fracture wall. However, only
swelling (extensive) strain can be seen in the outside area.
Fig. 3 shows the correlation between strain evolution and pressure
evolution at Point A and Point B. Point A is located in the vicinity of the
fracture wall. Point B is located in the center of the matrix. The line
linked two points is perpendicular to the fracture plane. The gas

Fig. 2. Eﬀective strain maps for two cases. (1) kf/km = 1 (Single porous medium); (2) kf/km = 100 (Dual porous medium).
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Fig. 5. Impact of fracture to matrix permeability ratios on the evolution of the
fracture aperture.
Fig. 6. Inﬂuence of local strain on conventional reservoir and unconventional
reservoir.

pressure increases ﬁrstly in Point A (pink dotted line) after gas injection. Then the gas pressure in Point B (blue dotted line) begins to increase with a delay of few seconds. There always exists a gas pressure
diﬀerence between these two monitor points. The gas pressure of these
two points continually increase till they reach the ﬁnal equilibrium
state. Because of the changes in eﬀective stress, matrix strain changes at
the same time. The strain of Point A (red solid line) increase with decreasing eﬀective stress monotonically. However, the strain of Point B
(blue solid line) decreases subjected to restraint from swell deformation
of Point A. When gas pressure transfers to Point B, the strain of Point B
begins to increase instead of decreasing. Meanwhile, the strain of Point
A in turn reduces slightly under the inﬂuence of restraint from neighboring zone. Because the Point A is located in the vicinity of the fracture
wall, the fracture opening is narrowed as well. As time progresses, the
ﬁnal equilibrium state reaches when gas pressure equals in the entire
system with the strain diﬀerence between two points vanishing in the
equilibrium state.
The relationship between the fracture strain and the strain diﬀerence in matrix is shown in Fig. 4. Because of the extremely low permeability of coal matrix, the distribution of eﬀective stress evolves with
time. This evolution leads to a strain diﬀerence between Point A and
Point B in the matrix. The strain diﬀerence (purple dotted line) is deﬁned as the diﬀerence between strain of Point A and Point B. It exhibits
a valley shape. A maximum magnitude of the strain diﬀerence is created immediately after the gas injection. It decreases steadily to a
minimum value (the bottom of the valley), then recovers to the ﬁnal
steady state. It is obviously that the fracture strain is restrained when
the strain diﬀerence is high enough. Furthermore, this aﬀection vanishes when strain diﬀerence disappearances. It is evidence to indicate
the corresponding relation between fracture strain and strain distribution in matrix.
Fig. 5 shows the inﬂuence of fracture-to-matrix permeability ratios
on the evolution of the fracture aperture. The parameter b0 is the initial
fracture aperture with Δb representing the change in fracture aperture.
In all cases, the fracture permeability remains unchanged, but the
matrix permeability is diﬀerent for each case. It can be seen that the
aperture change is aﬀected signiﬁcantly by the permeability ratio.
When the permeability ratio is equal to 1, the aperture change ratio
increases from the initial state to the ﬁnal equilibrium state monotonically. As the permeability ratio increases from 1 to 10,000, the
curve changes from monotonical mode to bi-modular mode. When a bimodular mode takes shape, the aperture change ratio (permeability
change ratio) experiences four distinct stages: (1) increase stage; (2)
decrease stage; (3) recovery stage; and (4) stable stage. The bi-modular
eﬀect becomes more signiﬁcant as the fracture-to-matrix permeability
ratio increases. When the matrix is highly permeable (the permeability
contrast between fracture and matrix becomes less important), the bimodular eﬀect also diminishes. In order to compare the severity of
reversal, the reduction from curve peak to valley (b′) is measured. It
represents the degree of bi-modular eﬀect on the change of

permeability. As shown in Fig. 6, the eﬀect of non-uniform deformation
on fracture permeability would be negligible because the matrix is
highly permeable in the conventional reservoir. In contrast, this eﬀect
on fracture permeability is signiﬁcant in the unconventional reservoir
where the permeability contrast is huge. The simulation results clearly
shows that the bi-modular eﬀect is obvious for unconventional reservoir. The diﬀerent between matrix and fracture is controlling factor
for gas transfer between fracture and matrix. Although the matrix deformation is related to mechanical property, the diﬀerential deformation between fracture and matrix determines the bi-modular eﬀect.
2.3. Validation of the hypothesis
Through comparing Fig. 4 and Fig. 5, a corresponding relation between the fracture aperture change ratio (fracture permeability change
ratio) and the matrix strain change can be observed: (1) The permeability increase stage is corresponding to the matrix strain diﬀerence
jump; (2) The permeability decrease stage is corresponding to the
matrix strain decrease stage; (3) The permeability recovery stage is
corresponding to the strain recovery stage; (4) The permeability stable
stage is corresponding to the strain diﬀerence stable stage. These theoretical results prove our conceptual understanding. When gas is injected into shale or coal, the gas inﬂates the fracture almost instantly.
This inﬂation creates the maximum strain diﬀerence in the matrix. After
the injection, the gas diﬀuses from the fracture into the matrix. When
the diﬀusion is localized in the vicinity of the fracture wall, the swelling
of the gas-invaded area reduces the fracture opening. The fracture
permeability decreases. At this stage, the coal permeability is controlled
primarily by the internal structure. As the gas-invaded area expands
from the vicinity of the fracture wall to the outside of the matrix, the
fracture opening may rebound depending on the external boundary
conditions. When the gas spreads all over the matrix, the ﬁnal equilibrium state between the matrix and the fracture is achieved. After the
ﬁnal equilibrium state is reached, the whole coal volume swells, so does
the fracture opening. Therefore, the coal permeability reaches a magnitude higher than the initial one at the ﬁnal equilibrium state. This
conceptual understanding of permeability four-stage evolutions (initial
increase due to fracture inﬂation, decrease due to local swelling, rebound due to global swelling, and stabilization due to uniform swelling)
is correlated to the matrix strain diﬀerence quite well.
3. A strain-rate based permeability model
In this section, we formulated the correlation between fracture
permeability and matrix strain diﬀerence through a strain-rate based
model. Based on theory of linear poroelasticity, fracture deformation is
determined by the eﬀective stress in the fracture system. The simulation
results of explicit geometry indicate that eﬀect of non-uniform
74
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uniform strain (orange dash curve) and the local matrix strain (purple
dash curve). The uniform strain is the model results of single porous
medium (kf/km = 1). For the comparison, the blue line is the model
result kf/km = 100, which denotes the fracture strain. Comparing blue
line and the red line shows that the result of Eq. (4) is consistent with
the numerical result in Section 2.2. Fracture strain increases with the
decrease of eﬀective stress in the beginning. Meanwhile, the strain in
matrix increases because of the decrease of gas pressure. Subsequently,
fracture subjected the compressional activity from swelling matrix.
When the gas pressure is uniform in the whole system, the strain curve
keeps steadily.
As discussed above, there exists an inﬂuence of non-uniform deformation of the matrix on fracture aperture when the diﬀerence between fracture and matrix permeability is large. However, dual-porosity
implementations neglect spatial variation within local matrix regions.
Models of this type are well-suited for some purposes but are limited in
their ability to represent this eﬀect, as spatial variation within the
matrix is not modeled.
The local strain in the matrix is generated due to the spatial distribution of the non-uniform deformation. However, the physical
parameters in matrix block are incorporated into a single point for
conventional dual porosity/permeability model. This approach lost the
information of spatial variation in the matrix. Since the physical positions of matrix and fracture are overlapping to each other, the interaction between these two systems is formulated within the representative point. In this framework, the connecting blocks in space
distribution can also be considered as itself because they have the same
physical parameters. The deformation in the representative block is
uniform in spatial distribution but is variable with time. If two blocks
are overlapped at one point in space, the compression between two
adjacent blocks can be considered as the ratio of deformation change
from itself as illustrated by Fig. 8. In other words, the impact from
matrix can be considered as the ratio of matrix deformation change.
Fracture deformation is aﬀected by this impact, which shares the same
spatial position. The transform of space to time means that local strain
eﬀect in space distribution can be replaced by the change ratio. Similarly, based on the assumption that the local strain is generated by the
gas pressure change induced strain diﬀerence between fracture and
matrix, it is reasonable to reformulate the local strain as:

Fig. 7. Illustration of the fracture strain deﬁnition.

deformation on fracture permeability is dependent on the strain difference adjacent to fracture. Therefore, the eﬀective stress is also dependent on the interactions between fracture and matrixes. In this
study, we decompose the fracture strain into two components: One is
the strain induced by the uniform fracture deformation. The strain
changes with eﬀective stress. This is the traditional method.5 The other
is the strain induced by the strain variation within the matrix. In this
study, we deﬁne the non-uniform strain contribution as the local strain.
This strain is due to the localization at the initial state and will evolve
into a uniform state when the ﬁnal equilibrium state is reached. The
total fracture strain is deﬁned as

εf = ε ft + ε′f

(4)

where εf is the fracture strain, is the uniform strain component, ε’f is
the non-uniform strain component. The assumption here is that the
non-uniform strain component can be considered as the strain diﬀerence in matrix.
Fig. 7 illustrates the deﬁnition of the fracture strain as deﬁned by
Eq. (4). According to Eq. (4), the red solid curve is the summation of the
εtf

Fig. 8. Schematic of the numerical simulation model.
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ε′f = γ
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⎠
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where εf ́ is the time-dependent local strain in fracture, εm is the matrix
strain, Δεs is the gas sorption-induced volumetric strain increment of
matrix,?? is a characteristic time factor, it represents the time eventually scaling the non-uniform strain component at the macroscopic
level. Based on Eq. (4), the total strain in fracture is:

εf = ε ft + γ

∂ ⎛ ∆pm
−
+∆εs ⎞
∂t ⎝ Km
⎠
⎜

⎟

(6)

Based on the fundamental poroelasticity, the fracture permeability
can be deﬁned as a function of eﬀective strain (Zhang et al.5; Liu
et al.10):

kf

3

3

⎜

kf 0

Fig. 9. Comparison between the model results and experimental data.
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equilibrium state. The ﬁrst permeability data point of the coal sample
was obtained approximately 24 h after the injection. With the progress
of gas adsorption in matrix, experimental data continually decreases for
80 h. Then, in the later 70 h, the permeability keeps steady until the end
of the experiment. As reviewed in the introduction, conventional permeability models consider permeability change as a result of mechanical strain and coal swelling/shrinkage.5,28,29 The curve of the model
result from5 was plotted in green. Coal permeability increases with the
adsorption equilibrium time. It is obviously that this model based on
equilibrium state assumption fails to predict the permeability change.
According to Eq. (8), the model curve follows a similar pattern to that of
the experimental results. The evolution of permeability based on our
new model can be divided into four stages: (1) Stage 1 Permeability
Increase. Permeability increases rapidly right after the injection. The
trend of our new model result coincides with the results of Zhang's
model.5 This coincidence indicates that the eﬀect of eﬀective stress in
the fracture system is dominant; (2) Stage 2 Permeability Decrease. As
the gas diﬀuses from fractures to matrix blocks, the gas pressure in
matrix increases. This pressure increase leads to the swell of the matrix
near to the fracture. This localization of swelling reduces the fracture
aperture. This reduction in aperture decreases the permeability. In this
stage, the eﬀect of local strain in matrix is dominant; (3) Stage 3 Permeability Recovery. As the gas propagates from the vicinity of the
fracture wall to the exterior region, the matrix strain becomes more
uniform. In this stage, the eﬀect of local strain in the matrix vanishes;
The stage could last months or years before a ﬁnal equilibrium state is
reached; (4) Stage 4 Permeability Stablization. When a ﬁnal equilibrium state is reached, the eﬀect of local strain completely vanishes and
the permeability remain unchanged. Although the experimental data
show two stages only, our model results capture the whole evolution
from Stage 1 to Stage 4.
When the initial fracture permeability remains unchanged, the effects of matrix-to-fracture permeability ratios on the evolution of permeability are shown in Fig. 10. As the permeability ratio increases (the
matrix becomes more permeable), the permeability valley becomes
shallower. This is consistent with the conclusion of Fig. 6. It proves that
the permeability ratio of matrix and fracture is main cause for local
strain eﬀect.

where ϕf0 and kf0 are the initial porosity and permeability of fracture, α
is the Biot coeﬃcient, Ks is the bulk modulus of the matrix. Substituting
Eq. (6) into Eq. (7) yields:
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This new permeability model fully considers the eﬀect of local strain
from the matrix and eﬀective stress. In the following sections, this new
model is applied to a series of cases to generate typical response curves.
4. Model veriﬁcations and sensitivity studies
In this section, we veriﬁed our strain-rate based model through
comparing the model results with the experimental ones conducted by
Liu et al.22. In this experiment, the permeability evolution as a function
of the adsorption equilibrium time was measured under the constant
stress boundary. A case of numerical model was built according to the
experimental condition as shown in Fig. 8. The model size of
50 × 100 mm is same as the experimental sample. Constant conﬁning
stresses were applied on boundaries. CO2 was injected from the top
boundary and no ﬂow conditions are applied on all other boundaries. A
dual permeability model was used in this simulation. The coal sample
can be assumed as a linearly elastic, homogeneous, isotropic material.
In addition, the gas ﬂows in matrix and fracture are governed by Darcy's
law. The governing equations for matrix and fracture are deﬁned as
Eqs. (1) through (3). All the equations are implemented and solved
numerically using COMSOL Multiphysics simulation software. The
fracture permeability is deﬁned as Eq. (8). The other parameters are
constant. The input parameters for the model are listed in Table 2.
The comparison between experimental data and model results is
plotted in Fig. 9. The experiment was conducted for 168 h to reach an
Table 2
Property parameters of simulation model.
Parameters

Value

Young's modulus of bulk
Young's modulus of matrix
Possion's ratio
Biot coeﬃcient
Initial porosity of matrix
Initial porosity of fracture
Initial permeability of matrix
Initial permeability of fracture
Conﬁning pressure
Injection pressure
Langmuir volume constant
Langmuir pressure
Time factor

8 GPa
10 GPa
0.27
1
0.02
0.02
1 × 10−19 m2
3 × 10−16 m2
2.068 MPa
0.689 MPa
28.6308 m3/t
1.6136 MPa
1 × 106 s

5. Impact of permeability evolution on gas production
Precise prediction of permeability in coal seam is important to determine CBM productivity.30 To evaluate the impact of permeability
evolution on gas production, a simulation case of up-scaled geometry is
built based on dual-porosity model. Coal is assumed as a homogeneous,
a homogeneous, isotropic, and elastic medium.30 The gas mass in the
matrix exists in both adsorption and free phase. The gas mass balance
equation in the matrix can be expressed as31:
76
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Fig. 11. Change of fracture permeability during gas production.

Fig. 10. Illustration the eﬀect of matrix-to-fracture permeability ratios on the
evolution of permeability.

∂⎛
L P
k
ϕ ρ +(1−ϕm) ρs ρa a m ⎞ + ∇ ⎛−ρm m ∇Pm ⎞ = −Qmf
∂t ⎝ m m
Pm + Lb ⎠
u
⎝
⎠
⎜

0.2 for three years of gas production. This model fails to account for the
local eﬀect of the matrix. The results of the other two cases show that
the permeability ratio is non- monotonically decreasing. It n initially
decreasing but then increasing as the reservoir pressure is drawn down.
The rebound stage responses to the local strain induced by matrix
shrinkage. When the matrix deformation reaches uniform, the impact
on fracture permeability vanishes. Then the permeability ratio continues the downward trend. It is obvious that the rebound is higher with
a greater diﬀerence between matrix and fracture permeability. When
the gas reaches equilibrium pressure in the matrix after three years, the
permeability ratios are close for the case of two, three and four. Fig. 12
shows the cumulative production of gas for four cases. As can be seen,
the gas production is highest when fracture permeability keeps constant. The simulation result with Eq. (7) is lowest due to the rapid decline of permeability after gas production. Since the fracture permeability rebounds, the gas production increases when the local eﬀect is
included. It indicates that previous permeability models underestimated the gas production.

⎟

(9)

where ϕm and km are the porosity and permeability of matrix, ρm is the
gas density, ρs is shale density, ρa is gas density at atmospheric pressure
in kerogen system, La represents the Langmuir volume constant, Lb represents the Langmuir pressure, Pm is the pore pressure in matrix, u is
gas viscosity. The mass transfer from matrix to fracture can be considered as diﬀusion process. The mass exchange depends on the concentration diﬀerence between two continua at the interface that can be
simpliﬁed as:

Qmf = amf Dmf (ρm − ρf )

(10)

where amf is a shape factor, Dmf is diﬀusion coeﬃcient.
Because the most eﬃcient transport mechanism is pressure-driven
volume ﬂow, Darcy ﬂow is dominant in fracture networks. The gas mass
balance equation in the fracture is given as:
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u

6. Conclusions

(11)

Because coal matrix and fractures have dramatically diﬀerent mechanical properties, the partial contributions of matrix swelling/
shrinkage aﬀects the evolution of fracture aperture. This interaction can
have a signiﬁcant eﬀect on permeability changes under certain conditions. In this study, we developed a strain rate-based permeability
model to quantify the eﬀects of the gas diﬀusion-induced non-uniform
matrix deformation on the evolution of coal permeability. Based on
model results, the following conclusions can be drawn.
Under the condition of constant conﬁning stresses, coal permeability normally experiences four distinctive stages for the case of gas
injection: permeability increases due to the injection pressure, permeability decrease due to the localization of matrix strain change; permeability recovery due to the globalization of matrix strain change;
permeability stabilization due to the establishment of ﬁnal equilibrium
state.

where ϕf is the porosity of natural fracture, kf is the permeability of
fracture, Pf is the gas pressure in the fracture, ρf is the gas density in
fracture system.
The geometry model of coal reservoir has length of
1000 × 1000 × 5 m. The drainage well with 200 mm in diameter is
located in the central. Detailed reservoir information and parameters
used in simulations are all listed in Table 3.
The permeability of coal reservoirs changes signiﬁcantly during gas
production as shown in Fig. 11. For comparison purposes, four cases
were conducted with diﬀerent fracture permeability model. The fracture permeability is constant in the case of one. The case of two is based
on Eq. (7). The fracture permeability declines when the gas pressure is
drawn down. So the permeability ratio in the fracture drops from one to
Table 3
Values of variables used for the simulation.
Parameter

Value

Model dimension (length × width × height)
Initial reservoir pressure
Wellbore pressure
Langmuir volume constant, La
Langmuir pressure, Lb
Coal density, ρs
Gas viscosity, u
Shape factor, amf
Diﬀusion coeﬃcient, Dmf
Initial porosity of matrix ϕm0
Initial fracture porosity, ϕf0
Initial permeability of matrix, km0
Initial fracture permeability, kf0

1000 × 1000 × 5 m
4 MPa
1 MPa
28.6308 m3/t
1.6136 MPa
1580 kg/m3
1.84 × 10−5 Pa s
1
1 × 10−8 m2/s
2%
2%
1 × 10–19 m2
1 × 10–16 m2

Fig. 12. Cumulative production for four cases.
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The four-stage evolutions of coal permeability are regulated by the
initial fracture-to-matrix permeability ratios. When the ratio is small,
two intermediate stages may disappear and the response of coal permeability to gas injection is linear. When the ratio is large, all four
stages may be signiﬁcant and the response of coal permeability is a
valley shape.
The fracture permeability declines with decrease of gas pressure
when gas production initially. But then it rebounds due to the local
strain induced by matrix shrinkage. The rebound is higher with a
greater diﬀerence between matrix and fracture permeability. When the
gas reaches equilibrium pressure in the matrix after years of production,
the permeability continues the downward trend.
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