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In this paper, we consider fractured sorbing media (e.g., gas shale and coal bed methane reservoirs) as either
dual porosity media comprising matrix-fracture or as triple porosity media comprising separate organic and
inorganic matrix components and fractures. We accommodate the combination of mechanical deformation and
desorption induced matrix shrinking in conditioning the evolution of fracture aperture and eﬀective stress
diﬀerence between each medium. These considerations result in an improved permeability evolution model
(IPEM) for both dual porosity and triple porosity fractured sorbing media. Then we have simpliﬁed the model for
triple porosity fractured sorbing media by reducing the geometry conﬁguration from three dimensional to one
dimensional, marked as SIPEM1. Speciﬁcally, SIPEM1 is a model simpliﬁed from the IPEM, and consider that
when the size of the REV and the volumetric strain is small, replacing the volume with the side length of each
layer medium in deﬁning the model will bring relatively small error. This model is further simpliﬁed to SIPEM11 by assuming that the eﬀective stress of each medium is the same. Then we have validated the models with ﬁeld
data. Finally, we compared prediction results from these models under diﬀerent conditions. This study has found
that IPEM is the most accurate model, especially for fractured sorbing media with a larger compressibility.
SIPEM1-1 does not consider the diﬀerence of the eﬀective stress of each medium and thus it is relatively less
accurate in describing the evolution of permeability compared with SIPEM1 that considers this diﬀerence. This
gap increases with the increase of permeability diﬀerence between fracture and matrix.

1. Introduction
Shale gas and coal bed methane reservoirs are becoming important
as unconventional hydrocarbon resources (Middleton et al., 2017;
Elsworth et al., 2016; Yuan et al., 2015). The evolution of porosity and
permeability of shale gas/coal seam gas reservoirs are key factors
controlling gas production, and these two parameters change dynamically during ﬂuids production (Liu et al., 2011; Ma, 2015; Cui et al.,
2018). Permeability evolution is related to changes in gas pressure in
the reservoir when producing shale gas or coal bed methane. To be
more speciﬁc, gas pressure drawdown in reservoirs triggers two competing processes. A reduction in gas pressure in the reservoir increases
the eﬀective stress, which compacts the reservoir and decreases the
fracture aperture and thus permeability. Simultaneously, the adsorbed
gas is desorbed from the matrix during production, and this process
shrinks the matrix, widens fracture apertures and concomitantly
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enhances fracture permeability (Wang et al., 2012a; Wu et al., 2010a).
Accurate description and quantiﬁcation of these two opposing processes
is the key to describing the evolution of permeability in fractured
sorbing media.
An idealized gas shale or coal bed methane reservoir is shown in
Fig. 1a. Such fractured sorbing reservoirs can be idealized as either dual
porosity system, consisting of matrix and fracture as shown in Fig. 1b,
or as triple porosity system, consisting of organic matrix, inorganic
matrix and fracture as shown in Fig. 1c (Harpalani and Schraufnagel,
1990; Lu and Connell, 2007; Warren and Root, 1963; Zou et al., 2015;
Sang et al., 2016; Gray, 1987). Previous studies have shown that the
matrix, especially the organic component contributes mainly to the
storage of gas, while the fracture system comprising networked microfractures, ﬁssures, fractures, and faults is the primary gas ﬂow migration channel (Gray, 1987). Robertson (2005) noted that cleat permeability could be as much as eight orders of magnitude larger than that of
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Fig. 1. Illustration of dual/triple porosity fractured sorbing media. (a) Idealization of a fractured sorbing media system (Warren and Root, 1963). (b). A twodimensional representative element volume (REV) for the dual porosity media. (c). A two-dimensional representative element volume (REV) for the triple porosity
media.

coal-deformation processes and developed a coal permeability model.
Wu et al. (2010a) assumed that the stress-induced strain is negligible
with respect to the adsorption/desorption of coal-rock matrix and
proposed a dual porosity dual permeability model of coal.
It is undeniable that the establishment of these models has signiﬁcantly improved our understanding of the evolution of permeability
in fractured sorbing media. However, most of these models do not
consider all the physical processes involved during production, such as
accurate representation of eﬀective stress in matrix and fracture, fracture aperture, volumetric strain and so on. To be more speciﬁc, the
eﬀective stress in matrix and fracture is diﬀerent in the production
period because of the large diﬀerence in matrix permeability and
fracture permeability that could potentially cause signiﬁcant diﬀerence
in gas pressure. Therefore, despite the stress-induced strain might be
negligible with respect to the adsorption/desorption of the matrix, we
should consider the diﬀerence of eﬀective stress between matrix and
fracture when developing permeability evolution model. Furthermore,
because fracture aperture is very small, most of the previous study did
not consider the impact of fracture aperture when calculating the volumetric strain of the fractured sorbing media. Finally, compared to

the matrix permeability. Therefore, it is most important to describe the
evolution of fracture permeability to guide shale gas/coal bed methane
extraction, together with controls on rate limiting diﬀusion from the
matrix in deﬁning release in storage. This is the focus of this work,
including the role of both organic and inorganic components as separate phases.
1.1. Previous studies
Previous studies have described the evolution of permeability in
fractured sorbing media. Sawyer et al. (1990) proposed a model assuming that fracture porosity is a linear function of changes in gas
pressure and concentration. Seidle and Huitt (1995) developed a permeability model by considering the roles of coal-matrix swelling/
shrinkage while ignoring the impact of coal compressibility. Palmer and
Mansoori (1998) developed a permeability model incorporating the
combined eﬀect of elastic properties and gas sorption on the matrix
strain. Robertson and Christiansen (2006) proposed a permeability
model for coal and other fractured, sorptive-elastic media. Liu and
Rutqvist (2010) considered a fracture-matrix interaction model during
223
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where subscripted 1 represents the matrix, subscripted f represents the
fracture; p represents gas pressure; σ represents the average principal
stress that can be expressed as Eq. (2); α and γ are eﬀective stress
coeﬃcients of matrix and fracture (Chen and Chen, 1999; Biot, 1941;
Liu et al., 2017), respectively, and can be expressed as

conventional gas reservoirs, coal reservoirs have larger compressibility
(Liu et al., 2011). If the volumetric strain is not accurately calculated,
permeability evolution model could certainly predict gas pressure
evolution and production with large error. It is the purpose of this paper
to accurately consider volumetric strain and to establish an improved
permeability evolution model.

σ = σkk /3 = (σ11 + σ22 + σ33)/3

1.2. This study
This work represents fractured sorbing media as either dual porosity
media (Fig. 1a) consisting of matrix and fracture (Fig. 1b), or triple
porosity media consisting of organic matrix, inorganic matrix and
fracture (Fig. 1c). The combined mechanical deformation and desorption-induced matrix shrinkage, adjusts fracture aperture and the effective stress diﬀerence between each medium to modify permeability
in either form of the composite media. An improved permeability
evolution model (IPEM) was established for fractured sorbing media
through accurately expressing the volumetric strain of the REV.
This model was then simpliﬁed by modifying the model conﬁguration from three dimensional to one dimensional, marked as SIPEM1.
Speciﬁcally, SIPEM1 is a model simpliﬁed from the IPEM, and consider
that when the size of the REV and the volumetric strain is small, replacing the volume with the side length of each medium will only
create relatively small error. Then it was further simpliﬁed by assuming
that the eﬀective stress of each medium is the same, marked as SIPEM11. Then we have validated these permeability evolution models for
fractured sorbing media consisting of triple porosity media using ﬁeld
data. Finally, to explore the diﬀerences among these models, we compared model results by using diﬀerent input parameters for diﬀerent
cases. The ﬂowchart used in this work is shown in Fig. 2.

⎧α = 1 −

K
K1

⎨γ = 1 −
⎩

K
Kf

(2)

(3)

where K1 is the bulk modulus of the matrix, Kf is the bulk modulus of
the fracture. K is the bulk modulus of the fractured sorbing media,
deﬁned by the elastic properties of the media as

K=

E
3(1 − 2v )

(4)

where v is the Poisson ratio of the fractured sorbing media, E is the
elastic modulus of the fractured sorbing media.
We assume that the length of the REV is s, then,
(5)

s = a + b.

The desorption induced shrinkage strain during gas production can
be expressed as
(6)

Δεs = εs − εs0
where,

⎧ εs =

εL p1
pL + p1
εL p10

2. Modeling

⎨ εs0 =
⎩

This section corresponds to the ﬁrst part of the ﬂowchart. An improved permeability evolution model for fractured sorbing media will
be constructed. After that, we simplify the model for later comparative
analysis.

and εs is the sorption-induced strain with subscript 0 representing the
initial state and given by the Langmuir isotherm (Langmuir, 2015).
After the initial equilibrium state, to accurately consider the eﬀective stress in the matrix and the fracture, the volumetric strain of the
REV can be expressed as

2.1. Assumptions

Δε v =

In this work, the following basic assumptions are made:

(7)

pL + p10

a3
s 3 − a3
a3
Δσe1 +
Δσef − 3 Δεs.
3
3
s K1
s Kf
s

(8)

In this equation, the ﬁrst item on the right side is the degree of
contribution of volumetric strain of matrix induced by the change of
eﬀective stress to the volumetric strain of the REV; the second item is
the degree of contribution of volumetric strain of fracture induced by
the change of eﬀective stress to the volumetric strain of the REV; and
the third item is the degree of contribution of shrinkage of matrix induced by the desorption.
Substituting Eq. (1) into Eq. (8), we can obtain the following
equation

1) Reservoir is isothermal, and gas viscosity is constant under isothermal conditions.
2) The reservoir is saturated with the ideal single-phase gas (CH4).
3) Dual porosity media is composed of matrix-fracture, and triple
porosity media is composed of organic matrix, inorganic matrix and
fracture. Each medium is homogeneous and isotropic.
4) Gas adsorption/desorption follows the principle of Langmuir isothermal behavior, and this process only occurs in the matrix for dual
porosity model, and the organic matrix for triple porosity model.
5) The deformation of the reservoir is assumed to be inﬁnitesimal.

Δε v =

a3
s 3 − a3
a3
[Δσ − (αΔp1 + γΔpf )] +
(Δσ − γΔpf ) − 3 Δεs.
s 3K1
s 3Kf
s

(9)

2.2. Improved permeability evolution model for dual porosity fractured
sorbing media (IPEM)

Therefore, the change of eﬀective stress in the fracture can be rewritten as

In this section, we focus on the dual porosity fractured sorbing
media (Fig. 1b). IPEM is established by accurately expressing the volumetric strain of the REV during gas production.
According to the eﬀective stress principle for multi-porous media
(Elsworth and Bai, 1992; Chen and Chen, 1999), the eﬀective stress of
the matrix and the fracture can be written as

Δσ − γΔpf =

+

s3 − a3
s3Kf

3
3
⎛ a Δεs + Δε v + 1 a αΔp ⎞.
1
3
3
s K1
⎝s
⎠
⎜

⎟

(10)

The change in eﬀective stress induced fracture deformation can be
obtained from

Δb =

⎧ σe1 = σ − (αp1 + γpf )
σ = σ − γpf
⎨
⎩ ef

1
a3
s3K1

(1)

b
b
Δσef =
(Δσ − γΔpf ).
3Kf
3Kf

The change of fracture porosity can be expressed as
224
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Fig. 2. The workﬂow used in this work.

ϕf
ϕf 0

=1+

Δb
1
=1+
b
3Kf

1
a3
s3K1

+

s3 − a3
s3Kf

3
3
⎛ a Δεs + Δε v + 1 a αΔp ⎞.
1
3
3
s K1
⎝s
⎠

⎜

2.3. Improved permeability evolution model for triple porosity fractured
sorbing media (IPEM)

⎟

Shale reservoir can be also considered as a fractured sorbing media
containing organic matrix, inorganic matrix, and fracture, as shown in
Fig. 1c (Sang et al., 2016), where a, c and b are the length of the organic
matrix, inorganic matrix, and fracture system, respectively.
The eﬀective stress for triple porosity fractured sorbing media can
be expressed as

(12)
Based on the cubic Law (Chilingar, 1964), we can ﬁnally obtain the
improved permeability evolution model (IPEM) for dual porosity fractured sorbing media as

kf
kf 0

3
⎡
1
⎛ ϕf ⎞
=⎜
= ⎢1 +
⎟
⎢
ϕf 0
3Kf
⎝
⎠
⎢
⎣

3

1
a3
s3K1

+

s3 − a3
s3Kf

⎤
3
3
⎛ a Δεs + Δε v + 1 a αΔp ⎞ ⎥ .
1
3
3
s K1
⎝s
⎠⎥
⎥
⎦
(13)

⎜

σe1 = σ − (αp1 + βp2 + γpf )
⎧
⎪
σe2 = σ − (γpf + βp2 )
⎨
⎪ σef = σ − γpf
⎩

⎟

(14)

where 1 represents the organic matrix, 2 represents the inorganic matrix, α and β are the eﬀective stress coeﬃcients of the organic matrix
and the inorganic matrix, respectively. The eﬀective stress coeﬃcient
for the inorganic matrix can be written as

After established IPEM for dual porosity fractured sorbing media,
next we develop the permeability evolution model for triple porosity
fractured sorbing media.
225
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β=1−

K
.
K2

Then, the Simpliﬁed IPEM, marked as SIPEM1 for the triple porosity
fractured sorbing media can be established as

(15)

And the rest of the parameters are the same with those deﬁned in
the dual porosity model.
For triple porosity media, the length of the REV can be simpliﬁed as
s = a + b + c , and the matrix side can be expressed as l = a + c .
Similar to the dual porosity model, the volumetric strain of the
triple porosity media can be expressed as

Δε v =

kf
kf 0

3

⎧

1
= 1+
⎨
3Kf
⎩

(16)

a3
[Δσ − (αΔp1 + βΔp2 + γΔpf )]
s 3K1
l3 − a3
s 3 − l3
a3
+ 3
[Δσ − (βΔp2 + γΔpf )] + 3
(Δσ − γΔpf ) − 3 Δεs.
s K2
s Kf
s

Δε v =

From Eq. (17), the change of fracture porosity can be derived as

ϕf 0

=1+

+

1
3Kf

1
a3

l3 − a3

+

s3K1

s3K2

+

s 3 − l3
s3Kf

kf

ϕf
ϕf 0

l3 − a3
βΔp2 ⎤.
⎥
s 3K2
⎦

= {1 +

+

1
3Kf

(18)

+

l3 − a3
s3K2

+

s 3 − l3
s3Kf

kf
kf 0

(19)

+

1
+

1 a
αΔp1 ⎤.
⎥
s K1
⎦

c
sK2

+

c
sK2

+

3
⎡
1
⎛ ϕf ⎞
=⎜
= ⎢1 +
ϕf 0 ⎟
3Kf
⎢
⎝
⎠
⎣

Gui, jj +

b
sKf

a
⎛ Δεs + Δε v ⎞.
⎝s
⎠

(25)

3

1
a
sK1

+

c
sK2

+

b
sKf

⎤
a
⎛ Δεs + Δε v ⎞ ⎥ .
s
⎝
⎠⎥
⎦

(26)

+

b
sKf

(27)

For the triple fractured sorbing media like shale gas reservoirs, it is
believed that only free gas exists in the inorganic matrix and fractures,
while both free gas and adsorbed gas exist in organic matrix. Based on
the principle of Langmuir isothermal behavior, gas desorbs from the
organic matrix pore surface to pore space and is then driven by the
pressure drop. As desorption continues, the gas concentration gradient
between the bulk and the surface of the organic matrix drives gas diffusion in the solid organic matrix. For the inorganic matrix and

⎡ a Δε + Δε + 1 ⎛ a + c ⎞ βΔp
v
2
⎢s s
s ⎝ K1
K2 ⎠
⎣
⎜

G
uk, kj + fi = −αp1, i − βp2, i − rpf , i − Kεs, i
1 − 2v

3.2. Gas ﬂow

(21)

The change in eﬀective stress induced fracture deformation can be
obtained from
a
sK1

1
a
sK1

where G = E/[2(1 + v)] is the shear modulus of the rock.

b
b
Δσef =
(Δσ − γΔpf ).
3Kf
3Kf

1
3Kf

1
3Kf

The deformation characteristics of the reservoir have been widely
studied in previous studies (Sang et al., 2016; Wu et al., 2010b; Zhang
et al., 2008), and the governing equation of deformation in reservoir
due to gas production can be expressed as

a
c
[Δσ − (αΔp1 + βΔp2 + γΔpf )] +
[Δσ − (βΔp2 + γΔpf )]
sK1
sK2
b
a
+
(Δσ − γΔpf ) − Δεs.
sKf
s
(20)

=1+

=1+

3.1. Deformation of the fractured sorbing media

Then the dynamic porosity can be expressed as

ϕf

(24)

In this section, we provide the equations that govern diﬀerent
physical processes and can be integrated together to numerically solve
ﬁeld problems.

2.4.1. Replace the volume with the length for each medium (SIPEM1)
Because when the size of the REV and the volumetric strain is small,
replacing the volume with the length of each medium will only cause
relatively small error. Based on this, the volumetric strain of the REV
can be expressed as Eq. (20) for the triple porosity media

ϕf 0

a
c
b
a
Δσe +
Δσe +
Δσe − Δεs.
sK1
sK2
sKf
s

3. Governing equations

2.4. Model simpliﬁcation

Δb =

(23)

After establishing the fracture permeability evolution models for
dual porosity and triple porosity fractured sorbing media, validations
are needed. Therefore, in the following, we will show the validations
and comparisons of the permeability models for the triple porosity
fractured sorbing media.

3

So far, we have established IPEM for dual porosity and triple porosity fractured sorbing media. The same assumptions are used in the
derivation of both permeability models. Next, we will simplify this
model and obtain SIPEM1 and SIPEM1-1 for triple porosity fractured
sorbing media for later models validation and comparison.

Δε v =

b
sKf

+

Then, the Simpliﬁed IPEM, marked as SIPEM1-1 can be established

⎡ a Δεs + Δε v.
3
⎢
⎣s

1 a3
l3 − a3
(αΔp1 + βΔp2 ) + 3
βΔp2 ⎤ }
⎥
s 3 K1
s K2
⎦

c
sK2

⎟

as

3

1
a3
s3K1

+

⎜

The dynamic porosity can be written as

3
3
⎡ a Δεs + Δε v + 1 a (αΔp + βΔp )
1
2
3
3
⎢s
s K1
⎣

We then obtain the improved permeability evolution model (IPEM)
for triple porosity fractured sorbing media as

kf 0

a
sK1

⎫
⎡ a Δε + Δε + 1 ⎛ a + c ⎞ βΔp + 1 a αΔp ⎤
s
v
2
1⎥
⎢
s ⎝ K1
K2 ⎠
s K1
⎣s
⎦⎬
⎭

2.4.2. Replace the volume with the length and consider the eﬀective stress of
each medium is the same (SIPEM1-1)
If the impact of mechanical deformation on the permeability is trivial compared to the impact of swelling or shrinking (Wu et al., 2010a),
one probably could assume that the eﬀective stress is also the same for
each medium. Based on this assumption, the volumetric strain of the
REV can be expressed as Eq. (24) for the triple porosity fractured
sorbing media

(17)

ϕf

1

.

a3
l3 − a3
s 3 − l3
a3
Δσe1 + 3
Δσe2 + 3
Δσef − 3 Δεs.
3
s K1
s K2
s Kf
s

The items in the above equation are similar to that in Eq. (8), so
these are not repeated here.
Substituting Eq. (14) into Eq. (16), we obtain

Δε v =

3

⎛ ϕf ⎞
=⎜
ϕ ⎟
⎝ f0⎠

⎟

(22)
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fractures, only free gas exists. Hence, the migration of gas in these two
media can be considered as viscous ﬂow and driven by gas pressure
gradient.

∂m2
∂t
⎨ ∂mf

⎧
⎩

+ ∇ (vgf ρgf ) = Q2 − f + Qs

(35)

where Q2-f is the gas exchange rate from the inorganic matrix to the
fracture, Qs is the mass source due to external injection or extraction, vg
represent the Darcy velocity. These parameters can be expressed as
(Lim and Aziz, 1995; Mora and Wattenbarger, 2009; Kumar et al., 2014;
Li and Elsworth, 2015).

3.2.1. Gas diﬀusion in the organic system
We assume that the gas transport in the organic system follows the
Fick's law. Since the pore sizes in the organic matrix are of the order of
nanometers, Knudsen diﬀusion should be considered. So the mass balance equation for the gas phase is deﬁned as

∂m1
+ ∇ (−Dk ∇m1) = −Q1 − 2
∂t

∂t

+ ∇ (vg 2 ρg 2 ) = Q1 − 2 − Q2 − f

⎧ Q2 − f = w 2
(28)

⎨ w2 =
⎩

where Dk is the modiﬁed diﬀusion coeﬃcient in the porous organic
matrix. Q1-2 is the gas exchange rate from the organic matrix to the
inorganic matrix due to diﬀusion. t is the elapsed time, and the gas mass
content m1 is the quantity of both free gas and adsorbed gas per volume
of the organic matrix system. These parameters can be expressed in Eq.
(29)–(32) (Lim and Aziz, 1995; Mora and Wattenbarger, 2009; Kumar
et al., 2014; Li and Elsworth, 2015).

k2
(p2
μ

− pf )

3π 2
(a + c )2

(36)

k

⎧ vg = − μ ∇p
.
⎨ m = ϕρg
⎩

(37)

Similar to the organic matrix, the porosity and permeability evolution in the inorganic matrix can also be expressed as (Sang et al.,
2016; Zhang et al., 2008; Detournay and Cheng, 1993; Wang et al.,
2012b).

⎧Q1 − 2 = w1 Dk (p1 − p2 )
2
⎨ w1 = 3π2
a
⎩

(29)

ϕ2 =

VL
m1 = ρg1 ϕ1 + (1 − ϕ1) ρga ρs
P1 + PL

(30)

ϕ
(β + γ )(S2 − S20) ⎤
1 + S20
k2 = k20 ⎛⎜ 2 ⎞⎟ = k20 ⎡
+
⎢ 1 + S2
ϕ
ϕ20 (1 + S2) ⎥
⎦
⎝ 20 ⎠
⎣

3

where ρg is the gas density, subscript a represents standard conditions.
The modiﬁed diﬀusion coeﬃcient can be written as (Cao et al.,
2017; Wang et al., 2009; Javadpour et al., 2007).

ϕ d
Dk = 1
τ 3

⎧S =
⎪ 2

8RT
.
πMg

⎨
⎪ S20 =
⎩

(31)

ϕ1
.
ϕ10

⎣

+

a
αp1
K1

1 ⎡a
αp10
K2 N1 K1

⎣

(

(

+ N1 −

+ N1 −

b
Kf

b
Kf

−

−

N1
β

) βp

N1
β

+ N1 (γ − 1) pf + aεs ⎤
⎦.
+ N1 (γ − 1) pf 0 + aεs0 ⎤
⎦
2

) βp

20

In this section, we use the ﬁnite element method to solve the
equations derived in the previous section and then validate the models
against ﬁeld data.
4.1. Numerical model description
As shown in Fig. 3, we deﬁne a production area of 400×400 m2, and
the radius of the production well is 0.1 m. Due to the symmetry of the
conﬁguration, only one-quarter of the production area is simulated. No
displacements are allowed on the left side and the bottom side. The top
boundary is applied with an overburden stress, Fy = 38 MPa, and the
right boundary is applied with a horizontal stress, Fx = 32 MPa. For gas
ﬂow, a constant well bottom hole pressure pw of 3.45 MPa is applied on
the inner boundary of the production well, and no-ﬂow conditions are
applied on all the other boundaries. The initial reservoir pressure in the
numerical model is 20.3 MPa (Al-Ahmadi and Wattenbarger, 2011).
The input parameters are listed in Table 1, most of which are extracted
from the literature (Sang et al., 2016; Al-Ahmadi and Wattenbarger,
2011; Mengal, 2010).

(33)

)

⎧ S = 1 ⎡sε + aα − N p + ⎛N − b − N1 ⎞ βp + N (γ − 1) p + aε ⎤
1
1
1
s
1
2
f
K1
Kf
β
⎪ 1 K1 N1 ⎢ v
⎥
⎝
⎠
⎣
⎦
⎪
⎪
1 ⎡ aα
b
N
1
.
⎤
⎛
⎞
⎨ S10 = K1 N1 ⎢ K1 − N1 p10 + N1 − Kf − β βp20 + N1 (γ − 1) pf 0 + aεs0 ⎥
⎝
⎠
⎣
⎦
⎪
⎪ N1 = a + c + b
⎪
K1
K2
Kf
⎩

(

1 ⎡
sε v
K2 N1

4. Numerical model description and its validation against ﬁeld
data

where

(

(39)

This set of equations allows the gas ﬂow in the inorganic matrix and
fracture to be calculated.

(32)

1
[(1 + S10) ϕ10 + (α + β + γ )(S1 − S10)]
1 + S1

3

(40)

The porosity of organic matrix and can be expressed as (Sang et al.,
2016; Zhang et al., 2008; Detournay and Cheng, 1993; Wang et al.,
2012b).

ϕ1 =

(38)

where

where τ is the tortuosity of the organic matrix, d is the diameter of the
nanopore.
Due to the low transport properties of gas in organic matrix and the
low proportion of organic matrix, we simplify the equation by assuming
only the porosity of organic matrix changes during gas extraction.
Although this simpliﬁcation will bring some small errors, it has little
eﬀect on the results of this study. Finally, the relationship of modiﬁed
diﬀusion coeﬃcient and porosity of organic matrix can be expressed as

Dk = Dk0

1
[(1 + S20 ) ϕ20 + (β + γ )(S2 − S20 )]
1 + S2

)

(34)
These equations deﬁne how the adsorbed gas diﬀuses in the organic
portion of the composite system.

4.2. Numerical model validation against ﬁeld data
3.2.2. Gas ﬂow in the inorganic matrix and fracture
We assume that the gas transport in the inorganic matrix and in the
fracture follows Darcy's law, so the mass balance equation for the gas
phase can be deﬁned as

Field gas production rate for a horizontal well (Al-Ahmadi and
Wattenbarger, 2011) with multistage hydraulic fracturing treatment
producing at a constant well pressure are used to verify our models, and
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Fig. 3. Numerical model for simulations.

5. Model comparisons

Table 1
Main parameters for case1.

5.1. Comparison of SIPEM1 and SIPEM1-1

Symbol

Value

Mean and Unit

εL

Langmuir volume strain of CH4 –

φ10
k20

8.1 × 10−4 (Li and Elsworth,
2015)
2.72 × 10−3
4.48 × 106
338.8
0.2
3.9 × 10−17
1.0 × 10−4
1.0 × 10−5
0.15
904.6
0.2 (Aadnoy, 2011)
2.01 × 10−5
1.0 × 10−20 (Etminan et al.,
2014)
0.06
1.47 × 10−19

φ20

0.06

E

3.275 × 1010 (Goodway et al.,
2006)
3.6 × 109 (Yan and Han, 1949)
2.2 × 1010
1.0 × 108 (Wu et al., 2010b)

VL
PL
T
φf0
kf0
a
b
c
L
v
μ
Dk0

K1
K2
Kf

In order to more accurately explore the impact of the diﬀerence in
the eﬀective stress of each medium on fracture permeability evolution,
based on case2, we reduce the diﬀerences of permeability of each
medium, and speciﬁc parameters are listed in Table 2. We mark this as
case3 and expect the diﬀerences in gas pressure and in eﬀective stress
between the fracture system and the matrix to be small.
Before analyzing the inﬂuence of the diﬀerence in eﬀective stress,
ﬁrstly we calculate how gas pressure evolves at point A (the center
point of the simulation area) using the three developed models for
case2, and the results are shown in Fig. 7. We can observe that the
evolutions of gas pressure in the fracture from the three models are
relatively close, therefore we select to use the gas pressure evolution at
point A from SIPEM1 as the representative for analysis as shown in
Fig. 8. Fig. 8 demonstrates that three stages can be distinguished. In the
ﬁrst stage, the gas pressure in the fracture declines. In the second stage,
the gas pressure in the organic matrix declines. After this in the third
stage, the gas pressure in the inorganic matrix drops. Fig. 9 shows the
evolution of fracture permeability as a function of gas pressure in the
fracture corresponding to SIPEM1 and SIPEM1-1, at point A, respectively. Combining Figs. 8 and 9 we can easily ﬁnd that (1) in the ﬁrst
stage, the evolution of fracture permeability using the two models are
almost identical, which would indicate that the pore pressure in different media is not much diﬀerent, resulting in a small diﬀerence in the
eﬀective stress in diﬀerent media. Therefore, the diﬀerence of eﬀective
stress of each medium at this stage has little eﬀect on the evolution of
permeability. (2) In the second stage, the evolution of fracture permeability described by the two models starts to diﬀer gradually. To explain
this phenomenon, we need to analyze Fig. 8. In the second stage, on one
hand, the gas pressure in the organic matrix decreases which shrinks
the organic matrix resulting in an increasing fracture aperture and
enhances fracture permeability. On the other hand, the reduction of gas
pressure in the fracture increases the eﬀective stress of the reservoir
which compresses the fracture and thus reduces the fracture permeability. These two competing processes cause the net fracture permeability to decrease slowly as seen from the SIPEM1. But SIPEM1-1 does
not consider the diﬀerence of gas pressure in each medium, and the net
permeability slightly increases in this stage, therefore the gap between
the two models gradually appears. This would also imply that desorption induced strain is relatively large in this stage. (3) In the third
stage, the gas pressure in the inorganic matrix starts to decrease and the
gas pressure in the organic matrix declines slowly, which would indicate that the increase in eﬀective stress dominates the evolution of

3

Langmuir volume m /kg
Langmuir pressure Pa
Reservoir temperature K
Fracture intrinsic porosity %
Fracture intrinsic permeability m2
Organic matrix width m
Fracture aperture m
Inorganic matrix width m
Horizontal well length m
Poisson's ratio –
Gas viscosity Pa·s
Diﬀusion coeﬃcient of CH4 in
organic m2/s
Intrinsic porosity of organic matrix –
Intrinsic permeability of inorganic
matrix m2
Intrinsic porosity of inorganic matrix
–
Young's modulus of shale Pa
Bulk modulus of organic Pa
Bulk modulus of inorganic matrix Pa
Bulk modulus of fracture Pa

the results are shown in Fig. 4. History matching using all three permeability evolution models indicate that model accuracy gets improved
from SIPEM1-1 to SIPEM1 to IPEM. Then we adjust k2 = 1.47e-18 m2
with other parameters unchanged and mark this condition as case2.
And we calculate the gas production using IPEM for case2 and then
compare with the ﬁeld data, and the results are shown in Fig. 5a. By
comparing Figs. 4c and 5a, the eﬀect of changing the permeability of
inorganic matrix on the gas production before 60 days is very small,
indicating that the production is mainly controlled by fracture for ﬁrst
60 days gas production. From the cumulative gas production shown in
Fig. 5b we see that the amount of gas produced in the ﬁrst 60 days
accounts for close to 1/5 of the total gas production in 1459 days. This
also shows that it is extremely important to accurately describe the
evolution of the fracture permeability. Then we verify these models for
the period of the ﬁrst 60 days with ﬁeld data as shown in Fig. 6. The
scatter points are simulation data and ﬁeld data (Al-Ahmadi and
Wattenbarger, 2011), solid lines are trend lines of these data. This
ﬁgure also shows that IPEM is the best among the three and SIPEM1 is
better than SIPEM1-1.
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Fig. 4. Log-log plot of simulation results using IPEM (a), SIPEM1 (b), and SIPEM1-1 (c) vs. ﬁeld data for case1.

fracture permeability in this stage.
The evolution of gas pressure at point A for triple porosity media
using SIPEM1 for case3 is shown in Fig. 10. Since the evolution of gas
pressure using SIPEM1-1 at point A is also similar to that of SIPEM1, so
in this paper we only show the evolution of gas pressure using SIPEM1.
Fracture permeability evolutions as a function of gas pressure at point A
from SIPEM1 and SIPEM1-1 are shown in Fig. 11. Comparing these two
models for case2 and case3, it can be concluded that the gap between
SIPEM1 and SIPEM1-1 for case3 is signiﬁcantly reduced. Comparing
Fig. 10 with Fig. 8, it is seen that the diﬀerence in pore pressure of each
medium is signiﬁcantly reduced for case3, so that the eﬀective stress
diﬀerence of each medium is not signiﬁcant. The underlying assumption for SIPEM1-1 is that compared with the desorption-induced strain,
the strain caused by eﬀective stress is negligible, therefore it assumes
the eﬀective stress of each medium to be equal. Hence, the evolution of
the fracture permeability corresponding to SIPEM1-1 at this period is
not signiﬁcantly diﬀerent from the fracture permeability evolution
described in SIPEM1, which rather precisely considers the eﬀective
stress of each medium.
After the above comparative analysis and model validation, we can
conclude that, although both SIPEM1 and SIPEM1-1 can describe the
ﬁeld trend of gas production, the error of SIPEM1-1 is relatively larger.

Fig. 6. Simulation results using IPEM, SIPEM1, and SIPEM1-1 vs. ﬁeld data for
the ﬁrst 60 days production for case1 (scatter points are simulation data and
ﬁeld data, solid lines are trend lines).

Fig. 5. Log-log plot of simulation results using IPEM for case2 vs. ﬁeld data (a) and the cumulative production data of the ﬁeld (b).
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Table 2
Parameters for case3.
Symbol
kf0
k20
Dk0

Value

Mean and Unit
−17

1.0 × 10
3.0 × 10−18
1.0 × 10−18

Fracture intrinsic permeability m2
Intrinsic permeability of inorganic matrix m2
Diﬀusion coeﬃcient of CH4 in organic matrix m2/s

Fig. 9. The permeability of fracture at point A for SIPEM1 and SIPEM1-1 for
case2.

Fig. 7. The gas pressure in fracture varied with time for IPEM, SIPEM1, and
SIPEM1-1 under the condition of case2 at point A (the center point of the simulation area).

Fig. 10. Gas pressure at point A as a function of time for SIPEM1 for case3.

Fig. 8. Gas pressure at point A as a function of time for SIPEM1 for case2.

The gap between the two models is mainly due to the eﬀective stress
diﬀerence in each medium. The gap between SIPEM1 and SIPEM1-1
will be relatively larger when the permeability diﬀerence of each
medium is large. And, obviously, this conclusion is also reasonable for
the dual porosity fractured sorbing media.
5.2. Comparison of IPEM and SIPEM1
The evolution of fracture permeability at point A corresponding to
IPEM and SIPEM1 for case2 is shown in Fig. 12a. We ﬁnd that the two
models almost produce identical results at point A. Therefore, in this
study we only show the volumetric strain from SIPEM1, at point A,
under conditions of case2 and case4 in Fig. 13 and Fig. 14, respectively.
First, we combine the evolution of gas pressure at point A, as shown in
Fig. 8, to analyze the volumetric strain of this point under case2 shown
in Fig. 13. There are also three noticeable stages: (1) in the ﬁrst stage
gas pressure in fracture begins to decrease, resulting in an increase of

Fig. 11. The permeability of fracture at point A for SIPEM1 and SIPEM1-1 for
case3.

the eﬀective stress; (2) in the second stage, gas begins to desorb from
the organic matrix, and the gas pressure in the organic matrix decreases. As a result, the organic matrix begins to shrink, which causes
the expansion of the inorganic matrix and the fracture, so in this stage,
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Fig. 12. The permeability of fracture at point A using IPEM and SIPEM1 under case2 for all stages (a), and for only the ﬁrst and second stage (b).

decreases with the decline of gas pressure. This trend corresponds to the
volumetric strain at that point as shown in Fig. 13. Because the difference between these two models is that SIPEM1 replaced the volume
with the length of each medium, while the IPEM precisely considers the
volume. Therefore, it is more appropriate to analyze this phenomenon
from the perspective of volumetric strain. In the two early stages, the
amount of volumetric strain increases ﬁrst and decreases later, then in
the third stage the volumetric strain of the REV increases rapidly at this
point. As a result, the gap between the evolutions of the fracture permeability as described by these two models as shown in Fig. 12 also
increases ﬁrst and decreases later in the two early stages and increases
obviously in the third stage.
Next, based on case2, we change the input parameters, listed in
Table 3, and record the evolution of the permeability using IPEM and
SIPEM1 and mark this as case4. The evolution of the fracture permeability at point A corresponding to these two models under the condition of case4 is shown in Fig. 15. Similar to case2, three stages can be
distinguished as shown from Fig. 14. One thing must be noted is that in
the second stage of case4, the REV is only slightly expanded, compared
to the volumetric strain of this point in this stage under the condition of
case2. This phenomenon can be explained by the smaller modulus of
the reservoir used under case4, which causes an increase in mechanical
strain. This would indicate that the gas desorption induced strain from
the organic matrix does not overweight the compression caused by the
increase of eﬀective stress.
From the above comparative analysis and model validation, we can
conclude that, although both SIPEM1 and IPEM can describe the ﬁeld
trend of gas production, IPEM is better in terms of accuracy. Although
IPEM is more complex in terms of mathematic expression, its breadth of
application would be greater. In particular, for fractured sorbing media
with large compressibility, IPEM can describe permeability evolution
behavior more accurately.

Fig. 13. The volumetric strain at point A as a function of time using SIPEM1
under case2.

6. Conclusions
We have considered the shale gas or coal bed methane reservoir as
fractured sorbing media that can be treated as a dual porosity media of
matrix-fracture or triple porosity media of organic matrix, inorganic
matrix, and fracture. Based on the combined eﬀects of mechanical deformation and desorption induced shrinkage, an improved permeability
evolution model for fractured sorbing media were established. Then, we
have simpliﬁed this model for triple porosity fractured sorbing media,

Fig. 14. The volumetric strain at point A as a function of time using SIPEM1
under case4.

although the gas pressure in the fracture decreases rapidly, as we can
see from Fig. 13, the net eﬀect on the REV is still a slight expansion; (3)
in the third stages, the desorption rate of the gas in the organic matrix is
slowed down, and the gas in the inorganic matrix begins to decrease
rapidly. As the inorganic matrix accounts for a large proportion of the
REV, therefore the REV is rapidly compressed. These three stages
clearly reﬂect the volumetric strain at point A shown in Fig. 13.
Fig. 12b shows the fracture permeability using IPEM and SIPEM1 in
the two early stages. It can be seen from this ﬁgure that the diﬀerence
between the permeability of the two models increases ﬁrst and then

Table 3
Input parameters used in case4.

231

Symbol

Value

Mean and Unit

K1
K2
Kf
E

3.0 × 109
6.0 × 109
3.0 × 107
10.0 × 109

Bulk modulus of organic Pa
Bulk modulus of inorganic matrix Pa
Bulk modulus of fracture Pa
Young's modulus of shale Pa
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Fig. 15. The permeability of fracture at point A using IPEM and SIPEM1 under
case4.

and validated them with ﬁeld data. Last, we made comparisons among
the models under diﬀerent conditions. The following conclusions can be
drawn from this study.
(1) The eﬀect of fracture on reservoir gas production is critical and the
most obvious manifestation is in the early production days where
the production rates are the highest. Therefore, it is crucial to accurately predict the evolution of permeability of the fracture.
(2) Even though the strain induced by adsorption/desorption is greater
than the strain caused by the increase in eﬀective pressure resulting
from gas production, we still need to accurately consider the effective stress of diﬀerent media. If the eﬀective stresses of diﬀerent
media are assumed to be equal, error in permeability evolution
would be expected and this would impact the production results
from numerical simulations.
(3) Through the comparative analysis between diﬀerent cases, it can be
concluded that although IPEM is mathematically more complex, its
breadth of application would be greater. For fractured sorbing
media with large compressibility, IPEM can describe the porosity
and permeability evolution more accurately.
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