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The sensitivity of shale permeability to eﬀective stress has been reported widely in the literature but the relation
between them is not always consistent with the principle of eﬀective stress. This knowledge gap deﬁnes our
speciﬁc research goals: (1) to resolve the inconsistency between the evolution of shale permeability and the
eﬀective stress principle, and (2) to incorporate the evolution of shale permeability into the evaluation of shale
gas production rate. In this study, we deﬁne shale blocks bounded by artiﬁcially introduced hydraulic fractures.
At block scale the system comprises two components represented by inorganic and organic components. Unlike
previous studies, we assume that the organic system is embedded within the inorganic system and both systems
are dual porosity media. We deﬁne the shale permeability as a function of strains representing the stress transfer
between fractures and matrix. These permeability-strain relations (shale permeability models) are then used to
couple the governing equations of shale deformation and gas ﬂow. The composite suite of equations are then
solved by a commercial PDE solver. We use the coupled model to generate typical evolution proﬁles of shale
permeability under stress-controlled conditions for the cases of both gas injection and gas desorption. These
proﬁles are consistent with experimental observations as reported widely in the literature. We also use the
coupled model to examine how the shale permeability evolves during the extraction of shale gas. Model results
show that the evolutions of both shale permeability and gas production rate at ﬁeld scale are primarily controlled by the contrasts in both the transport and deformation properties of the reservoir and the interfacial
dynamics of mass and eﬀective stress transfer between matrix and fractures.

1. Introduction

(2015) conducted a series of experiments on intact and fractured shale
samples to investigate permeability evolution and found that the permeability exhibited a two-stage evolution with gas pressure during the
injection process of CO2. Permeability ﬁrst decreased as gas pressure
was increased, reached a minimum close to double the Langmuir
pressure (at 3.5 MPa), and then rebounded as the gas pressure was
further increased. A stress-based permeability model (Kumar et al.,
2012) was used to explain the observations. However, the model could
not fully explain the observations. Similar experiments examined desorption (Jin et al., 2015) showed that the permeability would increase
during desorption of N2 under a constant conﬁning stress and decreased
pore pressure. In this work, the permeability increase was attributed to
the Klinkenberg eﬀect or slip-ﬂow eﬀect at low pore pressures. In both
studies, the eﬀective stress decreases as the gas pressure increases. This
reduction in eﬀective stress would increase the permeability based on
the eﬀective stress principle. Apparently, this theoretical conclusion is
inconsistent with both experimental observations. In both studies, the
strain caused by adsorption and the interaction between diﬀerent

Shale gas has become an important component in the world energy
mix due to its abundance, utility and corresponding reduced carbon intensity over other fossil fuels (Saghaﬁ et al., 2007; Bai et al., 2013; Vafaie
et al., 2015). Although a number of studies have been conducted to investigate the key processes of shale gas extraction, from nano-scale to
ﬁeld-scale, two major questions remain unresolved. At experimental
scales, it has been observed that shale permeability is extremely sensitive
to eﬀective stress. However, the relation between shale permeability and
eﬀective stress is not well understood. At ﬁeld scales, sharp decreases in
gas production rate are normally observed following initial production,
and these observations have led to uncertainties in the gas production
forecast. However, the relation between the evolution of shale permeability and the sharp decrease of shale gas production rate has not been
fully addressed.
At experimental scales, previous studies have demonstrated that
shale permeability is extremely sensitive to eﬀective stress. Kumar et al.
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fractures (Carey et al., 2015) and the impact of stress transfer was ignored. Liu et al. (2011) proposed a mechanistic model in which the
permeability was controlled by the switching of processes between
local-swelling and macro-swelling. The incorporation of such processes
in the evolution of shale permeability, and their impact on shale gas
production, have been only sparingly reported in the literature. Peng
et al. (2014) presented a new permeability model to explain such experimental observations of permeability evolution, and extended this to
shale gas reservoirs (Peng et al., 2015). These previous studies focused
exclusively on the dependence of shale permeability on eﬀective stress,
not on the eﬀective stress transfer between organic and inorganic
components within a single shale block.
The speciﬁc goals of this study are (1) to address the inconsistency
between the evolution of shale permeability and the eﬀective stress
principle, and (2) to investigate the relation between the evolution of
shale permeability and the sharp decrease of shale gas production rate.
In order to achieve these goals, we deﬁne the shale permeability as a
function of strains representing the stress transfer between fractures
and matrix instead of the eﬀective stress itself. These permeabilitystrain relations (shale permeability models) are then used to couple the
governing equations of shale deformation and gas ﬂow. The composite
suite of equations are solved by a commercial PDE solver. The model is
used to generate a typical four-stage evolution of shale permeability
under conditions of stress-control. The model is also applied to explore
why shale gas production rate decreases sharply after a relatively short
period of high production. This approach and results are reported in the
following sections.

process components were not considered. Chen et al. (2015c) studied
the strain behavior due to two gases (helium and methane) and demonstrated the signiﬁcance of the adsorption-induced strain in shale.
Heller and Zoback (2014) measured methane and carbon dioxide adsorption isotherms at 40 °C on gas shale samples and showed that the
adsorption swelling was approximately linearly proportional to the
adsorption mass. These studies may suggest that the inconsistency between the experimental permeability and the eﬀective stress principle
may be related to the gas sorption-induced strain.
At ﬁeld scales, a number of studies have been conducted to investigate
the impact of shale structures on gas production. A mathematical model
was developed by Akkutlu and Fathi (2012) to analyze multi-scale gas
ﬂow in organic-rich shale with three diﬀerent components: organic matrix,
inorganic matrix and natural fractures. Gas transport followed a sequential
approach in which the organic matrix (kerogen) communicated the natural fractures with the inorganic matrix. Hudson et al. (2012) introduced
multiple porosity systems including systems in series with cross-ﬂow or
exchange and in parallel. Haghshenas et al. (2013) investigated gas ﬂow in
shales under three conditions: (i) including organic matrix and fractures
only, inorganic/organic matter contributing to the fractures both (ii) simultaneously and (iii) in sequence. These studies have focused on the
heterogeneous structure of the inorganic system, however, the organic
system also exhibits a heterogeneous structure (Ambrose et al., 2010;
Naraghi and Javadpour, 2015) but the impacts of this have been only
sparingly explored. Some studies have shown that the inorganic system
primarily determines the shale ﬂow behavior while the organic system
determines the gas storage (Ho et al., 2016; Lee et al., 2016). In fact, the
organic system is embedded in the inorganic system and the organic
system communicates with the hydraulic fracture only via the inorganic
system, both through mass exchange and stress transfer. The nature of the
high physical property contrasts between the two systems determines that
both the mass transfer and the stress transfer between the two systems are
the limiting processes for shale gas production. The process of mass
transfer is well studied while stress transfer, and the coupling behavior
between these two, are seldom the focus of study. From this brief review, it
can be concluded that the structural characteristics of shale exert a signiﬁcant impact on gas production processes at ﬁeld scales.
However, the relation between the evolution of shale permeability
at experimental scales and the sharp decrease of shale gas production
rate at ﬁeld scales has also not been fully addressed. As pore diameters
in shale reservoirs are much smaller than those in conventional reservoirs, the concept of continuum ﬂow theory may no longer hold
(Sherman, 1969) and the concept of intrinsic permeability may not
directly apply. Alternatively, the concept of apparent permeability has
been used (Javadpour, 2009). The apparent permeability is written as
the product of a correction factor and intrinsic permeability, commonly
shown as: k = f(Kn)k∞ (Civan, 2009). f(Kn) represents the correction
factor which is often related to the Knudsen number (Kn), and k∞ represents the intrinsic permeability which depends on the pore structure.
The correction factor f(Kn) (shown in Table 1) has been extensively
studied in porous media while the intrinsic permeability variation with
mass transfer and stress transfer during gas production is rarely studied.
Throughout production, the gas pressure in both the inorganic and
organic systems changes and a contrast in pressures between fractures
and matrix is created. As production progresses, the matrix pressure
decreases while the eﬀective stress in the matrix increases. The zone of
stress inﬂuence expands from the fracture wall into the matrix. The
impact of stress transfer in the expansion zone on the evolution of shale
permeability is reﬂected in the intrinsic permeability (k∞) model.
Bustin et al. (2008) illustrated the relationship of shale permeability
with eﬀective stress and found that permeability varied by several orders of magnitude with eﬀective stress. Chen et al. (2015a) established
a theoretical model describing the relationship between fracture permeability and eﬀective stress, and showed that fracture permeability
would decrease signiﬁcantly with gas depletion. These models were
developed either for artiﬁcial fractures or artiﬁcially separated natural

2. Conceptual model
2.1. Two component systems
The hydraulic fracture is the essential step to the exploration of
shale reservoir due to its ultra-low permeability, typically six orders of
magnitude below that of conventional reservoir. A mount of hydraulic
ﬂuid, opponents and activators are injected into shale reservoir along
well hole. Once the fracturing pressure large than formation strength,
the hydraulic fracture appears along the direction of maximum principal stress. The exploration process of shale gas are seen in Fig. 1 (a). In
this study, we deﬁne shale blocks bounded by artiﬁcially introduced
hydraulic fractures. At block scale, the system comprises two components represented by inorganic and organic systems. Unlike previous
studies, we assume that the organic system is embedded within the
inorganic system and both systems are dual media. For these dual
systems, there exist two boundaries: one is the interface between the
two components, deﬁned as the inner boundary, and the other is the
shale block boundary called the outer boundary. The shale block exhibits highly heterogeneous properties of the mineral constituents, pore
structure and gas storage, as observed in ﬁeld emission scanning electron microscopy (FESEM) (Chen et al., 2013a; Mehmani et al., 2013).
Fig. 1 (a) presents a typical high resolution SEM image of shale
(Ambrose et al., 2010; Akkutlu and Fathi, 2012; Wasaki and Akkutlu,
2014). The organic (kerogen) and inorganic components are well resolved as dark- and light-grey regions, respectively. Laminar slit-shaped
pores are also apparent in the inorganic system. In addition, a collection
of organic inclusions are distributed in the shale with the existence of a
sponge-like structures and with well-developed complex and interconnected nanopores (Ambrose et al., 2010; Curtis et al., 2012; Yang
et al., 2016). As the majority of the gas is stored in the organic system,
which is characterized within the heterogeneous structure (including
organic pores and kerogen matrix), it is necessary to further subdivide
the organic system, as shown in Fig. 1 (b) (Shi et al., 2015). The red,
dark grey and light grey (Fig. 1(b)) represent the organic systems pores,
kerogen and inorganic minerals, respectively. Note that the slit-shaped
pores in the inorganic matrix may not even be appear in these smallscale images because of their large size. For further simpliﬁcation, the
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Table 1
The summary of f(Kn) expressions.
f(Kn) expression

Author(s)

f(Kn) expression

Author(s)

Klinkenberg correction

(

f= 1+

bk
p

Klinkenberg (1941)

)

Heid et al. (1950)

bk = 11.419(k∞)−0.39

bk =

bk = 13.951 ⎡
⎣
bk = p

Jones and Owens (1980)

12.639(k∞)−0.33

4Kn
1 + Kn

bk = 4μg σ

Sampath and Keighin (1982)

−0.53
k∞
⎤
ϕ ⎦

(

+ pα (Kn) 1 +

4Kn
1 + Kn

πRTϕ
2Mk

)

Li et al. (2014)
Guo et al. (2015)

Slip ﬂow correction
Zhang et al. (2014)

4Kn
1 + Kn

2−ξ

f (Kn) = 1 + 4.89Kn
Transition correction

Chen et al. (2015b)

v⎞ λ
f (Kn) = 1 + 4 ⎛
⎝ ξv ⎠ d
f (Kn) = 1 + 4Kn

f (Kn) = 0.8453 + 5.4576Kn + 0.1633Kn2
Slip ﬂow and Knudsen diﬀusion correction

Sakhaee-pour and Bryant (2011)

f (Kn) = 1 + 6.85Kn + 3.39Kn2

f (Kn) = 1 +

2

2

128τ μg δ
πRg ⎞ 0.0006e KnKn
⎞ f (Kn) =
+ ⎜⎛
⎟⎛
3κϕ
MT ⎝ 1 + 0.0006e Kn ⎠
⎝
⎠
Slip ﬂow and Transition ﬂow correction

f (Kn) =

1 + 4.89Kn

1 + 0.0006e Kn

f (Kn) = [1 + α (Kn) Kn] ⎡1 +
⎣

4Kn
⎤α (Kn)
1 + Kn ⎦

=

128
15π 2

1 + 4.89Kn
1 + 0.0024Kn4

2

128τ μg δ
+ ⎜⎛
3κϕ
⎝

2

πRg
MT

⎞ ⎛ 0.0024Kn4 ⎞
1 + 0.0024Kn5 ⎠
⎠⎝

Sakhaee-pour and Bryant (2011)

Kazemi and Takbiri-Borujeni (2015)

Florence et al. (2007)

Chen et al. (2015b)

⎟

Florence et al. (2007)

tan−1 [4Kn0.4]

this stage, the inorganic system shrinks and the location of the new interface (BⅡ) is determined by the interactions between the organic pore
pressure, adsorption-induced stress and compressive stress applied by the
inorganic system as shown in Fig. 3 (Ⅱ); (3) Reaching a New Equilibrium
State. In the ﬁnal stage, the gas diﬀuses into the solid component of the
organic system (kerogen). Similarly, the organic pores are compressed and
the kerogen swells due to the gas adsorption onto the kerogen. Also, the
inorganic system is compressed because of the stress transfer during this
stage. At the end of this process, the gas capacity is reached and the interface between the two systems is determined by the outer boundary.
Two end-member boundary conditions are discussed here. If the control
volume is retained at constant volume, the permeabilities of the inorganic
and organic systems would decrease due to the swelling of the kerogen
matrix as shown in Fig. 3 (Ⅲ,a). If the unit is constrained at constant
pressure/stress, P, the control volume would swell as shown in Fig. 3
(Ⅲ,b). In this situation, the permeabilities of the inorganic and organic
systems are determined by the evolution of the global swelling strain and
the local compressive strain.
There are two boundaries present in the shale block: one is the interface between the inorganic and organic systems (inner boundary) and the
other is the shale block boundary (outer boundary). Three special mechanical situations are discussed as follows: (1) when the modulus of the
inorganic system is inﬁnite and the embedded organic component is deformable, then the strain for the inorganic system is zero while the organic
system conforms to the constant volume condition. In this situation, the
matrix behavior is mainly controlled by the internal boundary. Clearly, as
gas is released the kerogen shrinks and the organic pores swell while the
inorganic pores remain unchanged; (2) when the modulus of the inorganic
system approaches zero, the inorganic component is free to deform while
the organic component is elastic. Both the porosity and permeability behaviors are controlled by the outer boundary; (3) when the moduli of the
two systems are equal, the inorganic system can be seen as the extension of
the organic system in mechanical behavior. In this situation, the porosity
and permeability behaviors are controlled by both inner and outer
boundaries. For the ﬁeld situation, the modulus of the inorganic system is
typically larger than that of the organic system. Thus, the porosity and
permeability behaviors are closer to the constant volume response. The
three special conditions are illustrated in Fig. 4.

organic system pores are treated as a connected domain combining the
surrounding solid components and the kerogen is isolated by organic
system pores as shown in Fig. 1 (b). It is assumed that the kerogen
communicates with the inorganic component through organic pores in
both gas ﬂow and mechanical deformation behaviors.
2.2. Gas ﬂow behavior
In this study, the gas in the organic/inorganic pores is treated as free
gas while the gas on the organic pore surface and in the kerogen is treated
as adsorbed gas, as shown in Fig. 1 (b). For free gas, the ﬂow regimes are
distinguished by the Knudsen number. The Knudsen number, Kn, deﬁned
as the ratio of the molecular mean free path to the pore diameter (Mulder,
1996), is a widely recognized dimensionless parameter determining the
degree of appropriateness of the continuum ﬂow model.
The variations of the Knudsen number and ﬂow regime with pore
diameter are presented in Fig. 2 (Javadpour et al., 2007). For the free
gas in the inorganic pores, whose diameter ranges from several hundred
nanometers (nanopores) to several micrometers (natural fractures), the
ﬂow regimes are mainly slip ﬂow (seldom continuum ﬂow). For the free
gas in the organic pores, whose diameter is ∼10 nm, the ﬂow regime is
also one of slip ﬂow. The absorbed gases are transported due to the
concentration gradient. A Langmuir model (Bumb and McKee, 1988) is
used to deﬁne the adsorption process while the gas ﬂow in the kerogen
and on the organic pore surface is deﬁned by diﬀusion.
2.3. Mechanical deformation behavior
In this section, we use gas injection as an example to illustrate the
relation between eﬀective stress and permeability evolution. Before injection, the sample is at an equilibrium state and the gas pressure is everywhere uniform. The injection process can be summarized in three
stages: (1) Filling up the Inorganic System. As the gas is injected into the
shale sample, the inorganic system ﬁlls with gas near-instantaneously
because of its high permeability. The inorganic system would swell,
leading to a larger pore aperture while the pore in the organic system
would shrink. The permeabilities in these two systems exhibit opposite
behaviors because of the heterogeneous distribution of local stress. The
interface between these two systems during this stage (BⅠ) is shown in
Fig. 3 (Ⅰ); (2) Filling up the Organic Pores. As the injection continues, the
gas ﬂows into the organic pores. This situation is more complex than before as the organic pore not only stores free gas but also adsorbs gas. The
adsorption-induced strain and the increased gas pressure in the organic
system resists the compressive stress applied by the inorganic system. In

3. Model formulations
In this section, the conceptual model discussed above is formulated
and the equations governing the mechanical deformation of shale, gas
ﬂow in both components, mass transfer and the evolution of
96
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Fig. 1. Illustration of shale matrix system.

et al., 2008; Wu et al., 2011), considering the inﬂuences of pore pressure and adsorption-induced strain, the constitutive deformation for the
shale reservoir becomes:

permeability are established. The global strain and local strain deﬁned
in Peng's work (2014) are referenced. In our work, the subscript e represents the eﬀective strain, subscript g represents the global strain and
local strain is represented by subscript l.

Gui, kk +
3.1. Governing equation of the mechanical process

G
uk, ki = fi + αin pin, i + αor por , i + αke pke, i + Kεs, i (por )
1 − 2v
+ Kεs, i (pke )

(1)

where u is the displacement, p is the gas pressure, εs is the sorption

Similar to the mechanical relations for dual porosity media (Zhang
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3.2. Governing equations of the ﬂow processes
3.2.1. Flow in inorganic system
As mentioned above, the ﬂow regime in the inorganic system can be
4Kn
described by slip ﬂow and the correction factor fin (Kn) = 1 + 1 + Knin , is
in
selected in this work. The mass conservation law for ﬂow in the inorganic system is deﬁned as:

∂min
+ ∇⋅Jin = Qin − or + Qs
∂t

(3)

where Jin is the mass ﬂux of gas transport in the inorganic minerals, Qs
is the mass source term and Qin-or is the mass transfer between inorganic
pores and organic pores. min represents the gas mass in the inorganic
system and only free gas exits:

min = ρin ϕin

whereϕin is the inorganic porosity and ρin is the gas density in the inorganic system. The Jin is the mass ﬂux in the form of a pressure gradient deﬁned as a modiﬁed Darcy equation:

Fig. 2. Relationship between the Knudsen number and gas pressure for diﬀerent pore
diameters, where kb is the Boltzmann constant, T is the temperature in shale reservoir, s is
the collision diameter for molecules (Javadpour et al., 2007).

Jin = −
strain, α is the Biot coeﬃcient, K is the bulk modulus and G is the shear
modulus. The subscripts in, or and ke represent the inorganic system,
organic pore and kerogen matrix, respectively. The subscripts i and k
represent the directional component of the variable in whichi, k = 1,2,3,
the subscript kk is the Einstein summation convention and the subscript
comma represents the derivative of a variable.
The gas adsorption-induced strain is obtained from the Langmuir
equation:

εs =

εL p
PL + p

(4)

kapin
μ

ρin ∇pin

(5)

where μ is the dynamic viscosity of gas and kapin is the apparent permeability of the inorganic system which can be expressed as:

4Knin ⎞
kapin = ⎛1 +
kin∞
1 + Knin ⎠
⎝
⎜

⎟

(6)

in which kin∞ is the intrinsic permeability of the inorganic system.
3.2.2. Flow in organic system
The mass conservation law for the organic pore is deﬁned as:

(2)

∂mor
+ ∇⋅Jor = −Qin − or .
∂t

where εL is the Langmuir strain constant and PL is the Langmuir pressure constant.

(7)

The gas mass content mor contains free-phase gas and absorbed gas
in the organic pore as well as the mass source term from the kerogen,
and is deﬁned as:
Fig. 3. Illustration of gas injection processes, B presents the
internal boundary between inorganic and organic systems,
subscripts 0,Ⅰ,Ⅱ,Ⅲ represent the location at the initial stage,
the ﬁrst stage, the second stage and the third stage, and the
arrow represents the displacement direction of the
boundary during this stage.
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Fig. 4. Illustration of relation between the contrast in
modulus magnitudes between inorganic and organic systems and the controlling degree of boundary conditions.

mor = ρor ϕor + ϕor ρga ρors

VLor por
+ ϕk ρga ρk mke
por + PLor

τke =

(8)

where Dke(m /s) is the diﬀusion coeﬃcient in the kerogen and αke is a
shape factor in the kerogen matrix. In our work, the assumption of
pseudo-steady state is made and the interface pressure pwall is equal to
the organic pore pressure por. The absorbed gas content at equilibrium
me(pwall) is calculated by the Langmuir isotherm:

me (pwall ) =

⎜

σor kapor
ρ
∂ (ρin ϕin )
ρor (por − pin ) + Qs
+ ∇⋅⎜⎛− in kapin ∇pin ⎟⎞ =
μ
∂t
⎝ μ
⎠

(10)

(

where kor∞ is the intrinsic permeability of the organic system. And the
surface diﬀusion term is deﬁned as:

∂t

(11)

where Dor is the surface diﬀusivity in the organic system and Cor is the
gas concentration in the organic system. The Langmuir equation is
applied to obtain the concentration as:

VLor por
.
por + PLor

Jor = −

μ

⎜

Qin − or =

μ

1
[mke − me (pwall )]
τke

ϕin
α
= 1 + in Δεine
ϕin0
ϕin0

(20)

(21)

(22)

⎟

(14)

Where ϕin0 is the initial porosity of inorganic matrix, the subscript, 0,
denotes the initial value of the variable and εine represents the eﬀective
strain in the inorganic system. The eﬀective strain is the sum of the
global strain and local strain of the inorganic system:

3.2.3. Mass transfer term
The gas mass transfer between the inorganic and organic systems is
determined by the gas content diﬀerence. The mass transfer is proportional to the gas pressure (Lim and Aziz, 1995):

σor kapor

⎞
⎠

apor ∇por ⎟

3.3.1. The intrinsic permeability model of the inorganic system
The porosity of the inorganic system is related to the eﬀective strain
(Peng et al., 2014) and deﬁned as:

where kapor is the apparent permeability of organic pore and can be
expressed as:

kapor

ρor (por − pin ) + ϕk ρga ρk

μ

3.3. Permeability models

(13)

VLor pLor
μ
4Knor ⎞
= kor∞ ⎛1 +
+ Dor ρga ρk
.
2
1
(
p
+
Kn
or ⎠
⎝
or + PLor ) ρor

μ

or

⎜

⎝

VLor por ⎤
dmke
= −αke Dke ⎡mke −
⎢
P
+ por ⎥
dt
Lor
⎣
⎦

(12)

ρor ∇por

σor kapor

) + ∇⋅⎛− ρ k

(c) Gas diﬀusion in kerogen,

The total mass ﬂux can also be written in the form of apparent
permeability:

kapor

VLor por
or + PLor

∂ ρor ϕor + ϕor ρga ρors p

=−

Cor = ρga ρors

(19)

(b) Gas ﬂow in organic pores,

⎟

Jorsur = −Dor ∇Cor

(18)

(a) Gas ﬂow in inorganic pores,

where the ﬁrst term represents the mass ﬂux from slip ﬂow and the
second term represents the mass ﬂux from surface diﬀusion. The slip
ﬂow term is written as a modiﬁed Darcy ﬂow:

Jorslip

VLor por
.
PLor + por

In summary, the gas ﬂow equations in shale are deﬁned as:

(9)

ρ kor∞ ⎛
4Knor ⎞
1+
= − or
∇p
μ ⎝
1 + Knor ⎠ or

(17)
2

whereϕor is the organic pore porosity,ϕk is the kerogen proportion, PLor
is the Langmuir pressure constant in the organic pore, VLor is the
Langmuir volume constant in the organic pore, ρga is the gas density at
standard atmospheric pressure, ρors is the density of the organic pore
surface, ρor is the gas density in the organic pore and ρk is the density of
kerogen.
The total mass ﬂux in the organic pores is the combination of the
slip ﬂow term and surface diﬀusion term, and is deﬁned as:

Jor = Jorslip + Jorsur

1
αke Dke

ρor (por − pin )

Δεine = Δεing + Δεinl

where the εing represents the global strain in the inorganic system and
εinl represents the local strain in the inorganic system. The global strain
of the inorganic matrix is the resultant of the global strain of the shale
block and the compressive strain applied by gas pressure and gas adsorption in organic system:

(15)

where σor is the shape factor in the organic system.
The mass transfer rate between kerogen and the organic system
pores (ϕkρgaρkmke) is deﬁned by the diﬀusion time in the kerogen (Wang
et al., 2012):

dmke
1
= − [mke − me (pwall )]
dt
τke

(23)

Δεing = Δε v −

(por − pin )
− for 2in (Δεs (por )) − fke2in (Δεs (pk ))
Kinm

(24)

where Kinm is the bulk modulus of the inorganic system The ﬁrst term
on the right represents the global strain of the shale reservoir, the
second term represents the compressive strain applied by the organic
system, and the last two terms represent the compressive strain applied
by the adsorptive behavior of the organic pore and kerogen matrix,
respectively. The local strain of the inorganic matter is applied by the

(16)

where me(pwall) is the gas concentration in equilibrium with interface
pressure pwall. In this equation, the diﬀusion time in the kerogen is
expressed as:
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gas pressure in itself:

Δεinl =

for 2or (Δεs (por )) = (1 − γor )

Δpin
Kins

where Kins is the bulk modulus of the inorganic skeleton. A typical relationship between porosity and permeability is the cubic law (Zhang
et al., 2008) and deﬁned as:

for 2in (Δε (por )) = γor

(26)

εLke pke
(p − pin )
Δpin ⎞ ⎞
εLor por
kin∞
α
⎛
− γor
− γke
+
= ⎜1 + in ⎜⎛Δεv − or
⎟
PLke + pke
Kins ⎠ ⎟⎠
kin∞0
ϕin0 ⎝
Kinm
PLor + por
⎝

(36)

(27)

where εore represents the eﬀective strain of the organic pore. The effective strain εore also includes the global strain and local strain of the
organic system:

Δεore = Δεorg + Δεorl

kor∞
kor∞0

(28)

where the ﬁrst term εing represents the global strain of the organic pore
and the second term represents the local strain of the organic pore. The
global strain of the organic matter is the combination of the global
strain of the shale reservoir and the compressive strain applied by the
inorganic matter and kerogen:

Δεorg = ΔεV −

pin − por
p − por
− k
− fke2or (Δεs (pk ))
Kinm
Kkem

The deformation equation (Eq. (1)) and the gas ﬂow equations (Eq.
(19) - Eq. (21)) describe the deformation of the shale matrix and the gas
ﬂow in both components. The interactions between shale deformation
and gas ﬂow are represented by the permeability models of Eq. (36) and
Eq. (37). Fig. 5 graphically represents the fully coupled processes of this
developed model. The gas ﬂow in both components will change the
eﬀective stress in shale matrix and the adsorption/desorption process in
organic system will also induce swelling/shrinkage of the matrix. These
eﬀects may modify the stress ﬁeld and the deformation of the shale
matrix. Conversely, the mechanical deformation will compact/dilate
the pore space and thus revise the storage and transport properties of
both components. The diﬀusion process in the kerogen supplies adsorbed gas to the gas ﬂow in the organic pores and the mass transfer
between the organic system and the inorganic system is controlled by
the gas pressure. During the process of mass transfer, coupled with
stress transfer, both the porosities and permeabilities in both

(29)

(30)

Also the cubic law describes the relationship between permeability
and porosity of the organic pores:
3

3

ϕ
kor∞
α
= ⎜⎛ or ⎟⎞ = ⎜⎛1 + or Δεore ⎞⎟
kor∞0
ϕ
ϕ
or 0
⎝ or 0 ⎠
⎝
⎠

⎛
⎜
⎜
εLke pke
p − por
p − por
α
− k
− ⎜⎛1 − γke ⎟⎞
= ⎜1 + or ⎜⎛ΔεV − in
K
K
P
ϕ
⎜
irm
orm
or 0 ⎝
⎝
⎠ Lke + pke
3
⎜
εLor por ⎞
⎜⎜
− ⎜⎛1 − γor ⎟⎞
⎟
P
+ por ⎠
Lor
⎝
⎠
⎝
(37)

3.4. Cross couplings

where Kkem is the bulk modulus of the kerogen matrix. The ﬁrst term on
the right represents the global strain of shale reservior, the second and
third terms represent the compressional strain applied by the organic
system and the kerogen matrix, respectively, and the last term represents the adsorption eﬀect applied by kerogen matrix.
The local strain of the organic matter only contains the adsorption
strain in itself:

Δεorl = −for 2or (Δεs (por ))

(35)

3

3.3.2. The intrinsic permeability model of organic system
Similarly, the porosity of the organic system is related to the effective strain:

ϕor
α
= 1 + or Δεore
ϕor 0
ϕor 0

εLor por
PLor + por

If the inorganic modulus is inﬁnite, then γke = γor = 0 and the
matrix has to swell inside, compressing the pore.
In summary, the permeability models for both inorganic and organic
systems are deﬁned as:

3

ϕ
kin∞
α
= ⎜⎛ in ⎟⎞ = ⎜⎛1 + in Δεine ⎟⎞
kin∞0
ϕin0
⎝ ϕin0 ⎠
⎝
⎠

(34)

In which εLor is the Langmuir strain constant of the organic pore. For
for2in(Δεs (pk )) , we have:

(25)

3

εLor por
PLor + por

(31)

As discussed above, the adsorption-induced stress occurs in the organic system and is transferred to the inorganic system. Thus the adsorption stress in the kerogen not only compresses the pores in the
organic matter but also compresses the pores in the inorganic system
(Wang et al., 2014). Here γke, a distribution coeﬃcient depending on
the modulus of the two systems and the boundary condition, is introduced. Thus for fke2or(Δεs (pk )) , we obtain:

fke2or (Δεs (pk )) = (1 − γke )

εLke pke
PLke + pke

(32)

in which PLke is the Langmuir pressure constant of the kerogen matrix
and εLke is the Langmuir strain constant of the kerogen matrix. And for
fke2in(Δεs (pk )) , we have:

fke2in (Δεs (pk )) = γke

εLke pke
PLke + pke

(33)

Similarly the pores in the organic and inorganic systems are both
aﬀected by the adsorption strain in the organic pore, and γor is introduced here. In our work, the for2or(Δεs (pk )) is written as:

Fig. 5. Illustration of cross-couplings between variable processes within the inorganic and
organic systems.
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components are modiﬁed because of the interfacial dynamics.

Stabilization. As the gas-invaded volume spreads throughout the organic system and a new equilibrium gas pressure between two systems
is reached, the entire sample swells uniformly. Under this condition,
permeability reaches its maximum value. This behavior is consistent
with the results from coals (Chen et al., 2013b; Peng et al., 2014).
Results of permeability evolution for the desorption case are shown
in Fig. 7 (b) (p0 = 9 MPa). Similar to the case for gas injection, four
distinct stages can also be observed: (1) Stage of Permeability Decrease.
Permeability decreases in the early stage when the gas in the inorganic
medium ﬂows out immediately after the extraction. This reduction in
permeability is due to the sudden decrease in the pressure in the inorganic system; (2) Stage of Permeability Increase. Permeability increases after the pressure in the inorganic pores reaches the extraction
pressure. At this stage, gas diﬀuses from the organic system into the
inorganic system. Subsequently, the gas-depleted volume in the vicinity
of the organic system shrinks and this shrinkage (local deformation)
dilates the micro-fractures in the inorganic system. Correspondingly,
the permeability in the inorganic system increases; (3) Stage of Permeability Recovery. As the gas-depleted area expands further into the
organic system, the controlling factor on the evolution of permeability
in the inorganic system switches from the internal boundary to the
external one. Only part of the shrinkage (deformation) contributes to
the evolution of permeability; and (4) Stage of Permeability Stabilization. As the gas-depleted volume spreads throughout the organic system
and a new equilibrium state between the inorganic system and the
organic system is reached, the entire sample shrinks uniformly.

4. Analysis of experimental observations

4.2. Comparison with experimental observations of gas injection

4.1. Evolution of permeability under conventional tri-axial conditions

Kumar et al. (2015) investigated the injection and adsorption of gas
(CO2) on two intact samples of Marcellus shale under conditions of
constant conﬁning stress and variable gas pressure. The samples were
cylinders 2.5 cm in diameter and 5 cm in length collected in Pennsylvania. The shale permeability evolution was investigated by injecting
CO2 into the intact core at a constant conﬁning stress of 10 MPa and
variable gas pressure increasing from 1 MPa to 6 MPa. The transient
pulse test method was utilized to evaluate shale permeability (Brace
et al., 1968). The values of kapin0 were 1.09 × 10−14 m2 and
3.16 × 10−14 m2 for samples A and B, respectively. For the simulation
model, the injection pressure, pin, is applied at the basal boundary of the
inorganic system and no ﬂow boundary conditions are applied on other
boundaries. The conﬁning pressure, 10 MPa, is applied on all the
boundaries and kept constant. The input parameters for the simulation
model are listed in Table 3 (Kumar et al., 2015). As shown in Fig. 8, the
modeled results match well with the experimental observations.

Fig. 6. Illustration of the simulation model.

We use this coupled model to evaluate the evolution of permeability
during the processes of gas injection and gas desorption under conventional tri-axial conditions. The shale sample is cylindrical and
2.5 cm in diameter and 5 cm in length, as shown in Fig. 6. The injection
or desorption pressure, pgas, is applied at the basal boundary of the
inorganic system and a no ﬂow boundary condition is applied to the
other boundaries. The conﬁning pressure, σcon, is applied on all the
boundaries and is kept constant. The initial gas pressure is p0. The input
parameters for the simulation are listed in Table 2.
Fig. 7 (a) shows the evolution of permeability during the gas injection process (p0 = 1 MPa). Four distinct stages are observed: (1)
Stage of Permeability Increase. Permeability increases in the early stage
when the inorganic pores are ﬁlled with the injection gas immediately
after the injection. This increase in permeability is due to the sudden
increase in the injection pressure, concomitantly reducing eﬀective
stresses; (2) Stage of Permeability Decrease. Permeability decreases
after the pressure in the inorganic pores reaches the injection pressure.
At this stage, gas diﬀuses from the inorganic system into the organic
system. Subsequently, the gas-invaded volume in the vicinity of the
organic system swells and this swelling (local deformation) reduces the
apertures of micro-fractures in the inorganic system. Therefore, the
permeability in the inorganic system decreases; (3) Stage of Permeability Recovery. As the gas-invaded volume expands further into the
organic system, the controlling factor on the evolution of permeability
in the inorganic system switches gradually from the internal boundary
to the external one. Only part of the swelling deformation contributes to
the evolution of permeability; and (4) Stage of Permeability

4.3. Comparison with experimental observations of gas desorption
Jin et al. (2015) conducted experiments of gas desorption processes
(N2) on two intact samples under a constant conﬁning stress. The two
samples were cylinders of 2.5 cm diameter and, 2.1 cm and 1.2 cm
length respectively, collected from North America. The gas pressure
gradually decreased from 9 MPa to 4 MPa while the conﬁning pressure
was kept at 11 MPa. The complex pressure transient method (Boitnott,
1997; Siriwardane et al., 2009) was chosen to measure the gas shale
permeability in this experiment. The values of kapin0 were
14.8 × 10−18 m2 and 3.2 × 10−18 m2 for sample BH and sample CH,
respectively. For the simulation model, the depletion pressure, pde, is

Table 2
Input parameters for the numerical example.
Simulation Scenario
Adsorption
Desorption

ϕin0
0.02
0.01

kin0

kor0
−14

−16

2

1 × 10
[m ]
1.5 × 10−17 [m2]

2

1.5 × 10
[m ]
1 × 10−19 [m2]

101

E

εL

PL

5[GPa]
40[GPa]

0.07
0.04

3[MPa]
2[MPa]
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Fig. 7. Evolution of permeability during (a) injection and (b) desorption processes.

Table 3
Input parameters for the injection experiment conducted by Kumar et al. (2015).
Sample

ϕin0

kapin0

kapor0

Ein

εLor

PLor

Sample A
Sample B

0.02
0.01

1 × 10−14[m2]
3 × 10−17[m2]

1 × 10−16[m2]
5 × 10−18[m2]

5[GPa]
30[GPa]

0.07
0.03

1.5[MPa]
1[MPa]

4.4. Discussions of matching results
When the conﬁning stress is kept constant, the assumed eﬀective
stress in the samples decreases as the gas pressure increases for the case
of injection while the assumed eﬀective stress increases as the gas
pressure decreases for the case of gas desorption. Therefore, the permeability should increase for the case of gas injection while the permeability should decrease for the case of gas desorption according to
the eﬀective stress principle. Based on this theoretical conclusion, only
the experimental data of Sample CH (gas desorption) are consistent
with the principle of eﬀective stress - while the other three experiments
contradict this principle. Conversely, our analysis matches all four of
these cases. This superior match demonstrates that our coupled model
has resolved the inconsistency between experimental observations and
the eﬀective stress principle. In our approach, both the contrast in
permeability between diﬀerent components and the swelling characteristics are important. The Langmuir strain constants for these cases
are 0.07, 0.03, 0.002, and 0.0005, respectively. The case with the
minimum Langmuir strain constant of 0.0005 (Sample CH, as shown in
Fig. 9) is the only one case where the experimental data are consistent
with the principle of eﬀective stress. All others with larger Langmuir
strain constants of 0.07, 0.03, and 0.002 contradict the principle. This
indicates that the sorption-induced local strains control the permeability behavior. If local swelling is signiﬁcant, the shale permeability is
controlled primarily by the internal boundaries between the inorganic
and organic systems; if the local swelling is less signiﬁcant, the permeability is controlled primarily by the external boundaries. These four

Fig. 8. Comparisons of modeled permeability with experimental data.

applied at the bottom boundary of the inorganic system and no ﬂow
boundary conditions are applied on the other boundaries. The conﬁning
pressure, 11 MPa, is applied on all the boundaries and kept constant.
Other input parameters are listed in Table 4. As shown in Fig. 9, the
modeled results match well with the experimental observations.

Table 4
Input parameters for experiment conducted by Jin et al. (2015).
Sample
Sample BH
Sample CH

ϕin0
0.02
0.005

kapin0

kapor0
−18

2

15 × 10
[m ]
3 × 10−18[m2]

−19

2

1 × 10
[m ]
1 × 10−20[m2]

102

Ein

εL

PL

40[GPa]
20[GPa]

0.002
0.0005

2[MPa]
4[MPa]
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Table 5
Properties of the Barnett shale.
‘Known’ Parameters

Value

‘Assumed’ Parameters

Value

Initial reservoir pressure
(MPa)
Bottom hole pressure
(MPa)
Fracture space(m)

20.3

40

Fracture half-length(m)
Reservoir temperature
(°C)
Initial inorganic
permeability (m2)
Inorganic matrix porosity

47.2
65.6

Young's modulus of
Shale(GPa)
Initial organic
permeability(m2)
Initial organic
porosity
Kerogen ratio
Kerogen diﬀusion
time(s)
Poisson's ratio

3.45
30.5

1.5 × 10−19
0.06

Langmuir pressure
constant (MPa)

1.5 × 10−22
0.04
0.3
1 × 109
0.2
4.48

system in the Fort Worth Basin and is currently one of the most proliﬁc
gas reservoirs in the United States (Martineau, 2007). Well 314 was a
horizontal well with multi-stage fracturing and with a single, perforated
interval for each stage producing at a constant bottom-hole pressure.
The hydraulic fracture spacing and half-length were set at 30.5 m and
47.2 m, respectively, and the number of fractures was 28 (Al-Ahmadi
and Wattenbarger, 2011; Yu and Sepehrnoori, 2014). More than 1600
days of production data were collected for the history match. The initial
gas rate reached ∼2.1 × 105 m3/day but decreased to 1.6 × 104 m3/
day 4.5 years later. Speciﬁcally, the average reservoir parameters of the
Barnett Shale, collected from the literature (Al-Ahmadi and
Wattenbarger, 2011; Yu and Sepehrnoori, 2014), are used for history
matching as shown in Table 5. Note that the ‘Known’ Parameters represent parameter collected from the reservoir or literature and ‘Assumed’ Parameters represents parameter used for history matching.
Marcellus Shale is a black, middle-Devonian-age sedimentary rock
from the Appalachian Basin with very low permeability, typically between 0.1 and 0.00001 mD (Lee et al., 2011). The reservoir comprises
two diﬀerent shale layers with high TOC. The well used for history
matching was drilled in the lower section of the Marcellus formation
and was hydraulically fractured with a high rate slickwater treatment in
7 stages. Each stage comprises four perforation clusters with a total of
28 hydraulic fractures. The hydraulic fracture spacing and half-length
were set at 15.2 m and 121.9 m, respectively (Yu et al., 2015). The
bottom hole pressure was calculated based on the work of Yeager and
Meyer (2010). Only 250 days of production data are available for the
history match. The gas rate ultimately decreased to only 25% of that
recorded during the ﬁrst few days by ∼250 days. The reservoir parameters for history matching of the Marcellus Shale are obtained from
the literature (Yeager and Meyer, 2010; Yu et al., 2015; Cao et al.,
2016) as shown in Table 6.
The comparisons of modeled gas production rate and the accumulative gas production with the ﬁeld data are shown in Fig. 11. For both
cases, the initial gas production rate from the simulation results is
larger than the actual ﬁeld data. This may be due to water ﬂow back
reducing the gas production rate (Cao et al., 2016) while the gas will
dominate the gas production over the later period of the depletion. Also
the skin eﬀect is ignored in our work which results in a lower permeability for the hydraulic fractures. For the case of Barnett Shale, the
cumulative gas production obtained from the simulation model is lower
than that calculated from ﬁeld data as shown in Fig. 11 (a). For the case
of Marcellus Shale, the gas rate and cumulative gas production obtained
from simulation results are in good agreements with those from ﬁeld
data as shown in Fig. 11(b).
In the following sections, the veriﬁed model, presented above, is
used as a base case model to conduct a series of sensitivity studies.
Parameters used for the base case are listed in Table 7. Boundary
conditions for the deformation model and the ﬂow model remain unchanged. In addition, a time-dependent pressure (Cao et al., 2016) is

Fig. 9. Comparisons of reproduced result with experimental result for gas desorption
processes.

examples represent two end-member behaviors, alternately accentuating local eﬀects or muting local eﬀects. For most cases in reality, the
controlling factor may switch gradually from the internal boundaries to
the external boundaries.
5. Analysis of ﬁeld observations
5.1. Model establishment and history matching
In this section, production data from two production wells from
both Barnett Shale and Marcellus Shale reservoirs are used for history
matching (Al-Ahmadi and Wattenbarger, 2011; Yu and Sepehrnoori,
2014; Yu et al., 2015; Cao et al., 2016). A horizontal well with hydraulic fractures is simulated by a number of shale blocks, which are
deﬁned as the shale matrix between hydraulic fractures. Because of the
symmetry, one half of the shale block, as illustrated by the red rectangle
in Fig. 10, is used for the simulation model. The height of the simulation
model is the half-length of the hydraulic fractures and the width is half
of the hydraulic fracture spacing (Peng et al., 2015). For the mechanical
model, a uniaxial strain condition is assumed: a constant formation
pressure is applied on the upper boundary while a roller boundary is set
on the other sides. For gas ﬂow in the inorganic system, the extraction
pressure is applied on the right side to simulate the pressure change in
the hydraulic fracture and no ﬂow boundary conditions are applied on
the other boundaries. For the gas ﬂow in the organic pore and kerogen
system, no ﬂow boundary conditions are applied as they do not communicate with the hydraulic fractures directly.
Barnett Shale is the main source rock for the Paleozoic petroleum

Fig. 10. Illustration of the ﬁeld simulation model: The purple line represents the horizontal well while the blue lines represent hydraulic fractures. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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the other two remain unchanged. This allows a study of key sensitivities.

Table 6
Properties of the Marcellus shale.
‘Known’ Parameter

Value

‘Assumed’ Parameter

Value

Initial reservoir pressure
(MPa)
Bottom hole pressure(MPa)

34.6

50

3.69

Fracture space(m)
Fracture half-length(m)

15.2
121.9

Reservoir temperature(°C)
Initial inorganic
permeability (m2)
Inorganic matrix porosity

76.1
1 × 10−19

Young's modulus of
Shale(GPa)
Initial organic
permeability(m2)
Initial organic porosity
Kerogen diﬀusion time
(s)
Kerogen ratio
Poisson's ratio

0.046

5.2.1. Impact of the inorganic system
The inorganic system stores free gas and acts as a bridge connecting
the organic system to the hydraulic fracture. We increase the permeability
of the inorganic system from 1 × 10−21 to 5 × 10−19 m2 to investigate
how the gas recovery rate changes with results shown in Fig. 12.
As shown in Fig. 12, the recovery rate increases with the permeability of the inorganic system. The gas recovery rate after 30 years for
the case of the lowest inorganic permeability (5 × 10−21 m2) is about
40% of that for the case of the highest permeability (5 × 10−19 m2).
However the incremental increase of recovery rate is not directly proportional to the permeability increase when the permeability is high, as
shown in Fig. 12 (b). The recovery rate increases linearly as the permeability increases from 1 × 10−21 m2 to 1 × 10−19 m2 but remains
almost ﬂat when the inorganic permeability is larger than
5 × 10−19 m2. This result implies that the gas recovery rate is not
controlled by the ﬂow capability of the inorganic system, but rather by
the mass supply of gas from the organic system and that the limiting
process can switch from gas ﬂow in the inorganic system to gas diﬀusion in the organic system.
Fig. 13 shows the evolution of gas production rate for diﬀerent
permeabilities. In general, the initial high gas production rates decrease
rapidly in the ﬁrst years and then remain ﬂat. For an inorganic permeability of 5 × 10−19 m2, the ﬂow rate reaches ∼5 × 103 m3/day
initially then drops to 0.1 m3/day in ﬁve years. This is because (1) at
early time the ﬂow rate is determined by the permeability of the inorganic system; (2) as the initial high ﬂow rate diminishes, the ﬂow rate

2 × 10−20
0.045
1 × 107
0.3
0.2
3.45

Langmuir pressure
constant(MPa)

applied to simulate the pressure change in the hydraulic fracture during
the production process. We assume that the gas in the inorganic system
exists as free gas, the gas in the organic pores is a mixture of free and
adsorbed gas, and the gas in the kerogen exists only as an adsorbed gas.
The proportions of these four components are assumed as 15%, 15%,
5% and 65% in the base model.
5.2. Investigation of interactions between shale components
A shale block sandwiched between hydraulic fractures consists of
two systems (organic system and inorganic system) and three gasbearing components (kerogen, organic pores and inorganic pores). In
this section, we change the transport property of one component while

Fig. 11. History matching for two ﬁeld cases.

Table 7
Parameters of the base model.
Parameter

Value
3

Gas density(kg/m )
Dynamic viscosity(Pa•s)
Langmuir pressure constant(MPa)
Langmuir volume constant(m3/kg)
Temperature(°C)
Shale gas molecule diameter (nm)
Inorganic system intrinsic permeability(m2)
Radius of inorganic pores(nm)
Langmuir strain constant
Shale density(kg/m3)

Parameter

Value
2

0.714
2 × 10−5
10
0.0022
50
0.38
1.5 × 10−19
100
0.024
2500

Organic Pores intrinsic permeability(m )
Kerogen ratio
Diﬀusion time in kerogen (s)
Atmosphere pressure(MPa)
Initial pressure(MPa)
Biot's coeﬃcient of kerogen
Biot's coeﬃcient of pores in organic matter
Young's modulus of shale(GPa)
Poisson's ratio of shale
Biot's coeﬃcient of inorganic system

104

1.25 × 10−21
0.25
2.5 × 109
0.1
40
0.4
0.4
20
0.2
0.4
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Fig. 12. (a) Evolution of gas recovery rates under diﬀerent magnitudes of permeability in the inorganic system; (b) Impact of permeability magnitudes on the recovery rate.

is then controlled by the gas supply from the organic system.

5.2.2. Impact of organic pores
We now change the permeability of the organic pores and see how
this change aﬀects the gas recovery rate. Fig. 14 (a) represents the
evolution of gas recovery rate under diﬀerent magnitudes of organic
pore permeability. Fig. 14 (b) shows that the recovery rate increases
with the permeability and the recovery rate also increases with the
organic pore permeability. This increase exhibits three stages: (1) The
increased permeability has little impact on the recovery rate when the
permeability is lower than ∼1 × 10−20 m2. Under this situation, the
gas production process is limited by gas diﬀusion from the organic
system to the inorganic system not by the ﬂow process in the inorganic
system; (2) The gas recovery rate increases linearly with the organic
pore permeability when the permeability ranges from 1 × 10−20 to
2.5 × 10−19 m2. In this situation, the gas production is limited by the
ﬂow process in the inorganic system; and ﬁnally, (3) The gas production becomes stable when the organic pore permeability continues to
increase and becomes larger than the inorganic system (unrealistic in
reality) as shown by the black dashed line in Fig. 14. Under this si-

Fig. 13. Gas production rates under diﬀerent magnitudes of permeability in the inorganic
system.

Fig. 14. (a) Evolution of gas recovery rates under diﬀerent magnitudes of inorganic system permeability; (b) Relation between gas recovery rate and permeability under diﬀerent
production years.
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Fig. 17. Evolution of gas production rate under diﬀerent magnitudes of diﬀusion time.
Fig. 15. Evolution of gas production rates under diﬀerent magnitudes of organic pore
permeability.

kerogen. The gas recovery rate becomes near constant at small diﬀusion
times. In this situation, the rate limiting process switches from diﬀusion
in the kerogen to ﬂow processes in the inorganic system.
Fig. 17 shows the evolution of gas production rate under diﬀerent
magnitudes of diﬀusion time. The diﬀusion time has almost no impact
on the initial gas production rate because the initial rate is primarily
determined by the permeability of the inorganic system. The enhanced
diﬀusion rate in the kerogen increases the gas rate at late time and
smooths the decline curve of gas rate. As the diﬀusion time decreases,
its impact on the gas production rate also diminishes.
As shown above, the rate limiting process for gas production may
switch between gas supply processes and gas ﬂow processes when we
change the transport properties of one of three gas-bearing components
(kerogen, organic pores and inorganic pores). This is because this
change enhances the contrast in transport properties between components. In this situation, the time to reach an equilibrium pressure between components would be extended. We retain the contrast unchanged and introduce a ratio, η, to represent the enhancement of the
shale block transport properties as deﬁned as η = Kch/Kin, where Kch is
the new transport property and Kin is the initial property. Fig. 18 shows
the evolution of gas recovery rate under diﬀerent magnitudes of η. The
model results show that the gas recovery rate increases with the magnitude of η. This implies that there would be no switch of the limiting

tuation, the gas production process is limited either by the gas diﬀusion
in the kerogen or by the low permeability in the inorganic system.
Fig. 15 shows the evolution of gas production rate under diﬀerent
magnitudes of organic pore permeability. It can be seen that the magnitudes of organic pore permeability have almost no impact on the
initial gas production rate. As shown in Fig. 15, the initial ﬂow rates
under diﬀerent magnitudes of permeability are about 1.5 × 103 m3/
day. This is because the initial high ﬂow rate is determined primarily by
the permeability of the inorganic system.

5.2.3. Impact of kerogen
In this part, we change the diﬀusion time for the kerogen component. Fig. 16 shows the evolution of gas recovery rate under diﬀerent
magnitudes of diﬀusion time. As shown in Fig. 16 (a), the impact of
diﬀusion time on the gas recovery rate diminishes as it decreases. This
result implies that when the diﬀusion time is larger, the gas production
process is diﬀusion limited; when the diﬀusion time is smaller, the
limiting process switches from diﬀusion in the kerogen to the ﬂow
processes in the inorganic system. As shown in Fig. 16 (b), the gas recovery rate increases signiﬁcantly when the diﬀusion time is larger. In
this situation, gas production is limited by the diﬀusion process in the

Fig. 16. (a) Evolution of gas recovery rate under diﬀerent magnitudes of diﬀusion time; (b) Relation between gas recovery rate and diﬀusion time for a speciﬁc production time.
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Fig. 18. (a) Evolution of gas recovery rate under diﬀerent magnitudes of the enhancement ratio; (b) Relation between gas recovery rate and the property enhancement ratio.

Fig. 19. (a) Evolution of gas recovery rate under diﬀerent magnitudes of the gas ratio; (b) Relation between the gas recovery rate and the initial gas ratio.

process between gas supply and gas ﬂow if the contrast of the transport
properties was not modiﬁed.

5.3. Impact of initial gas distribution
If we now change the ratio of gas in the inorganic system, βin, to gas
in the organic system, βor, to investigate how this ratio aﬀects the gas
recovery rate. The summation of these two components are unity,
βin+βor = 1. As shown in Fig. 19 (a), the gas recovery rate increases
almost linearly with the ratio of initial gas in the inorganic system. The
recovery rate is only 35% over 30 years when 5% gas is in the inorganic
system while this recovery becomes 65% when the gas in the inorganic
system changes from 5% to 50%. Fig. 19 (b) also shows that the gas
recovery rate increases almost linearly with the magnitudes of the gas
ratio in the inorganic system. Fig. 20 shows the gas rates with diﬀerent
magnitude of gas ratio in the inorganic system. It shows that the decline
is smoother when more gas is stored in the inorganic system. To the
contrary, the larger gas ratio in the organic system leads to a sharper
decline in the gas rate. These characteristics are due to the fact that the

Fig. 20. Evolution of gas production rate under diﬀerent magnitudes of βin.
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Fig. 21. Evolution of intrinsic permeability, apparent permeability, and correlation factor
of inorganic system and organic system.

Fig. 22. Evolution of intrinsic permeability of inorganic system and organic system.

contrasts in storage properties of the two systems become larger and the
inorganic system connects to the hydraulic fractures directly which is
characterized by a high ﬂow rate.

reached between the two systems. Because this happens globally
throughout the system, the whole matrix system shrinks as do the
micro-fractures. This is why we see the third stage of permeability recovery (before the new equilibrium state) and the fourth stage of permeability stabilization (after the new equilibrium state).

5.4. Evolution of permeability

5.5. Impact of shale deformability

We now investigate how the intrinsic permeability and the apparent
permeability evolve during the gas production process. Fig. 21 illustrates the evolution of the apparent permeability, the intrinsic permeability and the correction factors for both systems. For the inorganic
system, four distinctive stages of permeability evolution are observed: A
Decreasing Stage (the ﬁrst 100 days), An Increasing Stage (from 100
days to 30 years), A Recovery Stage (from 30 years to 300 years) and A
Stable Stage. For the organic system, the four stages can also be seen:
An Increasing Stage (the ﬁrst 3 days), A Decreasing Stage (from 3 days
to 3 years), A Recovery Stage (from 3 years to 300 years) and A Stable
Stage. In the ﬁrst three years, the permeability of the inorganic system
decreases slightly then rebounds to the initial value while the permeability of the organic system increases slightly then decreases to a
minimum value. During this process, the production rate experiences a
sharp decrease as the contrasts in transport properties of the two systems become accentuated. Congruent with the discussion above, an
increased contrast in the transport and gas storage properties of the two
systems results in a faster recovery decline of a shale well.
We use the evolution of permeability in the inorganic system as an
example to illustrate why these four stages result. Prior to gas production, the shale is at equilibrium state. As the gas production proceeds, a series of processes take place. The gas in the micro-fractures
ﬂows out ﬁrst because of the relatively high permeability. As a result of
this process, the gas pressure in the micro-fractures decreases and a
pressure diﬀerence between the inorganic system and the organic
system is created. Under this situation, the micro-fractures are compressed. Because this happens only locally, in the vicinity of microfractures, this compression reduces the permeability. This is why we see
an initial stage of permeability decrease at early time. Because of the
pressure diﬀerence between the micro-fractures in the inorganic and
organic systems, the gas in the organic system diﬀuses into the microfractures. Under this condition, the organic system shrinks while the
micro-fractures swell. Because this also happens locally in the vicinity
of the micro-fractures, the shrinking volume of the organic system may
be equal to the swelling volume of the micro-fracture. This is why we
see the second stage of permeability increase. As the gas pressure difference extends further into the organic system, the gas pressure decreases in the whole organic system until a new equilibrium state is

In this part, we change the magnitude of the Young's modulus of the
inorganic system to investigate how the permeability evolves. We
change the magnitude of the modulus from the 5 GPa to an unrealistically high 1000 GPa. The evolutions of the intrinsic permeabilities of the two systems are shown in Fig. 22. When the inorganic
system is rigid (Ein = 1000 GPa), the permeability of the inorganic
system remains unchanged while the permeability of the organic system
changes the most. When the inorganic system is deformable
(Ein = 5 GPa), the permeabilities of both systems decrease.
6. Conclusions
In this study, the inconsistency between the observed evolution of
shale permeability and the eﬀective stress principle is resolved through
incorporating matrix-fracture interactions into both matrix and fracture
permeability models. These models are the key cross-relations that
couple the shale deformation and gas ﬂow, and deﬁne the interfacial
dynamics between two distributed components (inorganic and organic
systems). The coupled model follows how the interfacial dynamics affects the evolution of shale permeability and gas production rate. Based
on model results, the following conclusions are drawn:
(1) The evolution of shale permeability is controlled by the interfacial
dynamics between the inorganic and organic components. The
impact of the interfacial dynamics is determined by contrasts in the
transport and deformation properties between these two components. If the contrasts are signiﬁcant, the interfacial dynamics
dominate the evolution of shale permeability while the outer
boundaries have less impact. If the contrasts are less signiﬁcant, the
outer boundaries determine the evolution of shale permeability
while the inner boundaries have less impact. The early evolution of
permeability is primarily due to internal behavior in the gas invaded-region within the inorganic system while the later evolution
is due to the global deformation as the gas pressure or the eﬀective
stress propagates further into the organic component.
(2) The shale gas production rate is also controlled by the interfacial
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dynamics between the inorganic and organic components. The impact
of the interfacial dynamics is determined by contrasts in transport, gas
storage and deformation properties between these two components. If
the contrasts are signiﬁcant, the interfacial dynamics dominate the
evolution of shale gas production rate while the outer boundaries have
less impact. If the contrasts are less signiﬁcant, the outer boundaries
determine the evolution of gas production rate while the inner
boundaries have less impact. The pore network in the inorganic
system signiﬁcantly impacts the early productivity of the shale reservoir while the diﬀusion in the organic component (kerogen) plays a
decisive role in the long-term production.
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