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a b s t r a c t

This review study aims to identify why current experimental measurements of shale permeability are not
consistent with predictions of commonly-used permeability models and explore how the identified
reason would guide future research. These goals are achieved through the collection of experimental
permeability measured under constant confining pressure (CCP) and constant effective stress (CES)
conditions. These data show that permeability ratios (k/k0) vary between an upper bound and a lower
bound. A generic permeability model is developed to delineate the boundaries of k/k0 based on shale
microstructural characteristics. It's found that for upper bounds are controlled primarily by the fracture
behavior while for lower bounds are controlled by the matrix or intact shale behavior. These findings
suggest that the model predictions represent only behaviors of either fracture system or matrix while the
experimental measurements from CCP and CES observations are for real shales. For real shales the in-
ternal dependencies among these factors cannot be fully understood through the nature of the external
boundary conditions in CCP and CES tests, alone, but require high-level knowledge of sample structure
and process interactions. The nature of permeability time dependencies on the internal process in-
teractions must be reflected in any future experimental and modeling research.

© 2021 Published by Elsevier Ltd.
1. Introduction

Global energy consumption increased considerably in the last
decades as the result of population growth and economic devel-
opment, of which natural gas accounts for a quarter of the total
energy demand [1e3]. For past decades, unconventional resources
have been emerged as a resource of substantial importance in the
world for shares of conventional gas and oil production [4,5]. For
example, shale gas is the largest contributor to natural gas pro-
duction in United States, and it is predicted to account for almost
two-thirds of total American gas production by 2040 [6]. Shale is a
typical dual porosity system composed of fracture and matrix, with
the latter consisting of organic matter (kerogen) and inorganic
nanotube scale capillaries [7e18]. Gas resides in these complex
porous system swells with gas adsorption and shrinks with gas
desorption [19e22]. These characteristics determine the peculiar-
ities of shale permeability evolution and have an inherent link with
the production behavior of shale gas reservoirs [23]. Therefore, it is
important to study the evolution of shale permeability during the
production process.

A broad variety of laboratory experiments has been carried out
to study the evolution of shale permeability [24]. Two types of
experiments, viz. constant confining pressure (CCP) and constant
effective stress (CES) tests, are widely conducted to investigate the
impact of various factors, including gas sorption, effective stress
and slippage. In CCP tests, the total confining stress is kept constant,
while the effective stress is constant in CES tests. When the total
confining stress is constant, the gas sorption, effective stress and
slippage are believed to exert important controls on the evolution
of shale permeability. When the effective stress is constant, gas
sorption and slippage effects is considered to be the primary factors
in controlling the evolution of shale permeability. The fundamental
assumption behind this approach is that the impacts of effective
stress, gas sorption-induced matrix swelling/shrinking and slip-
page effects on shale permeability could be separated and inves-
tigated individually [25e27]. This assumption also applies to tests
conducted under conditions of constant pore pressure [28e41].

The main objective of CCP tests is to understand the influence of
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effective stress and gas sorption on the evolution of shale perme-
ability. For example, CCP tests have been used to determine the
influence of effective stress and the impact of adsorption
[30,42e44], artificial fractures on permeability [43,45,46] and
slippage effect on permeability [25,32,42,47e51]. In these studies,
the evolution of shale permeability data can be classified into two
categories: permeability increases directly with the increase of
injection pore pressure; permeability decreases initially with the
increase of injection pore pressure and shows only minimal
rebound.

CES tests aim to measure the influence of slippage effect and
associated effects, such as gas adsorption/desorption, on the evo-
lution of shale permeability. For example, CES tests have been used
to investigate the impact of gas adsorption/desorption on the
evolution of permeability [52e57], to characterize the influence of
slippage effect [31,42,49,53e56,58e67] and the magnitude of
effective stress on permeability [31,58,59,63]. These studies indi-
cate that shale permeabilities recovered from CES tests, decrease
with an increase in pore pressure.

A variety of permeability models have been developed to
explain the experimental observations of shale permeability from
both CCP and CES tests. These models can be classified into two
groups: stress-independent apparent permeability (SIAP) models
and stress-dependent apparent permeability (SDAP) models. The
SIAP models [68e71] are used to explain experimental data for
cases where the development of nanopores in the shale matrix is
more important. In these models [68,69] the intrinsic permeability,
k∞, is treated as a constant. For stress sensitive cases, SDAP models
[24,42,72e75] are developed based on the poroelastic theory.

Gas sorption, effective stress and slippage can affect the evolu-
tion of shale permeability. Under conditions of constant confining
pressure, effective stresses decrease as the gas pressure increases.
This reduction in effective stress results in a concomitant increase
in permeability, while the slippage effect would cause the apparent
permeability to decrease in the low pore pressure regime [76]. In
the high pore pressure regime, the influence of slippage effect is
greatly reduced, then with the decrease of effective stress the
permeability is expected to increase with the increased pore
pressure [72]. While not all experimental results meet these ex-
pectations. For example, under the same pore pressure, the
permeability to a non-adsorbing gas (such as helium) is always
greater than that to an adsorbing gas (like methane) [25,47,52,56].
Then there is a gap that the adsorption of gases on the pore surface
can reduce about a few nanometers of the radius of pores, cannot
develop such a significant decrease [77]. In both CCP and CES tests,
an implicit assumption of pressures equilibrated in bothmatrix and
fracture (or bigger pores and dense matrix blocks) is employed
when the permeability is measured. Under this assumption, the gas
pressure in the fracture system is in equilibrium with that in the
matrix system, and the process interactions among matrix (multi-
scale pore) and fracture have reached a dynamic equilibrium state.
Permeability models are also derived under the same assumption.
If this equilibrium state is not yet reached when the permeability
measurements are taken, the experimental results may not be
consistent with the key assumption of equilibrium-pore-pressure-
based permeability models [78e80].

In this study, we collected and critically examined experimental
permeability data from both CCP and CES tests to define key con-
trols on response and to develop a generic permeability model to
represent permeability evolution.
2

2. Review of shale laboratory test permeability data

2.1. Review of constant confining pressure test data

Experimental permeability data were collected from a variety of
CCP tests. In those experiments, the confining pressure was main-
tained while the effective stress was gradually decreased [45].

In the CCP tests, gas permeability was measured either by
steady-state or pressure transient tests and calculated using a
modified Darcy's law [46,81]. The specific implementations of the
steady state and pressure transient methods are described in detail
in our previous work [82]. For the steady-state method, shale
permeability is measured when the gas flow rate becomes con-
stant. For the transient method, it is measured when the pressure
difference between the upstream and downstream reservoirs is
equal to zero. In both experiments, permeability must be measured
under the assumption that pressures are equalized in both the
matrix and the fracture e a feature that is independent of the
constraints of the two experimental methods (constant flow rate or
zero difference between upstream and downstream reservoirs).
According to the selection of confining pressure conditions and the
gas component of the upstream reservoir, unsteady state methods
can be divided into (1) Pulse decay methods, and (2) Pressure fall-
off methods, including theMGE [31] and ISPPmethods [61]. Among
these methods, the pulse decay method is the most widely used.

Tominimize the impact of different experimental conditions, we
used the permeability ratio (k/k0) to normalize the permeability
evolution. For a particular experiment, a series of pressure in-
crements/decrements was conducted under the same confining
pressure. The gas pore pressure increased/decreased from the
lowest/highest magnitude to the highest/lowest one. In this review
based on the experimental data shown in Table 1, we used the ratio
(k/k0) of the permeability at the lowest gas pore pressure (k0) to
that at a new pressure (k) to study permeability evolution. The
relations between experimental measurements of permeability
evolution and applied gas pressures for CCP tests are shown in Fig.1
with the data sources recorded in Table 1. When CO2 was the per-
meant and in the supercritical phase, the permeability would
decrease more significantly with injection pressure [83e86]. Thus,
we excluded these measurements and only used data of CO2 in the
gaseous state.

All experimental permeability ratios distributed over a wide
range (from 0.36 to 2.1) have been constrained by both lower (blue
line) and upper (red line) bounds, as shown in Fig. 1(a). These data
represent permeability measurements of different gases such as
CO2, CH4, N2, He, and Ar. The injection pressures vary between 0.2
and 15.0 MPa, whereas the confining pressures vary over the range
7.0e31.8MPa. If we use k/k0¼ 1 as a further line of demarcation, the
permeability ratio data can be divided into upper and the lower
partitions, respectively representing net increases and decreases in
terminal permeability with incremented pressure. The perme-
ability ratio data are distributed broadly throughout the
permeability-increasing and -decreasing regimes when the injec-
ted gas is either non-adsorbing (Ar and He) or weakly adsorbing
(N2), as shown in Fig. 1 (a). When the injected gas is strongly
adsorbing (CH4 and CO2) the permeability ratio data are predomi-
nantly confined to the permeability-decrease region. These obser-
vations suggest that the gas characteristics (adsorbing or non-
adsorbing) may be related to the permeability change but do not
reflect a fundamental change of mechanism. The evolution of
permeability for individual experiments displays a variety of curves
in Fig. 1(b) from simple to complex forms, although all the tests
were conducted under the same CCP conditions. Some are confined
completely within the net-decrease regime whereas others occupy
the net-increase regime. These observations suggest that the



Table 1
Experimental details for CCP tests.

Authors Year Origin Sample size
(mm)

Gas Method Pore
Pressure
(MPa)

Confining
pressure
(MPa)

Permeability (m2) Temp.
(�C)

Equilibrium
time

Slippage
effect

re bk (MPa) Note

Ghanizadeh
et al. [32]

2014 Lower Toarcian Posidonia
Shale, Northern Germany

Plugs: D:
27.20
e37.56, L:
8.17e26.70

CH4;
He

Steady
state and
pressure
transient

0.7e3.1 12; 30 3� 10�22- 4.2� 10�19 45 24 h for
stress
stabilization

Y n/a 1.2e4.2 Plugs drilled perpendicular to
bedding

Guo [44] 2014 Green River formation,
Pennsylvania, America

Plugs:
D:25.4,
L:12

He;
CO2

Pressure
transient

1e5 7 3 � 10�19-9 � 10�19 n/a n/a N n/a n/a /

Kang et al.
[47]

2015 Longmaxi Shale,
Lower Silurian marine shale
gas play, China

Plugs:
D:25.4, L:
38.1e50.8

CH4;
N2

Steady
state

0.3e7.6 21 1.8 � 10�18-
2.1 � 10�17

20 n/a Y less
than
100 nm

0.46 for N2, 0.71
for CH4,

The organic-rich siliceous and
carbonaceous shale samples
are cored parallel to the
bedding planes

Jin et al. [53] 2015 North America Plugs:
D:25.22
e25.28,
L:12.21
e21.20

N2; Ar Pressure
transient

4e9 11 2.27 � 10�18-
1.855 � 10�17

22 n/a Y n/a n/a Gas pressure decrease

Ren et al.
[48]

2016 Qiongzhusi Formation and
Longmaxi Formation of
Marine Shale, Southern
China

n/a N2 Steady
state

0.15e2.55 20 1.2 � 10�18-
7.8 � 10�18;
3.48 � 10�17-
4.167 � 10�16

60 n/a Y n/a 0.05e0.33 Cores with well-tended
appearance and cores with
penetration fractures

Kumar et al.
[45]

2016 Pennsylvania, America Plugs:
D:25, L:50

He;
CO2

Pressure
transient

1.0e5.6 10; 15; 20 3.7 � 10�15-
3.29 � 10�14

n/a n/a N n/a n/a Containing both natural and
artificial fractures under
nonpropped and propped
conditions

Zhou et al.
[30]

2016 Outcrop of the lower Silurian
Longmaxi formation
Changning region, Sichuan
Basin, China

Plugs:
D:10, L:20

N2; He Steady
state

2e9 10 1.4 � 10�17-
7.2 � 10�17

35 n/a N n/a n/a Fractured by supercritical
carbon dioxide

Zhu et al.
[49]

2016 Longmaxi Formation,
southern China

Plugs:
D:25, L:50

N2 Steady
state

0.1e2 3 1.13 � 10�17-
2.958 � 10�16

n/a 30min Y n/a n/a /

Li et al. [43] 2017 Green River Shale, America Plugs:
D:25.4,
L:50.8

CH4;
CO2;
N2; He

Pressure
transient

2e12 20 1.4 � 10�16-
5.4 � 10�15

21 n/a N n/a n/a Split cylindrical specimens
sandwich a proppant bead-
pack

Fink et al.
[25]

2017 Haynesville formation
(HaF); Upper Jurassic Bossier
(BoM)

Plugs:
D:38.0

He, Ar,
N2,
CH4,
C2H6

Steady
state;
pressure
transient

0.15e16 for
the HaF and
0.15e12 for
the BoM

8 to 20 for
the HaF;
8 to 12 for
the BoM

1 � 10�15-3 � 10�15

for the HaF;
1.5 � 10�19-
7.0 � 10�19 for the
BoM

25 At least one
week

Y n/a 0.04e0.17 for
the HaF and
0.14e0.71 for
the BoM.

Haynesville sample plug was
fractured; Bossier shale plug
(BoM) was unfractured

Shen et al.
[50]

2018 Barnett Shale; Eagle Ford
Shale, America

Plugs:
D:38.1,
L:76.2

CH4 Pressure
transient

5.08e12.01 15 1.796 � 10�19-
5.658 � 10�19

n/a n/a Y n/a n/a /

“Equilibrium time” represents the time interval between two consecutive permeability measurements.
“Y/N” in “slippage effect” represents whether the slippage effect was used for the explanation of shale permeability evolution. Y is yes and N is not.
“re” represents the radius of the mean effective flow that was explained through the Klinkenberg's model.
“bk” represents the gas slippage factor that was explained through the Klinkenberg's model.
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Fig. 1. Distributions of shale experimental permeability ratios from CCP tests.
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permeability evolution is not solely controlled by the external
boundary conditions.

2.2. Review of constant effective stress test data

In this section, we assemble the experimental permeability data
from the reported CES tests. In these experiments, the effective
stress was maintained when the difference between the confining
pressure and the pore pressure was kept constant for an assumed
Biot's effective stress coefficient of unity. All permeabilities were
evaluated under the similar assumption that pressures are equal-
ized in both matrix and fracture.

For the CES data, we use the same method of data analysis
(permeability ratio, k/k0) as for the CCP tests. The resulting exper-
imental measurements of the permeability ratio (k/k0) are shown
relative to gas overpressure but for constant effective stress in
Fig. 2. Sources for the data are shown in Table 2.
Fig. 2. Distribution of shale experimenta

4

Nearly all the permeability ratios in the CES tests are greater
than zero but less than 1, as shown in Fig. 2. Similar to CCP tests,
these experimental data represent a wide range of permeability
measurements with different gases, including CO2, CH4, N2, He, and
Ar. The injection pressures varied from 0.1 to 27.6 MPa, whereas the
effective stresses varied between 1.95 and 34.5 MPa within upper
(red line) and lower (blue line) bounds. Most permeability ratios
decrease readily with applied gas pressure for strongly adsorbing
gases (CO2 and CH4) relative toweakly adsorbing gases (e.g. N2) and
then non-adsorbing gases (Ar and He), as shown in Fig. 2(a). This
shows that, the permeability decreases more rapidly with an in-
crease in pressure when the adsorption capacity of the injected gas
is stronger. For the weakly adsorbing gas (N2) and non-adsorbing
gases (Ar and He), the rate of decrease in permeability ratio with
an increase in pore pressure is spread over a wide range of
permeability ratios. These observations suggest that permeability
change may be related to the absorptivity of the injected gas but do
l permeability ratios from CES tests.



Table 2
Experimental details for CES tests.

Authors Year Origin Sample
size (mm)

Gas Method Pore
pressure
(MPa)

Effective
stress
(MPa)

Permeability
(m2)

Temp.
(�C)

Equilibrium
time

Slippage
effect

re bk (MPa) Note

Cui et al. [61] 2010 Western Canadian
Sedimentary Basin

n/a He Pressure
transient

0.2e0.5 n/a 8.7 � 10�19-
4.46 � 10�18

n/a n/a Y n/a 0.94e1.67 /

Letham [52] 2011 Horseshoe Canyon
Formation, south
central Alberta

Plugs: D:
29, L: 30

CH4;
He

Pressure
transient

1e8 n/a 3.8 � 10�19-
9.8 � 10�19

n/a n/a Y n/a n/a /

Aljamaan et al. [55] 2013 Barnett; Eagle Ford,
America

Plugs:
D:25, L:51

He;
CO2;
CH4;
N2

Pressure
transient

0.56
e5.7;
1.00
e4.96

2.3; 3.45,
6.90,
13.79

5.3 � 10�18-
4.14 � 10�17

n/a n/a Y n/a 0.84, 6.10, 10.27 for
Barnett shale; 1.05, 1.86,
2.24 for Eagle Ford shale

The Eagle Ford sample has a
calcite filled fracture

Alnoaimi and
Kovscek [56]

2013 Eagle Ford shale,
America

Plugs:
D:25, L:46

CH4;
CO2;
He

Pressure
transient

0.5e5.0 3.4 1.26 � 10�17-
3.80 � 10�17

21.5 n/a Y 108.28 nm 1.43 for He, 1.40 for CH4,
0.41 for CO2

The sample has a clear
calcite filled fracture that
propagates in width and
length

Firouzi et al. [60] 2014 Eagle Ford, America n/a He Pressure
transient

1.57
e2.92

3.45 4.5 � 10�14-
5.1 � 10�14

25 n/a Y 324.4 nm 0.48 A clear calcite filled fracture
along the length of the core

Heller et al. [63] 2014 Barnett, Eagle Ford, and
Marcellus, America;
Montney, Canada

Plugs:
L:6.9
e38.1

He Steady
state;
Pressure
transient

1.72
e27.59

6.9e27.6 5.0 � 10�21-
1.4 � 10�17

45 24 h Y From tens of
nanometers in
most samples
to 100e200 nm

1.35e12.49 The calcite streaks and crack
are observed in three
samples

Zamirian et al. [54] 2014 Marcellus Shale Plugs:
D:25.4

N2;
He

Steady
state

n/a n/a 1.26 � 10�19-
8.50 � 10�19

n/a n/a Y n/a 9.4, 35.78 /

Jin et al. [53] 2015 North America Plugs:
D:25.17
e25.36,
L:7.21
e21.20

N2;
Ar

Pressure
transient

4e9 2 1.825 � 10�20-
2.187 � 10�17

22 n/a Y n/a n/a Plugs drilled parallel and
perpendicular to bedding

Letham and Bustin
[66]

2016 Upper Cretaceous Eagle
Ford Formation, Texas,
America

Plugs:
D:30, L:30

He Pressure
transient

1.72
e6.89

6.89,
20.68,
34.47

3.07 � 10�21-
5.12 � 10�17

n/a n/a Y 10e2059 0.08e16.44 /

Letham and Bustin
[67]

2016 Montney Formation,
Canada

Plug:
D:30, L:30

He Pressure
transient

1.7e17.2 6.9, 20.7,
34.5,
48.3

2 � 10�16-
1.6 � 10�15

n/a n/a Y n/a 1.6e2.6 /

Moghaddam and
Jamiolahmady
[58]

2016 Eagle ford, Pierre and
Barnett, America

Plugs:
D:38.1,
L:46.1,
25.4, 25.5

N2 Steady
state;
Pressure
transient

1.7e20.7 3.45; 6.9;
13.8;
20.7

2 � 10�17-
4.3 � 10�16

60 n/a Y 38-54, 16e29.1,
9e11.25 nm

2.11, 4.07, 9.01 Gas pressure decrease

Moghadam and
Chalaturnyk [62]

2016 Clearwater Formation,
Alberta, Canada;
Montney formation,

Plugs:
D:63.5,
L:40;
Plugs:

N2;
CH4

Steady
state

0.4e5.0;
2.0e8.0

2; 10, 20 2.8 � 10�18-
1.2 � 10�17;
2.5 � 10�19-
2.0 � 10�18

25 24 h Y n/a 8.42 for Clearwater
sample; 10,710 for
Montney 10D sample;

Hairline cracks were
noticed on sample surfaces,
and none of these seemed to
go through the samples

(continued on next page)
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not reveal a fundamental change of mechanism. The distributions
of the shale permeability ratios for individual CES tests have been
shown in Fig. 2(b). Similar to the conditions for CCP measurements,
the evolution of permeability for an individual experiment displays
a variety of curves from simple to complex shapes for CES test.
These observations suggest the same as for CCP that the perme-
ability evolution is not solely controlled by the external boundary
conditions but by intrinsic features of the sample and gas system.

3. Theoretical basis of permeability data analysis

In this section we have developed a generic permeability evo-
lution model for shale. Based on the microstructural characteristics
of shale, the permeability model is applied to delineate the
boundaries of the permeability ratios as apparent in the experi-
mental data.

3.1. Generic permeability model

The development of nanopores in shale is crucially important
for gas transport. The slippage effect is believed to be one of the
most important controls on the evolution of shale permeability
[60,62,63,68,87]. To quantify slippage effect, a linear correlation
between the apparent gas permeability (ka) and the reciprocal of
mean gas pressure (p), was proposed by Klinkenberg [68], as:

ka ¼ k∞

�
1þ b

p

�
(1)

where k∞ is the intrinsic permeability, p is the pore pressure, b is
the gas slippage factor and is further defined as [68]:

b¼4clp
re

(2)

where c is a proportionality factor, l is the mean free path of the
gas, and re is the average pore radius. The mean free path is defined
as [88]:

l¼ kBTffiffiffi
2

p
pd2p

(3)

where kB is the Boltzmann constant, T is the gas temperature, and
dis the diameter of the gas molecule. Substituting Eqs. (2) and (3).
into Eq. (1), permeability is defined as:

ka ¼ k∞

 
1þ2

ffiffiffi
2

p
ckBT

pd2pre

!
(4)

In Klinkenberg's model, the intrinsic permeability k∞ treated as
a constant is not correlated with the stress boundary. However, the
intrinsic permeability is strongly influenced by the stress condition.
The intrinsic permeability k∞ changes as a function of effective
stress, therefore, the intrinsic permeability does not remain con-
stant during the injection/depletion of shale gas extraction [42,72].
To investigate the effective stress effect, we consider absolute
permeability as the intrinsic permeability. According to effective
strain-based absolute permeability models [89,90], the intrinsic
permeability ratio can be defined as:

k∞
k∞0

¼
�
1þ a

40
Dεe

�3

(5)

where 40 and k∞0 are the initial porosity and intrinsic permeability
of the sample respectively at the initial effective stress Dse0, Dse0 ¼
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Ds0 � ap0, p0 is the initial pore pressure with s0 as the initial
confining pressure, Dεeis defined as the total effective volumetric
strain increment and a is Biot's effective stress coefficient.

Substituting Eq. (5) into Eq. (4), the apparent permeability
model for shale is defined as:

ka ¼ k∞0

�
1þ a

40
Dεe

�3
 
1þ2

ffiffiffi
2

p
ckBT

pd2pre

!
(6)

Stress-controlled boundary conditions are widely used for
triaxial or hydrostatic tests. When the response is controlled by
stress alone, no additional force or associated strain develops
within the shale [90]. The total effective volumetric strain is defined
as:

Dεe ¼ � Ds� Dp
K

(7)

where K is the bulk modulus of the shale sample and s is the mean
confining stress. Then Eq. (6) can be simplified to:

ka ¼ k∞0

�
1þ a

40

Dp� Ds
K

�3

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A�Effective stress

 
1þ 2

ffiffiffi
2

p
ckBT

pd2pre

!
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

B�Slippage effect

(8)

This model shows that both terms “A-Effective stress” and “B-
Slippage effect” can influence the evolution of shale apparent
permeability.
Table 3
Input parameters for mean free path calculation.

Parameter Size

Boltzmann constant, Bk 1.38e-23 J/K
Temperature, T 303.15 K
The diameter of the gas particle (CH4),d 0.38 nm
Proportionality factor, c 1
3.2. Role of shale microstructure

Shale is a typical dual porosity/permeability system containing a
porous matrix surrounded by fractures [91e94], as shown in Fig. 3.
The “overall” permeability of the structured shale (k) is a combi-
nation of matrix permeability and fracture permeability, as:

k¼ f
�
km; kf

�
(9)

where km is matrix permeability and kf is fracture permeability.
The Knudsen number is a dimensionless number reflecting the

rarefication of gas molecules and is generally used to distinguish
flow regimes for gas transport [62,91], as shown in Fig. 3. The
Knudsen number (Kn) is defined as the ratio of the mean free path
of gas molecules (a measure of the distance between molecules) to
pore size:
Fig. 3. Schematic representation of impacts of shale structure
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Kn ¼ l

2re
(10)

As shown in Fig. 5, the mean free path spans a broad range from
0.2 nm to 13.5 nm under different pore pressures for different kinds
of gases (see input parameters for this calculation in Table 3). The
mean free path decreases significantly as pore pressure is
increased. So, the Knudsen number ranges from 0.001 to 0.1 [95,96]
within the slip flow region, as shown in Fig. 4:

10kBTffiffiffi
2

p
pd2p

¼ l

0:1
� 2re � l

0:001
¼ 1000kBTffiffiffi

2
p

pd2p
(11)

The pore pressures range from 1 to 35 MPa, then for different
gases, the distributions of the pore diameters (2re) subject to the
slip effect are shown in Fig. 5. Thus, there is no slip-effect for flow
paths greater than the micrometer-scale.

The largest pore diameters (2re) subject to slippage flow are in
the range of 6.3e13.5 mm. Thus, the slippage effect needs only to be
considered if the radius of the effective flow path is less than 5 mm
(initial pore pressure of 1.0 MPa). Therefore, we cannot use
apparent permeability theory to explain the flow in shales with
effective pore radii larger than 5 mm (initial pore pressure of 1MPa).
3.2.1. Shale with well-developed macro fractures
It is assumed that Darcy's flow occurs in the fracture system, and

the gas diffuses between matrix and fracture, is controlled by the
diffusion coefficient and characteristic length scale of the matrix
[97,98]. When the permeability of the fracture system is much
larger than that of the matrix system, the slippage effect in the
matrix exerts little influence on permeability change in the fracture
system. Thus, the bulk permeability of shale is a critical function of
its fracture system [99e103]. Under this assumed condition, the
permeability measured in experiments can be treated as the frac-
ture permeability. Therefore, the influence of the slippage effect (B-
Slippage effect) can be eliminated from Eq. (8). Then, according to
Eq. (8), permeability for shale with well-developed fractures can be
expressed as:
on the gas flow process during gas injection [91,93,94].



Fig. 4. Flow regimes based on Knudsen number [62,91].

Fig. 5. Distribution of mean free path and maximum pore diameters with slippage
under the influence of pore pressure.
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k¼ f
�
km; kf

�
z kf ¼ k∞ ¼ k∞0

 
1þ a

4f0

Dp� Ds
K

!3

(12)

When the mean confining pressure remains unchanged (CCP), D
s ¼ 0, Equation. (12) is simplified to:

k
k0

¼ k∞
k∞0

¼
 
1þ a

4f0

�Dp
K

�!3

(13)

When the effective stress remains unchanged (CES), Ds� Dp ¼
0, Equation. (12) is simplified to:

k
k0

¼ k∞
k∞0

¼
 
1þ a

4f0

�
0
K

�!3

¼1 (14)

3.2.2. Shale with partially-developed macro-fractures
When the shale is devoid of macro-fractures, we consider the

entire shale sample as a matrix systemwith the interior flow paths
resulting from a connected system of micro-cracks and pores
(micrometer to nanometer-scale in diameter). In this case, we
consider the shale as a porous system. The permeability evolution
of the shale can be influenced now by the both terms representing
“A-Effective stress” and “B-Slippage effect” in Eq. (8). Therefore, the
shale permeability can be expressed as:

k¼f
�
km;kf

�
zkmzka¼k∞0

�
1þ a

4m0

Dp�Ds
K

�3
 
1þ2

ffiffiffi
2

p
ckBT

pd2pre

!

(15)
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When the confining pressure remains unchanged (CCP), Ds¼ 0,
and Eq. (15) is simplified to:

k
k0

¼ ka
ka0

¼

�
1þ a

4m0

Dp
K

�3
 
1þ 2

ffiffiffi
2

p
ckBT

pd
2pre

!

1þ 2
ffiffiffi
2

p
ckBT

pd
2p0re

(16)

When the effective stress remains unchanged (CES), Ds� Dp ¼
0, and Eq. (15) is simplified to:

k
k0

¼ ka
ka0

¼
1þ 2

ffiffiffi
2

p
ckBT

pd
2pre

1þ 2
ffiffiffi
2

p
ckBT

pd
2p0re

(17)

3.3. Delineation of permeability regime boundaries under CCP
conditions

Equation.(13) can be used to calculate the intrinsic permeability
ratios, k∞=k∞0, for shale with well-developed macro-fractures
(fractured shale) under CCP conditions, and the Eq. (16) to calculate
the apparent permeability ratio, ka=ka0, for shale with less-
developed fractures (shale matrix). These results are shown in
Fig. 6. The input parameters for the calculations are reported in
Table 3.

The permeability ratios are confined between upper and lower
bounds, as shown in Fig. 6. The upper bound represents the
behavior of shale with well-developed fractures, as defined by Eq.
(13), whereas the lower bound represents behavior without natural
fractures, as defined by Eq. (16). In this illustration (Fig. 6), we use a
smaller porosity and bulk modulus to represent the shale with
well-developed fractures:4f0 ¼ 0:01 and K ¼ 2:7GPa. These mag-
nitudes are substituted into Eq. (13) to show the permeability up-
per bound. The transition from upper to lower bound corresponds
to the magnitude of pore size from macroscale to nanoscale. When
the mean effective flow path is sufficiently large, the slippage effect
can be neglected. We assume this situation as the demarcation
between flow regimes. For illustration, we assume 4m0 ¼ 0:05 and
K ¼ 27GPa as demarcation, and use Eq. (13) to define this critical
boundary (red short dash-dotted line in Fig. 6). Below this demar-
cation line, the slippage effect becomes more significant as the pore
size decreases whereas the effective stress effect becomes less
significant. For intact shalewithout fractures, the permeability ratio
corresponds to the lower bound of permeability ratios. The lower
bounds are dependent on the magnitudes of matrix pore sizes, as
shown in Fig. 6. For example, re ¼ 0:5mm and re ¼ 50nm correspond
to two lower bounds.

In the upper zone, the bulkmodulus (K) of the shale samplewith
less-developed macro-fractures is much larger than that of the
fractured shales [104,105]. It is assumed that



Fig. 6. Example analytical solutions for permeability ratios under CCP conditions.
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4f0 ¼ 0:01; K ¼ 2:7GPa for the shale samples with well-developed
macro fractures (fractured shale) represent the upper bound. From
the demarcation line (without SE - unfractured shale) representing
the upper bound (without SE - fractured shale) the evolution of
shale permeability is influenced by the decrease in the bulk
modulus (K) of the shale sample. The permeability of sample in-
creases directly with an increase in pore pressure without the in-
fluence of the slippage effect under this condition. The behaviors of
“real” shales are typically distributed between these lower and
upper bounds, representing typical dual/multiple porous systems.
Thus, their behaviors are highly dependent on the multiple in-
teractions between pore systems.
Fig. 7. Example of analytical solutions for evolution
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3.4. Delineation of permeability boundaries under CES conditions

Equations.(14) and (17) can also be used to calculate perme-
ability ratios under constant effective stress (CES) conditions. The
input parameters for the calculation are defined in Table 3. The
range for this variation in permeability ratio corresponds to the
magnitude of the mean effective flow path shown in Fig. 7. In these
calculations, the bulk modulus (K) of the shale exerts no influence
on shale permeability because the effective stress is maintained
constant.

The permeability ratios have been remained less than unity
(upper bound) under CES conditions, as shown in Fig. 7 (solid red
curve). This represents the case of shale with well-developed
of permeability ratios under CES conditions.
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macro-fractures, and under this condition, the slippage effect can
be ignored. As the mean effective flow path decreases, the role of
slippage effect increases. At nanometer-scale, the slippage effect
dominates response and delineates the lower bound to the
permeability ratios as shown by the solid blue line in Fig. 7. This line
is dependent on the magnitude of the effective flow path given by
Eq. (17). The magnitude of the mean effective flow path changes to
0:5mm, then the lower bound moves to the dotted line.

When pore pressures increase to 7 MPa (p0 ¼ 0.2 MPa) the
permeability ratio has been reduced by fully 98% of the overall total
decline. Thus, the slippage effect contributes a significant decrease
in shale permeability for the modest increases in pore pressure, but
this only occurs in the low pore pressure regime. Thus the influence
of the gas slippage effect on shale permeability need only be
considered at low gas pressures (<7 MPa) [67].
Fig. 8. Comparison between theoretical solutions and experimental observation.
4. Analysis of experimental permeability data

The broad array of experimental data collected from CCP and
CES tests have been compared with these theoretically-delineated
regimes of permeability evolution. This comparison allows signifi-
cant mechanism-based insights to elucidate the role of shale
microstructure on the evolution of permeability.

The comparisons between theoretical solutions and experi-
mental observations under CCP conditions are shown in Fig. 8 (a).
We assume that 4f0 ¼ 0:01, K ¼ 2:7GPa, then according to Eq. (13),
the upper bound to the permeability evolution data can be defined.
The collected experimental results of the previous studies [30,43]
also show that the permeability data from the fractured shale
samples are also distributed near this boundary. On the other side,
if we assume that 4m0 ¼ 0:05, K ¼ 27GPa, p0 ¼ 0:2MPa, re ¼
60nm, then according to Eq. (16), the lower bound to the perme-
ability evolution data can be demarcated as well. Fig. 8 (b) shows
the comparison of the permeability evoloution data under CES
conditions.

As apparent in Fig. 8(a) and (b), all permeability data are indeed
confined within the regime boundaries defined by our analyses.
This outcome suggests that the actual shales used in these exper-
iments are transitional between cases with well-developed macro-
fractures and intact shale absent macro-fractures. Therefore, when
we analyze the data and their distribution, we must treat all shale
samples as the representative of multiple porosity systems. For
shales with multi-scale pore systems, the interactions among
multiple processes triggered by gas injection/depletion exert a
dominant impact on the distribution of shale permeability evolu-
tion ratios.

For example, the distribution of permeability ratios is strongly
related to gas compositionin both CCP and CES tests (Fig. 8).
Permeability ratios decrease more rapidly with the increase in
pressure for strongly adsorbing gases (CO2 and CH4) than for
weakly adsorbing gases (N2) and non-adsorbing gases (Ar and He).
The theoretical solutions are derived for the ultimate equilibrium
condition, i.e., pressures in both matrix and fracture are equal. All
permeability measurements were also conducted under the same
assumption. If all such assumptions are true, then the given results
should be similar. However, any discrepancies suggest that the
shale samples have not yet reached pressure equilibrium during the
test. This phenomenon has been observed in recent laboratory
experiments [103,106,107] and numerical models [23,73,76,80].
According to these latest studies, the evolution of permeability
under the influence of interaction between matrix and fractures
can be divided into three distinct stages [82,107,108] as successive
stages of permeability decrease, then rebound and followed by
ultimate stabilization. The stage of permeability decrease occurs
10
immediately after gas injection when the gas has rapidly invaded
the fracture due to its relatively high permeability and begins to
diffuse into the fracture wall. Under this condition, the matrix near
the fracture swells, causing the fracture to narrow and this results
in the permeability decrease. The next stage is rebound (perme-
ability increase). As gas diffusion into thematrix at the fracturewall
continues, the swelling zone widens and the fracture reopens -
leading to permeability rebound. During final stabilization, a new
equilibrium state between the fracture and the matrix is attained,
and the permeability remains unchanged. These stages represent
the evolution of shale permeability from initial to ultimate equi-
librium. The regime behaviors discussed in this paper represent
that the permeability ratio follows stabilization to the initial
permeability - while the contributing experimental measurements
may represent permeability ratios anywhere in this transition from
initial (unchanged) to ultimate (pressure-stabilized) permeability.

5. Conclusions

This study provides a mechanism-based study of experimental
observations of shale permeability evolution under constraints of
both constant confining pressure (CCP) and constant effective
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stress (CES) conditions. Based on these critical analyses, the
following conclusions can be drawn:

(1) The permeability ratios in the shale permeability tests are
represented by an upper bound that is controlled by the
fracture response, and a lower bound is defined by matrix
behavior. The evolution of shale permeability in upper bound
is controlled primarily by the impact of effective stress in the
fracture network, whereas for the lower bound it is
controlled by both the effective stress effect and the gas
slippage effect in the matrix.

(2) Evolution in permeability within the region intermediate to
these upper and lower bounds is modulated by both the
characteristics of the multiscale pore architecture and
physical processes acting across different scales. All evolu-
tions of permeability ratios with gas pressure display a va-
riety of curves, from simple to complex, but all are limited to
being within the region.

(3) A first order analysis of permeability changes within the re-
gion concludes that the relative importance of effective
stress and slippage effects is regulated by the multiscale
structural characteristics of the pore architecture and the
interactions of multiple processes across different scales.

(4) This review of outcomes, as presented, suggests that the
factors, including effective stress, gas sorption and slippage
can be separated through current CCP and CES tests only for
idealized shales. For shale samples with well-developed
fractures, the shale behaviors are dominated by the frac-
ture behavior. This defines the upper bound. On the other
side, for shale samples without fractures, the shale behaviors
are dominated by the matrix behavior. This defines the lower
bound. For actual shales, their behaviors are regulated by
their internal multiscale pore structural characteristics and
the interactions of multiple processes across different scales.
Thus, internal dependencies of effective stress, gas sorption
and slippage cannot be fully understood through the nature
of the external boundary conditions (CCP and CES), alone, but
require high-level knowledge of sample structure and pro-
cess interactions. This situation is exacerbated by the
observation that these interactions endure for an extended
period e possibly lasting years e complicating the inter-
pretation of laboratory experiments and prediction of field
behavior.

(5) The long-lasting nature of process interactions within shale
samples is believed as the true reason why current experi-
mental measurements of shale permeability are not consis-
tent with predictions of commonly-used permeability
models. Based on this reason, the nature of permeability time
dependencies on the internal process interactions must be
reflected in any future experimental and modeling research.
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