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A B S T R A C T

At present, two types of experiments under stress-controlled conditions were normally conducted to measure
coal permeability: constant confining pressure (CCP) tests and constant effective stress (CES) ones. The original
rationale of this situation was to assume that the impacts of effective stresses and gas sorption-induced matrix
swelling/shrinking on coal permeability could be separated and investigated individually. In this study, we
collected coal permeability data measured under both conditions with a purpose to see if this original rationale
was appropriate. This goal was achieved through collection of experimental permeability data under the CCP
conditions; collection of experimental permeability data under the CES conditions; and comparison of those
experimental data with solutions of the poroelastic theory. For CCP tests, the permeability ratios change from
reductions (less than 1.0) to enhancements (greater than 1). These changes are bounded by an upper envelope
and a lower one. The upper envelope is corresponding to the solution of free-swelling while the lower one zero-
swelling. For CES tests, the permeability ratios also change within an upper envelope and a lower one. The upper
envelope is equal to 1.0 corresponding to the solution of free-swelling while the lower one zero-swelling.
Through these comparisons, we found that permeability data for both types of tests are confined within the
poroelastic solutions for two extreme boundary conditions: free-swelling and zero-swelling. These findings
suggest that permeability ratios for both constant confining tests and constant effective stress tests are primarily
determined by the matrix-fracture interactions, including sorption-induced swelling/shrinking, through tran-
sient effective stresses in matrixes and fractures.

1. Introduction

Coal permeability experiments can be divided into displacement
controlled ones and stress controlled ones. For displacement-controlled
experiments, uniaxial strain experiments are normally used to study the
evolution of coal permeability. Many permeability models under uni-
axial strain conditions were derived,1–6 and the most widely used is
proposed by Palmer and Mansoori,3 some scholars have further proved
it 7,8. Although these permeability models are under uniaxial strain
conditions but only a few of experiments are under these conditions.9–11

As for the stress controlled condition experiments, two types of
experiments are normally conducted to investigate the impact of coal
deformation on the evolution of coal permeability. One is to keep the
total stress as constant while the other is to keep the effective stress as
constant. When the total stress is constant, the effective stress decreases

as the gas pressure increases. Under this condition, the effective stress is
believed to be the important reason for the evolution of coal perme-
ability. When the effective stress is constant (this can be achieved
through keeping the increment of total stress the same as that of gas
pressure), the effective stress impact is eliminated. Under this condi-
tion, the gas sorption is believed to be the important reason for the
evolution of coal permeability. These two hypotheses have been
guiding the experimental research of coal permeability for decades.

The primary goal of CCP tests is to measure the influence of effective
stress and associated processes on the evolution of coal permeability.
For examples, CCP tests were used to investigate the impact of effective
stress and the combined adsorption/desorption effect on the evolution
of permeability;10,12–22 to simulate the change of permeability in CO2-
ECBM process;23,24 to investigate the temperature effect on perme-
ability;25,26 to study the influence of fracture geometry and water-
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content on permeability;27,28 to study the influence of cleat volume
compressibility on permeability;16 to study the influence of slippage
effect29 on permeability;16–18 to study the permeability evolution of
propped artificial fractures in coal on injection of CO2,30 and study the
dynamic permeability in the process of gas injection/depletion.31–33

These examples illustrate the importance of CCP tests in a broad
spectrum of applications. In all of these studies of gas injection condi-
tion, coal permeability data can be classified as three categories: per-
meability increases directly with the increasing of injection pres-
sure;12–15,23,25,27,30 permeability decreases initially with the increasing
of injection pressure, and then rebounds;14,27,30 and permeability de-
creases with the increasing of injection pressure and nearly show no
rebound.16,17 In all of these studies of gas depletion condition, coal
permeability data can also be classified as three categories: perme-
ability decreases directly with the decreasing of pore pressure;10,13,34

permeability decreases initially with the decreasing of pore pressure,
and then rebounds lower than the initial permeability;10,12 permeability
decreases initially with the decreasing of pore pressure, and then re-
bounds larger than the initial permeability.12,13,18,35

The primary goal of CES tests is to measure the influence of gas
adsorption/desorption on the evolution of coal permeability and the
associated processes. For examples, the CES tests were conducted to
investigate the impact of gas adsorption/desorption on the evolution of
permeability.2,36–47 Some previous studies use CES tests to study the
influence of the size of effect stress on permeability.2,38,40 The CES tests
were also used to investigate the effect of slippage effect on perme-
ability,36,38–40 and the sensitivity of permeability to pore pressure.48

Different from the CCP tests all of the permeability data from the CES
tests decrease with the increasing of pore pressure, but the declining
rate is different.

A number of permeability models were developed to explain the
experimental observations and have been reviewed.1,3,5,8,15,49–53 In our
previous work,54 we concluded that these models can’t explain the re-
sults from stress-controlled laboratory tests (CCP tests and CES tests).
Both the hypotheses and permeability models are based on the theory of
single poroelasticity but applied to explain the experimental data for a
typical dual porosity and dual permeability system. These experiments
were conducted under the triaxial conditions, while most permeability
models were developed under specific conditions such as uniaxial
strains. The experimental observations cannot be explained unless these
inconsistencies are resolved.

When a dual porosity system such as coal is assumed as the single
poroelastic medium, we hypothesize that the gas pressures between the
fracture and matrix has reached equilibrium. This is why we have to
measure the coal permeability at the equilibrium state when we use the
theory of single poroelasticity. This could take from a few days36 to a few
weeks.16 When the gas sorption was included, the time from the initial
state to the final equilibrium state might take much longer from a few
months to years.23,34. When coal is assumed as a dual porosity system, we
hypothesize that the gas pressures between the fracture and matrix reach
equilibrium gradually. We assume that the matrix pressure changes as a
function of time. We do not consider the pressure gradient in the matrix
for permeability models. These assumptions were implemented in the
theoretical analysis of permeability evolution but we still measure the
permeability at the equilibrium state.55 Because we measure the perme-
ability only at the equilibrium state, the impact of interactions between
matrix and fracture has been excluded and the permeability data can be
explained by using the theory of single poroelasticity.

In this study, we hypothesize that if the experimental observations
are the permeability at the equilibrium state, the permeability data
should be consistent with the theory of single poroelasticity. We test
this hypothesis through collecting all of permeability data at the equi-
librium state available in the literature, comparing them with the the-
oretical solutions of single poroelasticity, and conducting a mechanistic
analysis of these comparisons. These results and findings are reported in
the following sections.

2. Experimental permeability under constant confining pressure

2.1. Data collection

In this section, we collected the experimental permeability data
under the condition of constant confining pressure. In these experi-
ments, the confining pressure was maintained as constant (green line)
while the gas pressure (black line) increased/decreased from a lower/
larger value to a larger/lower one, then the effective stress (red line)
decreased/increased gradually with the increasing/decreasing of pore
pressure, as shown in Fig. 1 for gas injection condition. The gray rec-
tangular in the pore pressure line is the time needed to reach the
equilibrium state, and the blue rectangular in the pore pressure line is
the measured stage for each data point (red point) at time tdata-x. Gas
permeability was calculated using the modified Darcy's law for a
compressible gas.56 Permeability was measured either by the steady-
state method or the pressure transient one. For the purpose to study the
impact of coal deformation on the evolution of coal permeability, the
data by using other methods57 are not included.

Steady State Method: The specific implementation mode of steady
state method is shown in Fig. 2(a). The black vertical axis is the pres-
sure value, and the blue vertical axis is the flow rate which only in-
dicates the blue flow rate line. In a typical steady state experiment, the
sample is placed into the triaxial core holder and both confining pres-
sure and axial stresses are applied at a slow rate to establish initial
conditions and are then kept constant (green line). The sample is then
vacuum desaturated to evacuate air from the system. The sample is then
flushed with the fluid to be used to an equilibrium state (light gray
line), as an initial condition that it is considered that the pressure dis-
tribution in sample is evenly balanced (light gray rectangular,

=p pup dn). A pressure increment (Δp) is then applied to the upstream
gas reservoir (light red line and red line) and keeps constant for each
data measurement. The downstream pressure (gray line) is consistent
with the initial condition. The flow rate of the upstream or the down-
stream is measured. The flow rate first increases slowly (light blue line)
and then keep constant (blue line). The measured stage is started at
time ttest, and when the flow rate is stable for enough time the pressure
and flow rate data are available at time tdata (red points). And it is
considered that the pressure distribution in sample is declining linearly
from the upstream to the downstream (gray gradient rectangular,

>p pup dn).
Permeability of the coal sample to gas was calculated according to

the compressible form of Darcy's law,

=
−

k
Q P μL

A P P
2
( )

a a

up dn
2 2

(1)

where k is the permeability (mD), Qa is the volumetric rate of flow at
reference pressure Pa (cm3/s), Pa is the reference pressure (Pa), μ is the
fluid viscosity (cp), L is the core sample length (cm), A is the cross-

Fig. 1. Schematic diagram of the experimental process during gas injection for
CCP tests.
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section area of the core sample (cm2), Pup is the upstream pressure (Pa),
and Pdn is the downstream pressure (Pa).

Pressure Transient Method: The specific implementation mode of
pressure transient method is shown in Fig. 2(b). In a typical pressure
transient experiment, the sample is placed into the triaxial core holder
and both confining pressure and axial stresses are applied at a slow rate
to establish initial conditions and are then kept constant (green line).
The sample-reservoir system is then vacuum desaturated to evacuate air
from the system. The sample is then flushed with the fluid to be used
and, as an initial condition, reservoirs and sample are equilibrated with
a fluid at the same pressure (light gray line). It is considered that the
pressure distribution in sample is evenly balanced at this state (light
gray rectangular, =p pup dn). A pressure increment (Δp) is then applied
to the upstream gas reservoir and discharged through the sample to the
downstream gas reservoir. The time taken for the discharging upstream
reservoir (red line) and the recharging downstream reservoir (blue line)
to reach a new equilibrium pressure (gray line) is measured. It is con-
sidered that at this state the pressure distribution in sample is evenly
balanced too (gray rectangular, =p pup dn). The pressure decay rate re-
corded in the upstream reservoir and the pressure increase rate in the
downstream reservoir are used to evaluate permeability. The decay
characteristics depend on the permeability, on the dimensions of the
sample and reservoirs, and on the physical characteristics of the per-
meating fluid.15,27

The transient method of Brace was widely used to conduct the gas
flow experiments in the low permeability samples. The Brace method
involves observing the decay of a differential pressure between up-
stream and downstream vessels across the sample. This pressure decay
is combined with the vessel volumes in the analysis to relate the flow
through the sample and thus determine the permeability.58 The

pressure decay curve can be modeled as:

−

−
= −

p t p t
p t p t

e
( ) ( )

( ) ( )
up dn

up dn

υt

0 0 (2)

= +υ kA
μβL

V V(1/ 1/ )up dn
(3)

where Pup(t)−Pdn(t) is the pressure difference between the upstream
and downstream reservoirs at time t, (Pa); and (Pup(t0)−Pdn(t0)) is the
initial pressure difference between the upstream and downstream re-
servoirs at time t0, (Pa). υ is the slope of the line when plotting the
pressure decay Pup(t)− Pdn(t) on semi-log paper against time. L is the
core sample length (cm), A is the cross-section area of the core sample
(cm2), μ is the fluid viscosity (cp), β is the compressibility of the gas,
and Vup and Vdn are the volume of the upstream reservoir and down-
stream reservoir respectively, (cm3).

For the case of gas injection, we use the lowest gas pressure in an
experiment as the initial pore pressure. The permeability ratio is de-
fined as the ratio of permeability at the initial pressure to that at the
current one. All experimental permeability ratios under constant con-
fining pressures are shown in Fig. 3 where the details of the data
sources are shown in Table 1. Although they spread over a wide range
of magnitudes, they are within a lower bound and an upper one. These
experimental data represent a wide range of permeability measure-
ments with different gases such as helium, argon, nitrogen, methane
and carbon dioxide. The injection pressure varies from 0.1 to 8.0MPa
while the confining pressure from 3.0 to 40.0 MPa.

For the case of gas depletion, we use the highest gas pressure in an
experiment as the initial gas pressure. The permeability ratio is defined
as the ratio of permeability at the initial pressure to that at the current
one. As shown in Fig. 4, although all experimental permeability ratios
spread over a wide range of magnitudes, they are within a lower bound
and an upper one. The details of the data sources are shown in Table 2.
These experimental data represent a wide range of permeability mea-
surements with different gases such as helium, methane and carbon
dioxide. Most data points are within the zone of permeability ratio less
than 1.0. The pore pressure varies from 0.2 to 6.8MPa while the con-
fining pressure from 3.0 to 13.8MPa.

2.2. Impact of confining pressure magnitude

According to the magnitude of confining pressure, the distribution
of permeability ratios can be divided into three zones from lower
confining pressure to higher ones for the case of gas injection. When the
gas pressure (from 0 to 2MPa) is lower, nearly all high confining
pressure (> 5MPa) data points are below the k/k0 = 1 line. It indicates
that coal permeability decreases for high confining pressures (> 5MPa)
when the gas pressure is lower. When the pore pressure is larger than
2MPa, the permeability data are distributed both in the upper and the

Fig. 2. Schematic diagram of the steady state experimental method and pressure transient experimental method.

Fig. 3. Statistical distribution of coal permeability ratios during gas injection
for CCP tests.

R. Shi et al. International Journal of Rock Mechanics and Mining Sciences 110 (2018) 36–47

38



Ta
bl
e
1

Ex
pe

ri
m
en

ta
l
m
ea
su
re
m
en

t
de

ta
ils

du
ri
ng

ga
s
in
je
ct
io
n
fo
r
C
C
P
te
st
s.

A
ut
ho

rs
Y
ea

r
C
oa

l
ra
nk

O
ri
gi
n

Sa
m
pl
e
si
ze

G
as

M
et
ho

d
Po

re
pr

es
su

re
C
on

fi
ni
ng

pr
es
su

re
Pe

rm
ea

bi
li
ty

Te
m
p.

Eq
ui
li
br

iu
m

Ti
m
e

N
ot
e

H
ar
pa

la
ni

an
d

Zh
ao

19
89

n/
a

Bl
ac
k
W
ar
ri
or

ba
si
n,

A
m
er
ic
a

Pl
ug

s:
D
:3

8.
1
m
m
,

L:
76

.2
m
m

C
H
4
;H

e
St
ea
dy

st
at
e

0.
8–

6.
2
M
Pa

11
.7
2
M
Pa

0.
47

–1
1.
04

μD
n/

a
n/

a
/

H
ar
pa

la
ni

an
d

Sc
hr

au
fn
ag

el
19

90
b

n/
a

Pi
ce
an

ce
ba

si
n,

C
ol
or
ad

o,
A
m
er
ic
a;

Pl
ug

s:
D
:3

8.
1
m
m
,

L:
76

.2
m
m

C
H
4
;H

e
St
ea
dy

st
at
e

1.
65

–6
.1
6
M
Pa

10
.3
;
11

.7
M
Pa

0.
53

–2
.0
4
μD

;
n/

a
n/

a
/

Bl
ac
k
W
ar
ri
or

ba
si
n,

A
m
er
ic
a

1.
42

–6
.7
0
M
Pa

0.
32

–1
.7
8μ

D

R
ob

er
ts
on

an
d

C
hr

is
ti
an

se
n

20
05

H
ig
h-
vo

la
ti
le

bi
tu
m
in
ou

s
co

al
;

Su
bb

it
um

in
ou

s,
lo
w
-

co
nt
am

in
an

t
co

al

G
ils
on

se
am

,B
oo

k
C
liff

s
co

al
fi
el
d,

U
in
ta
-P
ic
ea
nc

e
ba

si
n,

U
ta
h,

A
m
er
ic
a;

Pl
ug

s:
D
:5

0.
8
m
m

N
2
;C

H
4
;

C
O
2

St
ea
dy

st
at
e

0.
48

–5
.5
8
M
Pa

6.
89

5
M
Pa

57
–2

92
m
D
;

26
.7

°C
24

h
w
he

n
ch

an
gi
ng

ga
s

ty
pe

/

A
nd

er
so
n
se
am

,P
ow

de
r

R
iv
er

ba
si
n,

G
ill
et
te
,

W
yo

m
in
g,

A
m
er
ic
a

0.
01

77
–0

.0
85

34
m
D

G
uo

et
al
.

20
07

Su
b-
bi
tu
m
in
ou

s
co

al
M
an

nv
ill
e
G
ro
up

,A
lb
er
ta
,

C
an

ad
a

Pl
ug

s:
D
:3

3.
75

m
m
,

L:
85

.5
m
m

C
O
2

St
ea
dy

st
at
e

2.
2–

5.
6
M
Pa

10
.5

M
Pa

0.
03

–0
.0
5
m
D

23
°C

n/
a

/

Pi
ni

et
al
.

20
09

H
ig
h
vo

la
ti
le

C
bi
tu
m
in
ou

s
co

al
M
on

te
Si
nn

i
co

al
m
in
e
in

th
e
Su

lc
is

C
oa

l
Pr
ov

in
ce
,

Sa
rd
in
ia
,I
ta
ly

Pl
ug

s:
D
:2

5.
4
m
m
,

L:
36

m
m

N
2
;H

e;
C
O
2

Pr
es
su
re

tr
an

si
en

t
0.
48

–7
.7
5
M
Pa

6–
14

M
Pa

0.
05

–1
2.
07

D
45

°C
≥

2
da

ys
/

H
an

et
al
.

20
10

A
nt
hr
ac
it
e
co

al
Y
an

gq
ua

n
co

al
,Q

in
sh
ui

Ba
si
n,

C
hi
na

Pl
ug

s:
D
:2

8.
5
m
m
,

L:
21

.2
m
m

A
r

St
ea
dy

st
at
e

0.
2–

4.
2
M
Pa

10
–4

0
M
Pa

2.
1–

11
02

.0
nD

45
°C

n/
a

Sa
m
pl
es

w
it
h
an

d
w
it
ho

ut
cl
ea
ts

W
an

g
et

al
.

20
11

A
nt
hr
ac
it
e
co

al
N
or
th
um

be
rl
an

d
Ba

si
n,

M
ou

nt
C
ar
m
el
,

Pe
nn

sy
lv
an

ia
,A

m
er
ic
a

Pl
ug

s:
D
:2

5
m
m
,

L:
25

–5
0
m
m

H
e;

C
H
4
;

C
O
2

Pr
es
su
re

tr
an

si
en

t
1.
0–

5.
6
M
Pa

6–
12

M
Pa

0.
67

nD
−

1.
65

m
D

n/
a

n/
a

Fr
ac
tu
re
d
co

al
s

w
it
h
di
ff
er
en

t
fr
ac
tu
re

ge
om

et
ry

an
d

w
at
er
-c
on

te
nt

K
um

ar
et

al
.

20
12

Su
bb

it
um

in
ou

s/
bi
tu
m
in
ou

s
co

al
U
in
ta

ba
si
n,

C
ol
or
ad

o,
A
m
er
ic
a

Pl
ug

s:
D
:2

5
m
m
,L

:
50

m
m

H
e;

C
H
4
;

C
O
2

Pr
es
su
re

tr
an

si
en

t
1.
6–

5.
7
M
Pa

10
M
Pa

0.
01

–6
.6
3
m
D

n/
a

4
h
fo
r
C
H
4
an

d
C
O
2

Sa
m
pl
es

w
it
h

di
ff
er
en

t
m
oi
st
ur
e
le
ve

ls
V
is
ha

l
et

al
.

20
13

Bi
tu
m
in
ou

s
co

al
Jh

ar
ia

co
al
fi
el
d,

In
di
a

Pl
ug

s:
D
:3

9
m
m

C
O
2

St
ea
dy

st
at
e

1.
0–

5.
0
M
Pa

5–
13

M
Pa

0.
04

–3
1.
0
m
D

26
℃

n/
a

/
G
en

st
er
bl
um

et
al
.

20
14

Su
b-
bi
tu
m
in
ou

s
co

al
W
al
lo
n
Su

bg
ro
up

in
Su

ra
t

Ba
si
n,

Q
ue

en
sl
an

d,
A
us
tr
al
ia

Pl
ug

s:
D
:3
8
m
m
,

L:
18

.6
8–

24
.9

m
m

H
e;

A
r

St
ea
dy

st
at
e

0.
11

–0
.5
7
M
Pa

7.
5–

19
.2

M
Pa

0.
59

–4
.9
5
m
D

35
℃

n/
a

/

N
iu

et
al
.

20
14

Li
gn

it
e
co

al
Y
ua

nb
ao

sh
an

ar
ea
,

M
on

go
lia

,C
hi
na

Pl
ug

s:
D
:5
0
m
m
,

L:
10

0
m
m

N
2

St
ea
dy

st
at
e

0.
5–

1.
5
M
Pa

8.
5
M
Pa

13
.8
–3

3.
3
m
D

25
,5

0
℃

15
m
in

/

R
an

at
hu

ng
a

et
al
.

20
14

n/
a

H
az
el
w
oo

d
op

en
cu

t
m
in
e,

G
ip
ps
la
nd

,
A
us
tr
al
ia

Pl
ug

s:
D
:2
5
m
m
,

L:
50

m
m

C
O
2
;N

2
St
ea
dy

st
at
e

5.
0–

8.
0
M
Pa

10
M
Pa

0.
18

–0
.3
5μ

D
25

,4
0
℃

n/
a

/

K
um

ar
et

al
.

20
15

Bi
tu
m
in
ou

s
co

al
;

A
nt
hr
ac
it
e
co

al
Bi
tu
m
in
ou

s
co

al
fr
om

th
e

U
in
ta

Ba
si
n,

C
ol
or
ad

o;
Pl
ug

s:
D
:2

5
m
m
,

L:
50

m
m

H
e;

C
O
2

Pr
es
su
re

tr
an

si
en

t
1.
0–

6.
8
M
Pa

;
1.
0–

5.
5
M
Pa

10
M
Pa

1.
4–

38
.0

m
D
;

20
℃

n/
a

Pr
op

pe
d
ar
ti
fi
ci
al

fr
ac
tu
re
s
in

co
al

A
nt
hr
ac
it
e
fr
om

Pe
nn

sy
lv
an

ia
,A

m
er
ic
a

0.
34

–3
.3

m
D

M
en

g
et

al
.

20
15

n/
a

X
ua

nd
on

g
co

al
m
in
e,

C
hi
na

Pl
ug

s:
D
:5

0
m
m
,

L:
10

0
m
m

H
e;

C
H
4
;

C
O
2

St
ea
dy

st
at
e

0.
3–

2.
0
M
Pa

3.
5
M
Pa

0.
04

7–
0.
83

7μ
D

11
.5

℃
n/

a
/

Q
iu

et
al
.

20
17

Bi
tu
m
in
ou

s
co

al
So

ut
he

as
t
O
rd
os

Ba
si
n,

C
hi
na

Pl
ug

s:
D
:2

5
m
m
,

L:
25

–5
0
m
m

H
e;

C
O
2

St
ea
dy

st
at
e;

Pr
es
su
re

tr
an

si
en

t

1.
3–

4.
3
M
Pa

4,
6
M
Pa

3.
9–

13
.5
μD

n/
a

n/
a

/

W
an

g
et

al
.

20
17

b
A
nt
hr
ac
it
e
co

al
C
ha

ng
C
un

co
al

m
in
e,

C
ha

ng
Zh

i
C
it
y,

Sh
an

X
i

Pr
ov

in
ce
,C

hi
na

Pl
ug

s:
D
:5

0
m
m
,

L:
10

0
m
m

H
e;

C
H
4
;

C
O
2

St
ea
dy

st
at
e

0.
5–

3.
0
M
Pa

4,
8
M
Pa

0.
08

15
–0

.3
42

6
m
D

20
,4

0
℃

0.
06

–1
2.
5
h

/

B
ot
to
m
le
y
et

al
.

20
17

n/
a

W
al
lo
on

C
oa

ls
,S

ur
at

Ba
si
n

C
ub

e:
l=

h=
w
:

40
m
m

H
e

St
ea
dy

st
at
e

0.
2–

1.
5
M
Pa

4
M
Pa

1.
5–

2.
6
m
D

n/
a

n/
a

/

“n
/a
”
re
pr
es
en

ts
th
e
da

ta
is

no
t
av

ai
la
bl
e.

R. Shi et al. International Journal of Rock Mechanics and Mining Sciences 110 (2018) 36–47

39



lower part of the k/k0 = 1 line. When the confining pressure is between
5 and 10MPa, the permeability data are distributed in a wide range.
When the confining pressure is larger than 10MPa, most permeability
date are distributed in the lower zone.

According to the magnitude of confining pressure, the distribution
of permeability ratios can also be divided into different zones for the
case of gas depletion. When the confining pressure is larger than
12MPa, the permeability ratio first slightly decreases with the de-
creasing of pore pressure and then increases sharply with the de-
creasing of pore pressure. When the confining pressure ranges from 9 to
12MPa, the data distribute in the middle part of the graph. The per-
meability ratio firstly decreases with the decreasing of pore pressure
and then increases slowly with the decreasing of pore pressure. When
the confining pressure is lower than 9MPa, the data spread nearly the
entire graph. The permeability ratio firstly decreases with the de-
creasing of pore pressure, then keep slowly decreases or increases
slowly with the decreasing of pore pressure.

2.3. Impact of gas characteristics

According to the characteristics of gas, permeability data distribu-
tion can be divided to two distinct zones. When the injected gas is non-
adsorbing (Ar & He), most permeability ratio data are distributed in the
upper part of the graph. When the injected gas is adsorbing (N2, CH4,
CO2), most permeability ratio data are distributed in the lower part of
the graph.

For the case of gas depletion, permeability data distribution can also
be divided into three zones according to gas characteristics. For per-
meability data of CH4, they are distributed in the upper part of the
graph. The permeability ratio firstly decreases with the decreasing of
pore pressure, then increases slowly with the decreasing of pore pres-
sure. For permeability data of He, permeability data distribute in the
lower part of the graph. The permeability ratio decreases with the de-
creasing of pore pressure and nearly shows no rebound. For perme-
ability data of CO2, only one group of experiment data was tested with
CO2. The permeability ratio first decreases quickly with the decreasing
of pore pressure and then shows an obvious rebound.

3. Experimental permeability under constant effective stress

3.1. Data collection

In this section, we collected the experimental permeability data
under the condition of constant effective stress. In these experiments,
the difference between the confining pressure (green line) and the pore
pressure (black line) was maintained as constant (red line), as shown in
Fig. 5. This was achieved through a same increment/decrement was
applied to both the confining pressure and the pore pressure. The gray
rectangular in the pore pressure line is the equilibrium stage, and the
blue rectangular in the pore pressure line is the measured stage for each
data point (red point) at time tdata−x. Permeability was measured either
by the steady-state method or the pressure transient one.

For one particular experiment, a series of pressure increments/de-
crements was conducted. The gas pressure increases/decreases from the
lowest/highest magnitude to a highest/lowest one. In our review of
these experimental data, we use the permeability ratio of the perme-
ability at the lowest gas pressure to that at a new pressure. The relations
between experimental permeability data and gas pressures under the
constant effective stress are shown in Fig. 6 where the details of the
data sources are shown in Table 3. When the CO2 is in supercritical
phase the permeability will decrease more with injection pressure.59–61

As shown in Fig. 6, nearly all experimental permeability ratios
under constant effective stress are greater than zero but less than unity.
These experimental data represent a wide range of permeability mea-
surements with different gases helium, argon, nitrogen, and carbon

dioxide. The injection pressure varies from 0.1 to 13.4MPa while the
effective stress from 1.0 to 16.0 MPa.

3.2. Impact of effective stress

Permeability ratios spread over all spaces between the no change
line (k/k0 =1) and zero line under the condition of constant effective
stress for different magnitude of effective stress. This indicates that
permeability decreases irrespective of the effective stress magnitudes.

3.3. Impact of gas characteristics

As shown in Fig. 7, most permeability ratios decrease faster for the
strongly adsorbing gas such as CO2 and CH4 (red broken circle) than the
weakly adsorbing gas N2 and non-adsorbing gas Ar & He (green broken
circle). This indicates that the permeability change under constant ef-
fective stress is strongly related to the absorptivity of the injected gas.
The stronger the adsorption capacity of the injected gas, the faster the
permeability decreases.

4. Mechanistic analysis

According to the poroelastic solutions the permeability is a function
of effective strain only. In this section a conceptual model of fracture
permeability under the influence of matrix deformation is introduced,
and applied to analyze the mechanisms of permeability ratio distribu-
tions under different conditions.

4.1. Solutions of single poroelasticity

Coal is a typical dual porosity/permeability system containing
porous matrix surrounded by fractures. In this study the cleat system,
fractures, joints, and faults are uniformly called the fracture system. It is
commonly assumed that Darcy flow is a result of flow in the fracture
system and that the contribution of flow in the coal matrix to Darcy
flow can be neglected.62 Thus the permeability of a coalbed is a func-
tion of its fracture system.63–66 The permeability of fracture system is
much larger than the matrix system. In order to analyze the perme-
ability, we treat the fracture system as pore system and the matrix
system as the solid parts. According to our previous work,67,68 coal
permeability can be defined as

= ⎛

⎝
⎜ + ⎞

⎠
⎟

k
k

α
ϕ

Δε1
f

e
0 0

3

(4)

Fig. 4. Statistical distribution of coal permeability ratios during gas depletion
for CCP tests.
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= − −Δε Δε Δε Δεe v s d (5)

or

= −
−

Δε
Δσ Δp

Ke (6)

where k is the permeability of coal sample, k0 is the initial permeability
of coal sample, α is the Biot coefficient, ϕf 0 is the initial fracture system
porosity, Δεe is the total effective volumetric strain, Δεv is total volu-
metric strain increment, K is the bulk modulus of coal, σ is the mean
confining pressure, p is the injected pore pressure, Δεs is the gas sorp-
tion-induced volumetric strain, Δεd is the gas diffusion-induced volu-
metric strain, that caused by gas diffusion from fracture to matrix in-
duced matrix swelling.

Substituting Eq. (6) into Eq. (4), we obtain

= ⎛

⎝
⎜ + ⎛

⎝
−

− ⎞
⎠

⎞

⎠
⎟

k
k

α
ϕ

Δσ Δp
K

1
f0 0

3

(7)

This model is derived based on the fundamental principles of por-
oelasticity with the following assumptions [67]: coal is a homogeneous,
isotropic and elastic continuum; strains are much smaller than the
length scale; gas contained within the pores is ideal, and its viscosity is
constant under isothermal conditions; the rate of gas flow through the
coal is defined by Darcy's law; conditions are isothermal, coal is satu-
rated by gas.

When the mean confining pressure remains unchanged, =Δσ 0, we
obtain

= ⎛

⎝
⎜ + ⎛

⎝
⎞
⎠

⎞

⎠
⎟

k
k

α
ϕ

Δp
K

1
f0 0

3

(8)

When the effective stress remains unchanged, − =Δσ Δp 0, we
obtain

= ⎛

⎝
⎜ + ⎛

⎝
⎞
⎠

⎞

⎠
⎟ =k

k
α

ϕ K
1 0 1

f0 0

3

(9)

According to Eqs. (8) and (9), if we assume case A
= =ϕ K MPa0.001 2700f 0 (high coal rank) or case B
= =ϕ K MPa0.01 270f 0 (low coal rank) then we can get the theore-

tical solution of the two different types of the stress-controlled experi-
ments, constant confining pressure (CCP) tests and constant effective
stress (CES) tests, as shown in Fig. 8.

4.2. Comparison with experimental data

According to the solutions of single poroelasticity as illustrated in
Fig. 8, coal permeability increases monotonically during the injection
for constant confining pressure tests, remains unchanged with the gas
pressure for constant effective stress tests, and decreases monotonically
during the depletion. These solutions are derived on the equilibrium
condition when pressures in both matrix and fracture are equalized. All
permeability measurements were also conducted under the same
equilibrium assumption. Our hypothesis is that experimental data
should match with the analytical solutions if this equilibrium assump-
tion was valid for both the analytical solutions and the experimental
measurements. In the following, we check this hypothesis by comparing
these solutions with experimental data as presented above.

4.2.1. CCP tests for gas injection
As shown in Fig. 3, coal permeability ratios change within a wide

range from significant reduction (the ratio is less than 1) to enhance-
ment (the ratio is larger than 1). When the equilibrium condition is met,
the whole coal sample swells and so does each component. This re-
presents the maximum enhancement of permeability for each gas
pressure. Therefore, the analytical solution is the upper envelop of the
permeability distribution. The fact that all permeability data is below
this line suggests that permeability measurements were conducted
under the non-equilibrium condition.

4.2.2. CCP tests for gas depletion
As shown in Fig. 4, coal permeability ratios change also within a

wide range from significant reduction (the ratio is less than 1) to en-
hancement (the ratio is larger than 1). When the equilibrium condition
is met, the whole coal sample shrinks and so does each component. This
represents the maximum reduction of permeability for each gas pres-
sure. Therefore, the analytical solution is the lower envelop of the
permeability distribution. The fact that all permeability data is above
this line suggests that permeability measurements were conducted also
under the non-equilibrium condition.

4.2.3. CES tests
As shown in Figs. 6–7, coal permeability ratios change within a wide

range from significant reduction (the ratio is less than 1) to no-change
(the ratio is equal to 1). When the equilibrium condition is met, the
whole coal sample remains unchanged. This represents the maximum
change of permeability for each gas pressure. Therefore, the analytical
solution is the upper envelop of the permeability distribution. The fact
that nearly all permeability data is below this line suggests that per-
meability measurements were conducted under the non-equilibrium
condition.

4.3. A conceptual model of mechanistic analysis

The analysis above has proved that permeability measurements
were conducted under the non-equilibrium condition. This suggests
that the interactions between matrixes and fractures must be taken into

Fig. 5. Schematic diagram of the experimental process for CES tests.

Fig. 6. Statistical graph of the coal permeability ratio on the impact of pore
pressure for CES tests.
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consideration to fully understand the distribution of permeability ra-
tios. We use the injection of an adsorbing gas (such as CO2) as an ex-
ample to illustrate how the mass transfer and the stress transfer be-
tween the matrix and the fracture are coupled under the constant
confining pressure conditions, as shown in Fig. 9. The sample is placed
into the triaxial core holder and both confining pressure (σc) and axial
stresses (σh) are applied to establish initial condition and kept constant
( =Δσ 0). The injected pore pressure is kept constant ( =Δp 0). We take
the A-A` cross-section to analyze the deformation of the sample. We use
the ellipse to represent the fracture and the bubble to represent the
smallest component of the matrix system around the fracture. Ac-
cording to our previous work,68,69 evolution of coal permeability can be
divided as three distinct stages. Prior to injection, the coal is under an
equilibrium state (pressure, stress and mass contents) and no interac-
tions between the matrix and the fracture occur. Post-injection, a series
of processes initiate. First, gas instantly invades the fracture due to its
relatively high permeability. We use this condition as a starting point
(t= ts), to explain how does the permeability changes over time. As
result of this process, a pressure difference between the matrix and the
fracture is created – resulting in the diffusion of gas from the fracture
into the matrix, as shown in Fig. 9(a). As the gas molecules attach to the
fracture surface and diffuse into the matrix, local strain evolves in the
matrix due to both the gas adsorption and the increased gas pressure.
Under this condition, the matrix swells (dark gray bubble) while the
fracture narrows as shown in Fig. 9(b). Because this also occurs locally
in the vicinity of the fracture, the decrease in volume of the fracture
must be equal to the swelling volume of the matrix. As a result of the
widening of the swelling zone, the fracture permeability recovers at

time tm, which is the turning time of the permeability ratio. As the gas
diffuses further into the whole matrix of the sample, the gas pressure
propagates throughout the matrix until a new equilibrium state be-
tween the fracture and the matrix is reached at time tf, as shown in
Fig. 9(c). In this condition, the entire matrix swells, so does the fracture
as shown in Fig. 9(c).

As illustrated in Fig. 9, coal permeability is a function of time for a
constant gas injection pressure. The magnitude of permeability for the
injection pressure varies over a wide range of magnitudes from reduc-
tion (the ratio is less than 1) to enhancement (the ratio is larger than 1).
Each point corresponds a state (initial state, transient state, or final
equilibrium state). In this study, we define the permeability at the final
equilibrium state as equilibrium permeability and that at the transient
state as non-equilibrium permeability. With these definitions, we can
establish the relation between the analytical solutions and experimental
measurements. All these solutions are for the equilibrium permeability
while experimental measurements are a mixture of equilibrium per-
meability and non-equilibrium permeability.

When the matrix permeability is very high (micro-crack developed
or matrix permeability high), gas can diffuse from fractures into ma-
trixes. Under this condition, the time from the initial equilibrium to the
final one is short, and can be neglected. This represents the upper
bound of the permeability change. When the matrix permeability is
extremely low, the time from the initial equilibrium to the final one is
long and cannot be neglected. If this time is extremely long, gas dif-
fusion-induced swelling may take place only in the vicinity of fracture
walls. Under this condition, coal permeability is controlled primarily by
the local deformation. 100% of coal swelling/shrinkage would con-
tribute to the reduction of coal permeability provided that the fractures
are much more compliant than the coal matrix.54,70,71 The analytical
solution of this situation represents the lower bound of the permeability
change. In this case, the total volumetric strain is defined as

=Δε 0v (10)

From Eq. (5)

= − −Δε Δε Δεe s d (11)

Substituting Eq. (11) into Eq. (4) gives

= ⎡

⎣
⎢ − + ⎤

⎦
⎥

k
k

α
ϕ

Δε Δε1 ( )
f

s d
0 0

3

(12)

The permeability ratio is controlled by the gas sorption-induced
volumetric strain (Δεs) and the gas diffusion-induced volumetric strain
(Δεd). The relations are

=
+

ε ε
p

P ps L
L (13)

= −ε f p p( )d 0 (14)

where the Langmuir volumetric strain, εL, is a constant representing
the volumetric strain at infinite pore pressure and the Langmuir pres-
sure constant, PL, representing the pore pressure at which the measured
volumetric strain is equal to 0.5εL. The free swelling model (Eq. (7)) and
constant volume model (Eq. (12)) are the upper bound and the lower
bound of the permeability change. For a particular experimental mea-
surement, coal permeability would be in-between, as shown by gray
areas in Figs. 10–12 for the cases of gas injection in CCP tests, gas de-
pletion in CCP tests, and all CES tests. In this study, the area of per-
meability change bounded by the analytical solution of free swelling
and by that of constant volume is defined as a permeability map.

Comparing Fig. 7 with Fig. 12, we can find that the distribution of
permeability ratios for the cases of absorbing gas is more closely to the
constant volume behavior, while the distribution of permeability ratios
for the cases of non-absorbing gas is more closely to the free swelling
behavior.

Permeability is a function of effective stress (effective strain). In CES

Fig. 7. Gas composition analysis of CES tests.

Fig. 8. Example analytical solutions of CCP and CES tests.
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tests, the effective stress in the fracture was maintained as constant
while the effective stress in the matrix evolves as the interaction be-
tween matrix and fracture progresses. This interaction determines the
permeability map. In CCP tests, we can find that the distribution of

permeability ratios for high confining pressures is more closely to the
constant volume behavior, while the distribution of that for low con-
fining pressures is more closely to the free swelling behavior.

5. Conclusions

Through comparing the experimental data of coal permeability
evolutions under both constant confining pressures and constant ef-
fective stresses, the following conclusions can be drawn:

• Experimental permeability data were obtained under the common
assumption of the equilibrium between coal matrix and fracture
pressures, but not consistent with the analytical solutions under the
same assumption. For a constant fracture pressure, coal perme-
ability still changes due to the gas diffusion from fractures into
matrixes. The permeability stabilizes when the fracture pressure is
equalized with the matrix pressure. This process may take a very
long time because of low matrix permeability, and the equilibrium
condition may never be met in all of these laboratory tests.

• Permeability data for both constant confining tests and constant
effective stress tests are confined within the poroelastic solutions for

Fig. 9. Illustration of relations between gas diffusion in the matrix and fracture opening under the stress-controlled conditions.

Fig. 10. Map of permeability change during gas injection for CCP tests.

Fig. 11. Map of permeability change during gas depletion for CCP tests.

Fig. 12. Map of permeability change for CES tests.
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two extreme boundary conditions: free-swelling and zero-swelling.
Evolutions of coal permeability between these poroelastic solutions
are primarily determined by the matrix-fracture interactions, in-
cluding sorption-induced swelling/shrinking, through transient ef-
fective stresses in matrixes and fractures.
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