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a  b  s  t  r  a  c  t

A  series  of  coal permeability  experiments  was  conducted  for coal  samples  infiltrated  both  with  non-
adsorbing  and  adsorbing  gases  –  all  under  conditions  of constant  pressure  difference  between  the
confining  stress  and  the  pore  pressure.  The  experimental  results  show  that  even  under  controlled  stress
conditions,  coal  permeability  decreases  with  respect  to  pore  pressure  during  the injection  of adsorb-
ing  gases.  This  conclusion  is apparently  not  congruent  with  our  conceptual  understanding:  when  coal
samples  are  free  to swell/shrink  then  no  effect  of  swelling/shrinkage  strain  should  be  apparent  on  the
permeability  under  controlled  stress  conditions.  In this  study,  we  developed  a  phenomenological  per-
meability  model  to explain  this  enigmatic  behavior  of  coal  permeability  evolution  under  the  influence
of  gas  sorption  by  combining  the  effect  of  swelling  strain  with  that  of the  mechanical  effective  stress.
For  the  mechanical  effective  stress  effect,  we  use  the  concept  of natural  strain  to define  its impact  on
the change  in  fracture  aperture;  for the  swelling  strain  effect,  we introduce  a partition  ratio  to define  the
contribution  of  swelling  strain  to  the  fracture  aperture  reduction.  The  resulting  coal  permeability  model
is defined  as a function  of  both  the  effective  stress  and  the  swelling  strain.  Compared  to  other  commonly
used  models  under  specific  boundary  conditions,  such  as  Palmer–Mansoori  (P–M),  Shi–Durucan  (S–D)
and Cui–Bustin  (C–B)  models,  our model  results  match  the  experimental  measurements  quite  well.  We
match  the experimental  data  with  the  model  results  for the  correct  reason,  i.e.  the  model  conditions  are
consistent  with  the experimental  conditions  (both  are  stress-controlled),  while  other  models  only  match
the data  for  a  different  reason  (the model  condition  is uniaxial  strain  but  the  experimental  condition  is
stress-controlled).  We  have  also  implemented  our  permeability  model  into  a  fully  coupled  coal  defor-
mation and  gas  transport  finite  element  model  to  recover  the  important  non-linear  responses  due  to
the effective  stress  effects  where  mechanical  influences  are  rigorously  coupled  with  the gas  transport
system.

©  2012  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Coal Bed Methane (CBM) is naturally occurring methane gas
(CH4) in coal seams. Methane was long considered a major prob-
lem in underground coal mining but now CBM is recognized as a
valuable resource. Australia has vast reserves of coal-bed methane
(about 310–410 trillion m3) (White et al., 2005) and has attracted
billions of dollars in foreign investment to develop this resource.
CBM recovery triggers a series of coal–gas interactions. For gas pro-
duction, the reduction of gas pressure increases effective stress
which in turn closes fracture aperture and reduces the perme-
ability (McKee et al., 1988; Seidle and Huitt, 1995; Palmer and
Mansoori, 1996). As gas pressure reduces below the desorption
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point, methane is released from coal matrix to the fracture net-
work and coal matrix shrinks. As a direct consequence of this
matrix shrinkage the fractures dilate and fracture permeability cor-
respondingly increases (Harpalani and Schraufnagel, 1990). Thus a
rapid initial reduction in fracture permeability (due to change in
effective stress) is supplanted by a slow increase in permeability
(with matrix shrinkage). Whether the ultimate, long-term, per-
meability is greater or less than the initial permeability depends
on the net influence of these dual competing mechanisms (Shi
and Durucan, 2004; Chen et al., 2008; Connell, 2009). Therefore,
understanding the transient characteristics of permeability evolu-
tion in fractured coals is of fundamental importance to the CBM
recovery and CO2 storage in coal, which has dual and complemen-
tary benefits: the enhanced production of methane and concurrent
long-term storage of CO2.

A broad variety of models have evolved to represent the
effects of sorption, swelling and effective stresses on the dynamic
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evolution of permeability over last few decades. In the latest
review (Liu et al., 2011), these models are classified into two
groups: permeability models under conditions of uniaxial strain
and permeability models under conditions of variable stress.

Somerton et al. (1975) investigated the permeability of fractured
coal to methane and presented a correlation equation in the pre-
diction of permeability with mean stress. Gray (1987) considered
the changes in the cleat permeability as a function of the prevailing
effective horizontal stresses, and firstly incorporated the influence
of matrix shrinkage into a permeability model. Seidle and Huitt
(1995) developed a conceptual matchstick model to explain coal
permeability decrease with increasing effective stress. Other stress-
based coal permeability models include Harpalani and Chen (1997),
Gilman and Beckie (2000),  Shi and Durucan (S–D) (2004),  and Cui
and Bustin (C–B) (2005).  Based on cubic geometry, Robertson and
Christiansen (2006) described the derivation of a new equation
that can be used to model the permeability behavior of a fractured,
sorptive-elastic medium, such as coal, under variable stress condi-
tions. Ma  et al. (2011) proposed a permeability model based on the
volumetric balance between the bulk coal, solid grains and pores,
using the constant volume theory proposed by Massarotto et al.
(2009).

A number of coal permeability models were developed based
on strains. McKee et al. (1988) developed a theoretical permeabil-
ity model using matrix compressibility as a fundamental property,
but did not include the effect of sorption-induced strain on per-
meability change. Sawyer et al. (1990) proposed a permeability
model assuming that fracture porosity (to which permeability can
be directly related) is a linear function of changes in gas pressure
and concentration. Palmer and Mansoori (P–M) (1996) presented a
theoretical model for calculating pore volume compressibility and
permeability in coals as a function of effective stress and matrix
shrinkage. The P–M model was updated in Palmer et al. (2007).  Sim-
ilarly, the Advanced Resources International (ARI) group developed
another permeability model (Pekot and Reeves, 2002). This model
does not have a geomechanics framework, but instead extracts
matrix strain changes from a Langmuir curve type of strain versus
reservoir pressure, which is assumed to be proportional to the gas
concentration curve. Zhang et al. (2008) developed a permeabil-
ity model under variable stress conditions, and was  extended to
CO2–ECBM conditions by (Chen et al., 2009, 2010). Connell et al.
(2010) presented two analytical permeability models for tri-axial
strain and stress conditions.

Pan and Connell (2007) developed a theoretical model for
sorption-induced strain and applied to single-component adsorp-
tion/strain experimental data. Clarkson (2008) expanded this
theoretical model to calculate the sorption-strain component of
the P–M model. Pan and Connell (2011a) developed an anisotropic
swelling model based on their swelling model (Pan and Connell,
2007). The dependence of coal permeability on pore volume com-
pressibility was also investigated (Shi and Durucan, 2010; Tonnsen
and Miskimins, 2010).

As reviewed above, there are a large collection of coal per-
meability models from empirical ones to theoretical ones. These
models normally have a set of common assumptions: (1) the
overburden stress remains constant; (2) coal deforms under the
uniaxial strain condition; (3) the effective stress coefficient is
assumed as one; and (4) the sorption-induced strain is totally
counteracted by the closure of the fracture aperture. These assump-
tions have limited their applicability as Liu et al. (2011) concluded
that current models have so far failed to explain the results from
stress-controlled shrinkage/swelling laboratory tests and have
only achieved some limited success in explaining and matching
in situ data. Liu et al. (2011) considered the main reason for these
failures is the impact of coal matrix-fracture compartment interac-
tions has not yet been understood well and further improvements

are necessary as demonstrated in latest studies (Connell et al.,
2010; Liu and Rutqvist, 2010; Izadi et al., 2011). In this study, a
coal permeability model based on coal matrix-fracture interaction
was developed and then implemented into a fully coupled coal
deformation and gas transport finite element model to recover the
important non-linear responses due to the effective stress effects.

2. Permeability model development

Previous work of Chen et al. (2011) has reported the findings
of a series of experiments conducted for coal samples infiltrated
both with non-adsorbing and adsorbing gases – all under condi-
tions of constant pressure difference between the confining stress
and the pore pressure. Observations have demonstrated that even
under controlled stress conditions the injection of adsorbing gases
actually does reduce coal permeability. The swelling strain effect
has also been separated from the effective stress effect. In this sec-
tion, we combined the swelling strain effect with the mechanical
effective stress effect into a phenomenological permeability model
to explain the enigmatic behavior of coal permeability evolution
under the influence of gas sorption.

Experimental observations have shown that swelling response
to the infiltration of CO2 exhibits two key features: (1) as CO2 infil-
trates coal fracture, coal matrix swells and permeability generally
reduces if the gas pressure is not very high. This occurs regardless
of the mechanical constraint applied to the cracked coal sample; (2)
the permeability recovers with increasing gas pressure as effective
stress effects dominate in the absence of swelling-induced closure.

We use the idealized model as illustrated in Fig. 1 to represent
a single fracture within a representative elementary volume. This
representation is through two steps: the effective stress is applied
first in a non-adsorbing medium as shown in Fig. 1(a) and then only
the pore pressure in an adsorbing medium as shown in Fig. 1(b).

2.1. Evaluation of effective stress effects

In this section, we define the behavior of coal fracture where
the effective stress is applied in a non-adsorbing medium. Coals are
viewed as naturally fractured reservoirs with a matrix that is often
assumed to have a negligible permeability in comparison to the
fracture system. These fractures in coal are known as cleats with
the cleat aperture sensitive to the effective stress, and increased
effective stress acting to decrease the cleat aperture and thus per-
meability.

A number of empirical and theoretical expressions exist in the
literature for describing the observed relationship between effec-
tive stress and fracture aperture (Daley et al., 2006; Liu et al., 2009).

Liu et al. (2009) argued that porous and fractured rock (or coal)
is inherently heterogeneous and includes both a solid phase and
pores (or fractures). Thus, an accurate description of the defor-
mation of the rock (or coal) is important for coupled mechanical
and hydrological processes, because fluid flow occurs in pores and
fractures.

To deal with this issue, it is conceptualized that the fracture
system has two  parts, which are subject to the same stress, but
follow different varieties of Hooke’s law: the hard part follows the
engineering-strain based Hooke’s law, and the soft part obeys the
natural-strain based Hooke’s law, as shown in Fig. 2. This treat-
ment is consistent with previous studies (Mavko and Jizba, 1991;
Berryman, 2006; Liu et al., 2009).

Considering a fracture to be embedded into a core sample sub-
ject to a stress, !, Hooke’s law for the hard part can be expressed
as

d! = Ke · dεb,e (1)
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Fig. 1. Illustration of two-step loading process: (1) effective stress is applied in a non-adsorbing medium; (2) pore pressure is applied in an adsorbing medium. (a) Effective
stress effects; (b) swelling strain effects. p is pore pressure, ! is overburden stress, <b> is fracture aperture and #s is sorption-induced bulk dimension change.

Fig. 2. Conceptualization of fracture system with the hard and soft parts. They follow
engineering-strain based and natural-strain based Hooke’s law, respectively. b0 is
the  totally unstressed fracture aperture, b0,e and b0,t are the unstressed fracture
apertures for the hard part and the soft part, respectively.

where Ke is the bulk modulus for the hard part of fracture system,
and εb,e is the engineering strain of fracture aperture (Jaeger et al.,
2007), defined as:

dεb,e = − dbe

b0,e
(2)

where b0,e is the unstressed fracture aperture for the hard part.For
the soft part, the following relation is used:

d! = Kt · dεb,t (3)

where Kt is the bulk modulus for the soft part of fracture system,
and dεb,t is the true or natural strain, defined as:

dεb,t = −dbt

bt
(4)

where bt is the fracture aperture for soft part under the current
state of stress. Subscripts e and t (for “engineering” and “true”,
respectively) refer to the “hard” and “soft” parts in coal fracture
system.

Freed (1995) provided a historical review of the development
of the concept of natural strain and argued that the natural
strain should be used for accurately describing material defor-
mation.Using the condition that bt = b0,t and be = b0,e for ! = 0, the
engineering strain and natural strain can be integrated into the
following expressions:

be = b0,e

⇣
1 − #!e

Ke

⌘
(5)

bt = b0,t exp
⇣

−#!e

Kt

⌘
(6)

Based on the above analysis, the total fracture aperture, <b > stress,
under stressed conditions can be given as:

< b>stress = be + bt (7)

Combining the relation of fracture aperture change for both
“hard” and “soft” parts, as shown in Eqs. (5) and (6),  yields the
fracture aperture change with effective stress:

< b>stress = b0,e

⇣
1 − #!e

Ke

⌘
+ b0,t exp

⇣
−#!e

Kt

⌘
(8)

Ke is generally several orders larger than Kt. Therefore, the above
equation can be simplified into:

< b>stress = b0,e + b0,t exp
⇣

−#!e

Kt

⌘
(9)

From Fig. 2 we  can see that b0 = b0,e + b0,t, thus the following
expression can be obtained.

< b>stress = b0,e + (b0 − b0,e) exp(−Cf#!e) (10)

where Cf is coal fracture compressibility, defined as Cf = 1/Kt. b0 is
the initial unstressed total fracture aperture opening.

2.2. Evaluation of sorption-induced strain effects

We represent the behavior of coal permeability where fluid
pressures are applied in an adsorbing medium. When the influ-
ence of swelling strain is investigated, a common way is to assume
that the swelling strain is totally accommodated by the closure of
fracture aperture, which could dramatically overestimate the influ-
ence of the swelling strain (Robertson, 2005; Connell et al., 2010;
Liu and Rutqvist, 2010). Based on the illustration from Fig. 1, we
believe that only part of total swelling strain contributes to frac-
ture aperture change and the remaining portion of the swelling
strain contributes to coal bulk deformation, and a partition fac-
tor, f, is introduced to estimate this contribution, then the fracture
aperture change can be given as:

< b>swelling = −f × s
#εs

3
(11)

where <b > swelling is the fracture aperture change induced by the
swelling strain only, and s is the fracture spacing, f ranges from
0 to 1.0, #εs is the volumetric free swelling strain change, which
can be calculated as εL((p/(p + pL)) − (p0/(p0 + pL))) with Langmuir
type, as shown in Fig. 3 (Pan et al., 2011b), and (1 − f) × s#εs/3
term accounts for coal bulk deformation. εL and pL represent max-
imum volumetric swelling strain and Langmuir pressure constant,
respectively.

The influence of swelling process on the internal stress distri-
bution of coal fracture is analyzed in the following section. From
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Fig. 1 we can see that after coal matrix swells, the swelling strain
increases the contact area of the cleat system, and in turn closes the
fracture. The cross-section of a representative element was shown
in Fig. 4, where the contact area of the cleat system varies with
the swelling process. Because the total stress (or confining stress)
along this section is kept constant during swelling process (second
stage), this internal stress along the cross section should always be
balanced with surrounding boundary. Therefore, the stress balance
expression is:

!eb + p × (1 − Ab) = !ef + p × (1 − Af) (12)

where !eb and !ef are the equivalent internal effective stress before
and after swelling respectively, and Ab and Af are the effective con-
tact areas before and after swelling, respectively.

Because Ab < Af for the swelling case, the internal effective stress
actually increases with the increase of the contact area during coal
matrix swelling, as shown from Eq. (12). It was considered that
the increase in effective stress is responsible for the permeability
change.

2.3. Development of coal permeability model

Combining the effective stress effect (Eq. (10)) with the swelling
strain effect (Eq. (11)) gives the resultant fracture aperture:

< b >= b0


b0,e

b0
+

(b0 − b0,e)
b0

exp(−Cf#!e) − f
$f0

× #εs

�
(13)

where $f0 is the initial fracture porosity, defined as $f0 = 3b0/s.

For a negligibly small residual fracture aperture (b0,e < < b0 and
b0,e ≈ 0), Eq. (13) can be simplified to:

< b >= b0

h
exp(−Cf#!e) − f

$f0
× #εs

i
(14)

Simplifying the above equation yields:

< b >= b0 [exp(−Cf#!e) − Sf × #εs] (15)

where Sf = f/$f0.
Based on the cubic law between aperture change and perme-

ability (McKee et al., 1988; Seidle and Huitt, 1995), the permeability
change can be expressed as:

k
k0

=
⇣

< b >
b0

⌘3
= [exp(−Cf#!e) − Sf × #εs]3 (16)

Coal permeability model as shown in Eq. (16) can be extended to
the three-dimensional case. In the analysis of coal permeability the
fractured coal mass is treated as a discontinuous medium compris-
ing both matrix and fractures (cleats). The individual matrix blocks
are represented by cubes and may  behave isotropically with regard
to swelling/shrinkage, and mechanical deformability (Liu et al.,
1999). The cleats are the three orthogonal fracture sets and may
also have different apertures and mechanical properties ascribed
to the different directions. Changes in coal permeability are deter-
mined by the redistribution of effective stresses or strains due to
changed conditions such as gas injection. Typically, stresses and
strains evolve at different rates in the different Cartesian directions,
and result in anisotropic permeabilities. In simulation study, the
following 3D permeability model can be implemented into numer-
ical models:

kx

k0
=

⇣
< bx >

b0

⌘3
= [exp(−Cf#!ex) − Sxf × #εs]3 (17a)

ky

k0
=

✓
< by >

b0

◆3

= [exp(−Cf#!ey) − Syf × #εs]3 (17b)

kz

k0
=

⇣
< bz >

b0

⌘3
= [exp(−Cf#!ez) − Szf × #εs]3 (17c)

where bi and !ei are the cleat opening and effective stress in i
direction, respectively. i = x, y, z.

2.4. Physical meaning of sensitivity ratio

The initial fracture porosity, $f0, represents the fractured extent
of the coal media, and the partition factor, f, defines the influence
of both injection gas components and boundary conditions. Differ-
ent gas components with different boundary conditions may  have
different partition magnitudes.

Fig. 4. Illustration of contact area change due to gas sorption: (a) pre-swelling stress state; (b) post-swelling stress state. Ab and Af are the effective contact areas before and
after  swelling, respectively.



Author's personal copy

Z. Chen et al. / International Journal of Greenhouse Gas Control 8 (2012) 101–110 105

In order to explain the physical meaning of the new parameter,
Sf, the fracture strain change, #εbs, induced by coal swelling only
is defined as:

#εbs =
< b>swelling

b0
= −Sf × #εs (18)

This can be simplified into:

Sf = −#εbs
#εs

= − #εbs
εsf − εs0

(19)

where εsf is the volumetric free swelling strain at the final stage,
and εs0 is the volumetric free swelling strain at the initial stage.

Therefore, Sf represents the ratio of fracture strain change to
the incremental volumetric swelling strain, defined as a sensitiv-
ity ratio in this study. If the boundary conditions are the same, a
larger Sf value means that cleat aperture change is more sensitive
to sorption-induced strain. In our experimental tests, Sf varies from
6.82 to 54.8.

3. Permeability model evaluation

A series of gas flow-through experiments have been carried
out all under constant pressure difference conditions (Chen et al.,
2011), which were defined as the difference between confining
stress and pore pressure. First, the effective stress coefficient is
measured for the non-adsorbing gas (helium) flow-through exper-
iments. In these experiments, the impact of gas sorption is null and
any permeability alteration is considered to be due to the variation
in the effective stress coefficient. Second, the change in permeabil-
ity resulting from the non-adsorbing gas experiments is used to
calibrate the subsequent experiments using adsorbing gases (CO2
and CH4) where the effect of sorption-induced strain alone, on per-
meability change, is obtained. The measured two  sets of corrected
data (core No. 01 and No. 02) and another two  sets of experi-
mental data from core Anderson 01 (Robertson and Christiansen,
2007) and core Sulcis Coal (Pini et al., 2009) were used to evalu-
ate the newly developed permeability model in this work. Values
of the volumetric swelling parameter as listed in Table 1 were
taken directly from these references. These values were obtained
through matching experimental data with the Langmuir curve
type of strain versus pore pressure (Robertson and Christiansen,
2007).

3.1. Permeability model verification

Model results were compared with experimental data for cores
No. 01 and No. 02. Effects of sorption-induced strain alone on
permeability change were investigated in this comparison. In this
comparison, only the sensitivity ratio, Sf, is adjustable in this match,
and matching results are shown in Figs. 5 and 6.

Both data matches verify the validity of this newly developed
coal permeability model. It can be seen that the sensitivity ratio,
Sf, increases with the effective stress. This observation indicates
that under a higher effective stress, larger fracture opening change
is induced, and a small change of fracture aperture could cause a
dramatic change in the <b > swelling/b0 ratio.

3.2. Comparison with other permeability models

In this section, experimental data from core Anderson 01
(Robertson and Christiansen, 2007) and core Sulcis Coal (Pini
et al., 2009) were used to compare this developed permeability
model with other widely used permeability models, includ-
ing updated Palmer–Mansoori (P–M) model, Shi–Durucan (S–D)
model, Cui–Bustin (C–B) model (Shi and Durucan, 2004; Cui and
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Bustin, 2005; Palmer et al., 2007). For coal Anderson 01, experi-
mental data for CO2 and CH4 were chosen. The confining pressure
was 6.895 MPa  (1000 psi) for all experiments, and injection pres-
sure varied from 0.5 MPa  to 5.6 MPa. For Sulcis Coal, the confining
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Table 1
Parameter values obtained from experimental data matching.

Parameter Core No. 01 Core No. 02 Anderson 01 Sulcis coal

Langmuir strain constant for CO2 (%) 0.052 0.045 0.0353 0.049
Langmuir pressure constant for CO2 (MPa) 5.20 3.20 3.83 7.25
Langmuir strain constant for CH4 (%) 0.030 – 0.0168 –
Langmuir pressure constant for CH4 (MPa) 2.96 – 6.11 –

stress was 10.0 MPa  and the injection pressure increased from 0.49
to 7.75 MPa. These comparisons are to benchmark the performance
of our model against others.

Coal swelling parameters from laboratorial tests were used, as
listed in Table 1. Because the cleat compressibility was not given in
both references, both the fracture compressibility and the sensitiv-
ity ratio, Sf, were considered as the variables for our permeability
model. For other permeability models, the physical properties of
Young’s modulus and Poisson’s ratio are recovered directly from
the experiments (Robertson and Christiansen, 2007; Pini et al.,
2009), and fracture compressibility was considered to be variable
for both S–D model and C–B model. Fracture porosity is the match-
ing parameter for P–M model. The best matching parameters for
each model are listed in Table 2, and the comparison results are
shown in Figs. 7 and 8.

For the compared permeability models, as shown in Figs. 7 and 8,
the total swelling strain is used to calculate permeability variation.
The experimental data show that sorption-induced strain only
plays a dominant role at low pressures (permeability reduction),
as shown in Figs. 7 and 8, and the pore pressure induced effective
stress change takes over the dominant role (permeability increase)
at higher pore pressures. Therefore, these models are not capable
of replicating this apparently anomalous behavior if the total
swelling strain data are adopted since the uniaxial-strain assump-
tion is used in these models while the experimental conditions are
not uniaxial strain.

For our model, we considered that only part of the total swelling
strain contributes to the cleat aperture change, while the remain-
ing part contributes to coal bulk deformation. The effect of swelling
strain on permeability change is evaluated by a partition factor, as
defined in Eq. (11). We  believe that this assumption adequately
reflects the mechanism for the interaction between coal swelling
strain and permeability change, and that is why this developed
model is capable of replicating this behavior.

In order to better explain this model, the relationship between
cleat porosity and the partition ratio of total swelling strain con-
tributing to cleat aperture change was listed and plotted in Table 3
and Fig. 9, respectively. The data were based on the fitting results
from Figs. 5 and 7–8,  and this comparison is to show what percent-
age of total swelling strain contributes to the permeability change.
Although the cleat porosity term does not directly appear in the per-
meability model, it is included in the Sf term, Sf = f/$f0, as defined
in Eq. (15).
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Fig. 7. Comparison of experimental permeability data (Robertson and Christiansen,
2007) with the modeled ones for core Anderson 01: (a) adsorbing gas CO2; (b)
adsorbing gas CH4.

Table  2
Matching parameters used in the comparison of permeability models.

Sample Model name

Physical property S–D model Our model P–M model C–B model

Anderson 01 (CO2) % = 0.3
E = 1.38 GPa

Cf = 0.0142 MPa−1 Sf = 35.66
!Cf = 0.0893 MPa−1

g = 1.0
˚f0 = 3.18%

Cf = 0.029 MPa−1

Anderson 01 (CH4) % = 0.3
E = 1.38 GPa

Cf = 0.0101 MPa−1 Sf = 54.78
!Cf = 0.065 MPa−1

g = 1.0
˚f0 = 3.55%

Cf = 0.165 MPa−1

Sulcis coal (CO2) % = 0.26
E = 1.12 GPa

Cf = 0.01 MPa−1 Sf = 36.78
!Cf = 7.63 MPa−1

g = 1.0
˚f0 = 1.0%

Cf = 0.001MPa−1
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Table 3
Data for porosity and partition ratio.

Porosity (%) Partition ratio (f)

Core No.01 (CO2) Anderson 01 (CH4) Sulcis Coal

1.7 0.169 0.931 0.625
1.5  0.149 0.822 0.552
1.3 0.129 0.712 0.478
1.1  0.109 0.603 0.405
0.9  0.089 0.493 0.331
0.7  0.070 0.383 0.257
0.5 0.050 0.274 0.184
0.3  0.030 0.164 0.110
0.1  0.010 0.055 0.037
0.08 0.008 0.044 0.029
0.06 0.006 0.033 0.022
0.04 0.004 0.022 0.015
0.02 0.002 0.011 0.007

As demonstrated in Fig. 9, the partition ratio is linearly related to
cleat porosity change. Larger cleat porosity value is accompanied by
a higher partition ratio, which means more total swelling strain is
absorbed by the cleat aperture system. For instance, when the cleat
porosity is 1.0%, there is 54.78% of swelling strain contributing to
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Fig. 9. Partition ratio of total sorption-induced strain vs. cleat porosity.

Fig. 10. Numerical simulation model under controlled stress conditions. !axial and
!radial represent the applied stress in axial and redial directions, respectively. The
symbols on the right hand side represent that the deformation in the horizontal
direction is constrained.

cleat aperture change, but this partition ratio decreases to 5.478%
when the cleat porosity reduces to 0.1%.

All three sets of matches have illustrated that using the total
swelling strain to calculate the permeability change could dramati-
cally overestimate its contribution, which clearly demonstrates the
contribution of this work.

4. Model implementation

In our previous studies (Zhang et al., 2008; Chen et al., 2009,
2010; Liu et al., 2010a, 2010b; Wu  et al., 2010, 2011), a series
of single poroelastic, equivalent poroelastic, and dual poroelastic
models were developed to simulate the interactions of multiple
processes triggered by the injection or production of both single
gas and binary gas. Many studies have also been carried out by
other researchers (Cui et al., 2007; Bustin et al., 2008). In order
to reproduce the typical enigmatic behaviors of coal permeability
evolution with gas injection, we applied the new developed per-
meability model to a coupled 3D finite element numerical model to
simulate the performance of CH4 injection under stress-controlled
conditions.

4.1. Model descriptions

This numerical model fully couples coal geomechanical defor-
mation, gas flow, and gas adsorption/desorption induced coal
matrix swelling/shrinkage processes (see Liu et al. (2010b) for
details). The core size is 45.0 mm in diameter and 105.5 mm in
length with CH4 injection at the left-hand side. Coal is initially
saturated with CH4 with pressure of 0.5 MPa. A constant injection
pressure boundary condition is specified from the left side with
the value of 7.0 MPa, as shown in Fig. 10.  Input parameters for this
simulation are listed in Table 4.

This example is to investigate the sensitivity of transient per-
meability with CH4 injection to different coal physical properties
as well as sorption parameters, and a series of injection conditions
was simulated as listed in Table 5. Simulation results were pre-
sented in terms of (1) impacts of confining stress, (2) impacts of
swelling strain, (3) impacts of fracture compressibility, (4) impacts
of effective stress coefficient, and (5) impacts of sensitivity factor.
A reference point with the coordinate (80 mm,  0, 0) started from
the injection side was chosen to study the evolution of coal per-
meability and pore pressure in terms of different coal parameters.
Simulation results were presented in Figs. 11–15.
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Table 4
Input property values for the numerical model.

Parameter Value

Coal density (kg/m3) 1250
Coal Young’s modulus (GPa) 0.791
Poisson’s ratio 0.418
Effective stress coefficient 0.945
Fracture compressibility (MPa−1) 0.0669
Methane viscosity ("Pa−1) 11.554
Initial gas pressure (MPa) 0.5
Maximum volumetric swelling strain 0.03
Maximum adsorption gas volume (m3/ton) 27.0
Langmuir pressure constant (MPa) 2.96
Coal matrix porosity (%) 5.0
Coal fracture porosity (%) 0.5
Initial permeability (md) 1.0
Sensitivity factor (Sf) 30.0

4.2. Simulation results and analysis

Impact of confining stress. The impact of confining stress on
the evolution of coal permeability is shown in Fig. 11.  Different
confining stresses represent different coal seam depth, which can
be obtained by multiplying the stress gradient with the reservoir
depths. Assuming the gas pressure is applied on non-adsorbing coal
medium, the effective stress increases with increasing confining
stress. Therefore, more reduction in coal permeability is achieved
when the confining stress is higher. However, this initial effect has
been eliminated when we  plot the permeability ratio starting from
1.0 for all three cases. Assuming the same gas pressure condition
is applied to an adsorbing coal, the sensitivities of coal permeabil-
ity are regulated by the initial effective stress when coal swelling
parameters are maintained unchanged. Therefore, when the con-
fining stress is equal to 10 MPa, the reduction in coal permeability
is more significant, as shown in Fig. 11.

Impact of swelling capacity. Studies from Robertson (2005) have
shown that there is large difference between the strains induced
by adsorption of different gases in coals, as illustrated in Fig. 3.
Different maximum volumetric swelling strains used in this study
represent different gas adsorbed into coal. The influence of coal
maximum swelling strain on the evolution of both permeability
and pore pressure were shown in Fig. 12.  In all of these simulations,
the initial effective stress is same for all cases. Therefore, we  can
assume that when gas pressure is applied in an adsorbing coal, the
sensitivities of coal permeability are regulated by the maximum
swelling strain only. Model results suggest that for coal seam with a

Table 5
Sensitivity investigation of permeability and pore pressure responses to CH4 injec-
tion under different conditions.

Case 1Impacts of hydrostatic confining stress
! = 8.0 MPa
! = 9.0 MPa

! = 10.0 MPa

Case 2 Impacts of swelling strain
εL = 2.0%
εL = 3.0%
εL = 4.0%

Case 3 Impacts of fracture compressibility
Cf = 0.0469 MPa−1

Cf = 0.0669 MPa−1

Cf = 0.0869 MPa−1

Case 4 Impacts of effective stress coefficient
 ̨ = 0.8

˛ = 0.914
˛ = 1.0

Case 5 Impacts of sensitivity factor
Sf = 15
Sf = 30
Sf = 45
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Fig. 14. Evolution of coal permeability and pore pressure under different magni-
tudes of coal effective stress coefficient.

larger swelling capacity, the reduction in coal permeability is much
more significant, and this reduction in turn affects the pore pressure
evolution.

Impact of fracture compressibility.  The impact of compressibility
is shown in Fig. 13.  When the confining stress is kept as constant,
both the effective stress effect and the swelling strain effect are
defined as a function of gas pressure. In this set of simulations,
the contribution of the effective stress to the enhancement in coal
permeability is determined by coal compressibility because the
swelling factor, Sf, is kept unchanged. When Cf is higher, the perme-
ability enhancement takes over the permeability reduction. Model
results are consistent with these conceptual analyses.

Impact of effective stress coefficient.  Fig. 14 shows the profiles of
permeability evolution with different effective stress coefficients.
Based on the effective stress principle, effective stress increases
as the effective stress coefficient decreases. Therefore, a smaller
effective stress coefficient will result in a larger reduction in the
coal permeability.

When the gas pressure is applied in an adsorbing and swelling
coal, the sensitivities of coal permeability are regulated by the
initial effective stress coefficient when coal swelling parameters
are maintained unchanged. Therefore, when the effective stress
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Fig. 15. Evolution of coal permeability and pore pressure under different magni-
tudes of sensitivity factor.

coefficient is equal to 0.8, more reduction in coal permeability is
observed, as demonstrated in Fig. 14.

Impact of sensitivity factor.  The impact of sensitivity factor is
shown in Fig. 15.  As stated before, Sf represents the ratio of fracture
aperture strain to swelling strain incremental. When the confin-
ing stress is kept constant, both the effective stress effect and the
swelling strain effect are defined as a function of gas pressure. In
this example, the contribution of the swelling strain to the reduc-
tion in coal permeability is determined by the sensitivity factor, Sf.
When Sf is higher, the permeability reduces more. Model results
are consistent with these conceptual analyses.

5. Conclusions

Coal permeability models are required to define the transient
characteristics of permeability evolution in fractured coals. A broad
variety of models have evolved to represent the effects of sorption,
swelling and stresses on the dynamic evolution of permeability.
These models can be classified into two  groups: permeability mod-
els under conditions of uniaxial strain such as Palmer–Mansoori
(P–M), Shi–Durucan (S–D) and Cui–Bustin (C–B) models, and per-
meability models under conditions of variable stress such as the
one developed in this study. Although laboratory experiments are
conducted under controlled conditions of stresses, analyses of labo-
ratory observations are normally conducted by using permeability
models under conditions of uniaxial strain. The inconsistency
between experimental conditions and modeling conditions is the
reason why  permeability models under conditions of uniaxial strain
cannot match the laboratory observations well as demonstrated in
this study.

Permeability models under uniaxial strain are more appropriate
for the overall behavior of coal gas reservoirs under typical in situ
conditions while models representing variable stress conditions are
more appropriate for behavior examined under typical laboratory
conditions. In this study, a phenomenological permeability model
has been developed to explain why coal permeability decreases
even under the unconstrained conditions of variable stress.

Unlike permeability models under the uniaxial strain condition,
this model under conditions of variable stress is effective-stress
based and can be used to recover the important nonlinear responses
due to the effective stress effects when mechanical influences are
rigorously coupled with the gas transport system. The consistency
between experimental conditions and modeling conditions is the
reason why  this model can match the laboratory observations rea-
sonably well.

Our modeling results illustrate that coal permeability profiles
under the controlled stress conditions are regulated by the fol-
lowing five factors: (1) confining stress – when coal swelling
parameters remain unchanged, coal permeability profiles are reg-
ulated by the initial effective stress. Coal permeability reduces
initially, recovers and then reaches the final equilibrium magni-
tude. When the confining stress is higher, the final equilibrium
coal permeability is much lower than the initial permeabil-
ity; (2) swelling capacity – when confining stress conditions
remain unchanged, coal permeability profiles are regulated by coal
swelling capacity. Coal permeability reduces initially, recovers and
then reaches the final equilibrium magnitude. When the swelling
capacity is higher, the final equilibrium coal permeability is much
lower than the initial permeability; (3) fracture compressibility –
when the confining stress is kept as constant, both the effective
stress effect and the swelling strain effect are defined as a function
of gas pressure. Under these conditions, when the facture com-
pressibility is higher, the permeability enhancement due to the
decrease in effective stress may  take over the permeability reduc-
tion due to swelling; (4) effective stress coefficient – the reduction
in coal permeability is larger when the effective stress coefficient is
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lower because the effective stress increases as the effective stress
coefficient decreases; and (5) sensitivity factor – the sensitivity fac-
tor represents the ratio of fracture aperture strain to swelling strain
incremental. When the sensitivity factor is higher, the reduction in
coal permeability is more significant.

This study demonstrated the crucial role of the consistency
between experimental conditions and modeling conditions and the
rigorous coupling between coal mechanical deformation and gas
transport in the evaluation of coal permeability observations.
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