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Abstract  

When natural gas is extracted from unconventional gas reservoirs, there are complex 

changes in stress and sorptive chemistry and these changes play an important role in the 

modification of the properties of the reservoir rocks. Rock permeability, in particular, 

can be substantially modified in response to these stress and sorptive chemistry changes. 

As a result, the evolution of permeability is currently thought to be the most important 

controlling factor for rigorous evaluation of unconventional gas production. 

An extensive suite of permeability models for the evaluation of unconventional gas 

production have been described in the literature. A comparison of these models with 

laboratory and field observations indicates that the current models fail to explain results 

from stress-controlled laboratory tests and are limited in their ability to explain and 

match in situ data. This is likely because these models do not take into account the 

impact of matrix-fracture interactions on the evolution of permeability. This thesis 

aimed to address these deficiencies in the available permeability models by the 

inclusion of matrix-fracture interactions into a series of finite element simulators. 

Three assumptions of the normal permeability models (uniaxial strain, constant 

overburden stress and local pressure equilibrium) were found to be the main reason why 

these models fail to explain experimental results and only partially explain in situ data. 

In order to better predict and explain the evolution of permeability, these three common 

assumptions must be relaxed to consider the impact of matrix-fracture interactions on 

permeability evolution and these interactions must be transformed into the modification 

of fracture aperture.  

A multi-scale simulation model was then proposed to relax the above three common 

assumptions of the permeability models. This multi-scale model incorporated gas flow, 

gas diffusion and rock deformation processes and the inclusion of matrix-fracture 

interactions allowed local strain to be switched to global strain. Using this model, 

internal swelling strain between the matrix and the fracture was found to represent the 

effect of matrix-fracture interactions on permeability. 

A strain splitting function was subsequently proposed to calculate the internal swelling 
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strain through adsorption-induced strain of coal. Based on poroelastic constitutive law 

and understanding of internal swelling strain, new permeability models for coal were 

proposed. These models incorporated the effect of matrix-fracture interactions under 

various boundary conditions. After verification of these models using experimental data, 

it was found that the permeability profiles depend on evolution of the strain splitting 

function. When the value of this strain splitting function is large, permeability evolution 

at constant confining pressure is similar to permeability evolution at constant volume. 

When the value of that function decreases, permeability evolution at constant confining 

pressure moves closer to its theoretical solution. The impact of internal swelling strain 

on permeability was also found to be dependent on matrix properties. This strain 

decreases faster when the matrix has high adsorption-induced swelling capacity.  

The concept of internal swelling strain was then introduced into a shale apparent 

permeability model. Shale, like coal, has fractures and matrices and is composed of 

inorganic and organic matter, with gas adsorption in the organic matter. Using 

poroelastic constitutive law, pressure-dependent apparent permeability models were 

proposed to consider the impact of matrix-fracture interactions due to adsorption under 

variable boundary conditions. A method of using experimental data was also proposed 

to calculate the magnitude of this impact on apparent permeability. These apparent 

permeability models matched 19 sets of experimental data under various conditions, 

highlighting the importance of matrix-fracture interactions due to adsorption for shale 

apparent permeability evolution. The intrinsic permeability was found to be the key 

factor affecting the effect of matrix-fracture interaction on apparent permeability. 

A sequential model representing the multi-scale gas transport process in shale reservoirs 

was then built. Sensitivity analysis of this sequential model identified significant factors 

for shale gas production, including: (1) deformation due to changes in effective stress 

and interactions between microstructures; (2) the presence of natural fractures; and (3) 

natural fracture permeability, natural fracture porosity, inorganic pore permeability, 

Young’s modulus and the ratio of adsorbed-phase methane to total methane. 

This thesis is a compilation of five papers.  
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Chapter 1 Introduction 

1.1 Background 

The dramatic development of technologies in the last decades, such as hydraulic 

fracturing and horizontal wells, makes the commercial production of methane in tight 

formations come true. It has changed the manner in which we treat the methane in tight 

formations: from the waste or hazard to the huge potential as an unconventional gas 

resource. Coalbed methane and shale gas have shown the enormous potential in the past 

several decades. Major coalbed methane reserves exist in many countries and more than 

90% of the estimated reserves are in Canada, Russia, China, the United States and 

Australia. Estimates of the global coalbed methane reserve defined in volume of CH4 

are summarized in Table 1-1 (Liu et al., 2011a). In addition, major shale gas reserves 

exist in about 46 countries and over 50% of estimated reserves are in China, Argentina, 

Algeria, United States and Canada. Estimates of the global shale gas reserve are 

summarized in Table 1-2 (U.S. Energy Information Administration, 2015).  

Table 1-1 Coalbed methane reserves around the world 

Country 
CBM Reserves (Tcf) 
Boyer (1994) Murray (1996) Kuuskraa et al. (1992) Palmer (2008) 

Canada 200~2,700 300~4,260 570~2,280 200~2,700 
Russia 600~4,000 600~4,000 550~1,550 600~4,000 
China 1,060~1,240 1,060~2,800 350~1,150 1,060~1,240 
United States 343~414 275~650 500~1,730 400 
Australia 300~500 300~500 310~410 300~500 
Indonesia - - 210 - 
Germany 100 100 120(Western Europe) 100 
Poland 100 100 70 100 
United Kingdom 60 60 - 60 
Ukraine 60 60 50 60 
Kazakhstan 40 40 40 40 
Southern Africa* 30 40 100 30 
India 30 30 90 30 
Turkey - - 50 - 
Total 2,953~9,304 2,976~12,640 3,010~7,840 2,980~9,260 

*Includes South Africa, Zimbabwe and Botswana 
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Table 1-2 Shale gas reserves around the world (U.S. Energy Information Administration, 2015) 

Ranking Country 
Wet shale gas 

(trillion cubic feet) 
Date of 

information 
1 China 1,115.2 17/5/2013 
2 Argentina 801.5 17/5/2013 
3 Algeria 706.9 17/5/2013 
4 United States 622.5 14/4/2013 
5 Canada 572.9 17/5/2013 
6 Mexico 545.2 17/5/2013 
7 Australia 429.3 17/5/2013 
8 South Africa 389.7 17/5/2013 
9 Russia 284.5 17/5/2013 
10 Brazil 244.9 17/5/2013 
46 Countries’ total 7576.6  

Coal is a typical dual porosity medium containing porous matrix surrounded by 

fractures (Harpalani and Schraufnagel, 1990; Lu and Connell, 2007; Warren and Root, 

1963). Gas shale in natural also has matrix and fracture systems: two matrix systems of 

organic and inorganic matter, as well as natural fracture system (Wang and Reed, 2009; 

Passey et al., 2010; Andrade et al., 2011). In those natural materials, the fracture system 

provides an essential and effective flow path for gas. Compared with the fracture, the 

matrix with low permeability is isolated by the fracture network and is the principal 

medium for storage of the gas principally in adsorbed form (Gray, 1987; Curtis, 2002; 

Olsen et al., 2003; Gale et al., 2007; Wang and Reed, 2009). The surface area of the coal 

on which the methane is adsorbed is very large (20 to 200 m/g) (Patching, 1970) and 

gas is stored at near liquid density. Due to the existence of organic matter and the large 

surface area of nanopores, the content of adsorbed-phase methane in shale can be up to 

20%-80% (Curtis 2002; Wu et al. 2014).  

Compared with conventional gas reservoirs, unconventional gas (including coalbed 

methane and shale gas) reservoirs have low porosity and ultra-low permeability (Nelson, 

2009) and are dominated by gas desorption. During the unconventional gas production, 

the reduction of gas pressure increases the effective stress while decreases the 

adsorption-induced strain. These two competing mechanisms change the fracture 

apertures in reservoirs and further alter the ultra-low permeability of unconventional gas 

reservoirs. Whether the ultimate, long-term, permeability is greater or less than the 

initial one depends on the net influence of those two competing mechanisms (Chen et 

al., 2008; Connell, 2009; Liu et al., 2010, 2011b; Shi and Durucan, 2004; Peng et al., 

2015). In addition, the low fracture aperture of unconventional gas reservoirs may 
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induce the collision between gas molecules and fracture walls. In this case, the flow 

regime in unconventional gas reservoirs is different from Darcy flow (Zhu et al., 2007; 

Javadpour et al., 2007). It makes permeability for gas different from permeability for 

liquid. The permeability for gas is called as apparent permeability which is defined as 

the product of intrinsic permeability (k∞) and the correlation coefficient (usually 

presented as kg) depending on both fracture apertures and the gas mean free path (Civan, 

2010). 

As dual porosity media with matrix and fracture, unconventional gas reservoirs 

experience complex deformation of fractures exerting strong influence on the gas 

transport during unconventional gas production. The complexity of fracture deformation 

is reflected in the extensive suite of permeability models available in the literature.  

1.2 Permeability models developments 

1.2.1 Intrinsic permeability models without considering the matrix-fracture 

interaction 

The intrinsic permeability is a function of pore diameter and rock porosity (Nelson, 

2009; Cho et al., 2013) as well as microstructure of matrix (Yu and Cheng, 2002). The 

dual porosity medium with matrix and fracture is idealized as a collection of 

matchsticks and the matrix is fully separated by fractures as shown in Fig.1-1. Intrinsic 

permeability for this geometry was given by Reiss (1980) as 

32

48

1
fak                                              (1-1) 

where a is fracture spacing, and f is fracture porosity which is the ratio of fracture 

volume (Vf) to the total volume of rock (Vb): /f f bV V  . 

There are many factors affecting intrinsic permeability. The first one noticed by scholars 

is stress. Differentiating Eq.(1-1) with respect to hydrostatic stress and combining the 

relationship between physical properties gives (Seidle et al., 1992; Pan et al., 2010) 
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where fc is fracture compressibility defined as 
p

f

f 



1

, h is the horizontal 

stress. E and  are Young's Modulus and Poisson's ratio respectively. 

a

 

Fig. 1-1 Sketch of matchstick geometry 

The contribution of changes in the matrix volume to the stress-dependent intrinsic 

permeability is represented by the first term in the parenthesis while the contribution of 

changes in fracture volume to stress-dependent intrinsic permeability is represented by 

the second term, which is normally two to three orders of magnitude larger than the first 

term (Reiss, 1980). Therefore, simplifying and integrating the above equation gives: 

  0
0

3exp hhfc
k

k                                       (1-3) 

where 0h is the initial horizontal stress and k0 is the initial permeability. 

For unconventional gas reservoirs, methane as an adsorbed-phase gas is able to adsorb 

on surfaces of pores in organic matters. This chemical gas-rock interaction could induce 

adsorption-induced swelling strain which is the other significant factor affecting 

intrinsic permeability. Gray (1987) first proposed an intrinsic permeability model to 

incorporate the influence of matrix shrinkage due to gas adsorption. The horizontal 

stress incorporating matrix shrinkage was expressed by Gray (1987) as: 
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where sp refers to change in equivalent sorption pressure, s refers to change in the 

adsorption-induced strain, p0 refers the initial pore pressure and p refers to the current 

pore pressure.  

Gilman and Beckie (2000) proposed a simplified mathematical model of the methane 

transport in a coal seam taking into account the following features: a relatively regular 

fracture system, adsorptive methane storage, an extremely slow mechanism of methane 

release from the coal matrix into fractures, and a significant change of permeability due 

to gas desorption. Using the uniaxial strain assumption and Terzaghi formula, the 

effective stress in horizontal plane, he , is expressed as below, which is similar to 

Gray's (1987) result: 

1 1he

E
p S

 
 

     
 

                                  (1-5) 

The exponential relation is used for the permeability calculation: 
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where S is the change of the adsorbate mass and  is the volumetric welling/shrinkage 

coefficient, fE is an analogous Young's modulus for the fracture.  

Seidle and Huitt (1995) used the Langmuir’s equation to calculate the 

adsorption-induced swelling strain and proposed the intrinsic permeability model as:  
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where L  and Lp are the maximum volumetric strain and gas pressure at which the 

matrix strain is half of the maximum value, respectively.  

This model considers the effect of adsorption-induced swelling strain only, ignoring the 

impact of fracture compressibility. Based on this model, Shi and Durucan (2004) 

presented a model for pressure-dependent intrinsic permeability for gas-desorbing, 

linear elastic coalbeds under uniaxial strain conditions:  
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  00 3exp hhfckk                                    (1-9) 

where εs is adsorption-induced strain and cf is fracture compressibility. 

Cui and Bustin (2005) investigated quantitatively effects of reservoir pressure and 

adsorption-induced swelling strain on coal-seam permeability with constraints from the 

adsorption isotherm and associated swelling strain and derived a stress-dependent 

permeability model: 
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where pK is the bulk modulus for pore system. By assuming constant overburden stress 

and uniaxial strain conditions, then this permeability model was extended to be: 
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Based on the theory of linear elasticity, Palmer and Mansoori (1996) developed another 

widely used theoretical coal intrinsic permeability model as a function of pore pressure 

and matrix shrinkage. By assuming the uniaxial strain condition, 1 , and no change 

in overburden stress: 

 
3

0

0

0
0

00

11 


























 

pP

p

pP

p

M

K
pp

c

k

k

LL

Lm





                  (1-12) 

where '1
1 






  f

M

K

M
cm ,   


211

1




M , ' is grain compressibility and 

f is a fraction between 0 and 1. 

The Advanced Resources International (ARI) group developed another permeability 

model (Pekot and Reeves, 2002). This model does not have a geomechanics framework, 

while instead extracts the alteration in adsorption-induced swelling strain from a 

Langmuir curve of strain versus reservoir pressure which is assumed to be proportional 

to the gas concentration curve. The matrix shrinkage is proportional to the 

adsorbed-phase gas concentration change, multiplied by shrinkage compressibility mC  
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(a free parameter). The ARI model was compared to the model proposed by Palmer and 

Mansoori (1996), and the conclusion was that these two models are essentially 

equivalent in saturated coal, and where the strain versus pressure function is 

proportional to the Langmuir isotherm (Palmer et al., 2007). 

Pan and Connell (2007) developed a theoretical model for adsorption-induced swelling 

strain and applied to single-component adsorption/strain experimental data. Clarkson 

(2008) expanded this theoretical model to calculate the adsorption-induced swelling 

strain term of the permeability model improved by Palmer et al. (2007): 

   ' ln(1 ) , 1 2s
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where Es is the modulus of the solid phase, vs is Poisson's ratio for solid phase and ρs is 

the density for solid phase. R is the gas constant, T is the temperature, L is Langmuir 

sorption constant, and B is Langmuir pressure constant. 

The above models are derived under the specific condition of uniaxial strain which is 

not valid under other conditions. Robertson and Christiansen (2006) described the 

derivation of a new equation that can be used to model the intrinsic permeability 

behaviour of a fractured, sorptive-elastic medium under variable stress conditions. The 

model was derived for cubic geometry as shown in Fig.1-2 rather than matchstick 

geometry, and expressed as:  
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where c is the change rate in fracture compressibility. 

Based on the theory of poroelasticity, a general permeability model under variable stress 

conditions was developed by Zhang et al., (2008): 
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where s
s

v K

p
S   , 0

0 0 0v s
s

p
S

K
    , εv is the volumetric strain, εs is the 

adsorption-induced strain.  
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Fig. 1-2 Sketch of cubic geometry 

Ma et al. (2011) developed a model which was based on the volumetric balance between 

the bulk, solid grains and pores, using the constant volume theory (Massarotto et al., 

2009). It incorporated primarily changes in grain and fracture volumes and was, 

therefore, different from the other models that lay heavy emphasis on the pore 

volume/fracture compressibility. In that study, the overall matchstick strain resulting 

from the matrix shrinkage and the decrease in pressure was given as: 
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The permeability change could be calculated by the following expression: 
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where a  and a  are the matrix width and width change, respectively. 0 is the initial 

porosity.  

Currently, a number of empirical correlations have been proposed to match shale 

intrinsic permeability model with experimental data (Shi and Wang, 1986; Morrow et al., 

1984; Evans et al., 1997). A theoretical intrinsic permeability model of fractured shale 

was proposed by Chen et al., (2015a) based on the relationship of permeability with 

stress as shown in Eq.(1-2):  
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where e is the current effective stress, and 0e is the initial effective stress. This model 

was able to match the permeability data for different gas shale (Chen et al., 2014). It 

illustrates that evolutions of intrinsic permeability of fractured shale meet the model 

proposed by general dual porosity medium.  

1.2.2 Intrinsic permeability models considering the matrix-fracture interaction 

The matchstick and cubic geometry as shown in Fig.1-1~1-2 are typically assumed that 

the matrix blocks completely separated from each other by fractures. Under this 

assumption, there is no any displacement constrain existing between matrix blocks, and 

all matrix blocks can swell freely, therefore, the effective stress that changes fracture 

aperture under stress-controlled conditions in laboratory equals to the difference 

between confining pressure and pore pressure. When the effective stress is constant, 

from the models based on poroelastic theory (Shi and Durucan, 2004; Cui and Bustin, 

2005; Zhang et al., 2008), the alteration of fracture aperture is zero so the intrinsic 

permeability should remain unchanged (Liu et al., 2010a). However, this conclusion is 

inconsistent with experimental observations (Liu et al., 2011a) which show dramatic 

reduction in permeability with the injection of an adsorbed-phase gas (Harpalani and 

Chen, 1997; Pini et al., 2009; Pan et al., 2010; Wang et al., 2010).  

Liu and Rutqvist (2010) believed that in reality matrix blocks are not completely 

separated from each other by fractures, and developed a new permeability model which 

explicitly considers fracture–matrix interactions during coal deformation process. Due 

to the deformation constraint between matrix blocks, the swelling of matrix blocks 

could induce internal stress which makes the effective stress for changing fracture 

aperture vary even under the condition of constant effective stress of coal bulk. For 

example, the effective stress for changing fracture aperture under uniaxial strain 

conditions can be calculated by the following equations:  

1 1e s in

E
P

  
 

      
 

                                      (1-20) 

where in  is the change of internal stress, and 0f  is the initial fracture porosity..  
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Liu et al. (2010a,b) proposed a new geometry model of coal mass as shown in Fig.1-3 to 

explain the matrix-fracture interactions. For fractured coal mass, fractures do not create 

a full separation between adjacent matrix blocks whereas solid rock bridges are present. 

The competition of swellings between bridging contacts and matrix blocks causes 

matrix-fracture interactions. With increase of pore pressure, the swelling of the bridging 

contacts increases fracture aperture and permeability while the swelling of the 

intervening free-faces reduce fracture aperture and permeability. In order to calculate 

impact of matrix-fracture interactions on permeability, the parameter (Rm) representing 

the impact of matrix-fracture interactions was introduced into permeability model:  
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                                 (1-21) 

where fb and fb are fracture aperture and fracture aperture change, respectively. 

v is the volumetric strain, mR is elastic modulus reduction ratio, defined as mEE , 

mE  is Young's modulus for coal matrix, 0fk are initial fracture permeability.  

 

Fig. 1-3 Conceptual model for coal-matrix bridges (Liu et al., 2010a) 

Connell et al. (2010) presented several new analytical permeability model 

representations for variable boundary conditions, according to the general linear 

poroelastic constitutive law. The mechanical and adsorption-induced swelling strains of 

matrix and fractures were split to represent the matrix-fracture interactions. Under 

condition of constant confining pressure, the intrinsic permeability is: 
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where   is model parameter representing ratio of adsorption-induced swelling strain 

of fractures to the total adsorption-induced swelling strain of the whole bulk, 
 S
b is the 

total adsorption-induced swelling strain of the whole bulk.  

The other way to consider the effect of matrix-fracture interactions on intrinsic 

permeability is the multi-scale numerical simulation which couples the gas flow in each 

pore system and the gas mass transport between different pore systems (Wu et al., 2010a; 

Kang et al., 2011; Akkutlu and Fathi, 2012). However, the multi-scale numerical 

simulation requires the permeability model for each pore system. Dual-permeability or 

multiple permeability models have been developed to represent the permeability of all 

constituent components (Bai et al., 1993), including the role of gas adsorption (Bai et al., 

1997), and of multiple fluids (Douglas et al., 1991; Wang and Peng, 2014; Wang et al., 

2015). Moreover, several models have been applied to represent the response of 

permeability evolution in deforming aquifers and reservoirs (Elsworth and Bai, 1992; 

Ouyang and Elsworth, 1993; Bai et al., 1995; Liu and Elsworth, 1997; Liu and Smirnov, 

2008), to accommodate gas flow and other mechanical influences (Zhao et al., 2004; Qu 

et al., 2013). 

Wu et al. (2010a) developed a dual poroelastic model for a single gas under variable 

stress conditions. The model allows exploration of the full range of mechanical 

boundary conditions from invariant stress to restrained displacement. Wu et al. (2010b) 

extended their previous work (Wu et al., 2010a) to define the evolution of 

adsorption-induced anisotropic permeability. The expression of anisotropic permeability 

for fracture system is defined as: 
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where 0f is the initial fracture porosity, zyxji ,,,  , T , s , ei refer to the change 

in temperature, adsorption-induced strain and mechanical effective stress. 
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1.2.3  Developments of correlation coefficient models 

Klinkenberg (1941) observed that rock permeability for a gas, unlike the permeability 

for a liquid, is not a constant and is dependent on the reciprocal of the mean flowing 

pressure. The permeability for a gas is called as the apparent permeability. From the 

molecular theory of Kundt and Warburg (1875), Klinkenberg (1941) derived the 

following expression for the apparent permeability: 

1a
b

k k
p

 
  
 

                                                       (1-24) 

where ka represent apparent permeability, k∞ represents the intrinsic permeability, b is 

the parameter representing the magnitude of Klinkenberg effect and p  is the mean 

flowing pressure.  

It has been widely accepted that the apparent permeability for a gas results from the gas 

diffusion (Ertekin et al., 1986; Javadpour, 2009). Smith and Williams (1984) 

summarized that there are three mechanisms of gas diffusion existing in rocks: (1) gas 

molecule/molecule collision; (2) molecule/wall collision; (3) surface diffusion of 

adsorbed-phase gas. The gas diffusion fails the assumption of Darcy’s law that the gas 

velocity at fracture walls is zero. In this case, the gas velocity is enhanced by gas 

diffusion.  For very small pores at the nanoscale, the no-slip boundary condition is 

sometimes invalid (Javadpour et al., 2007; Hadjiconstantinou, 2006; Karniadakis et al., 

2005; Hornyak et al., 2008). The slip velocity on the surface of a nanopore eases gas 

flow. Brown et al. (1946) introduced a theoretical dimensionless coefficient F to correct 

for the slip velocity in tubes as: 
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                                           (1-25) 

where pavg is the average gas pressure, R is gas univeral constant, T is temperature of 

gas, M is molar mass of gas, μ is viscosity, and   is the tangential momentum 

accommodation coefficient or, simply, the part of gas molecules reflected diffusely from 

the tube wall relative to specular reflection (Javadpour, 2009). 

The mechanism of gas diffusion in porous medium can be classified by Knudsen 

number which represents the relationship between the mean-free-path of gas and the 

pore diameter (Roy et al., 2003): 
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where r represents the pore radius and λ represents the mean-free-path of gas. If Kn 

ranges from 0.1 to 0.001, the dominant mechanism of gas diffusion is 

molecule/molecule collision; If Kn ranges from 0.1 to 10, the collisions between the 

molecules and the pore walls become more important; If Kn exceeds 10, the dominant 

mechanism of gas diffusion is molecule/wall collision (Roy et al., 2003; Kandlikar, 

2003;Wu et al., 2015).  

Different mechanisms of gas diffusion result in different gas flow regimes. Many 

researchers thought that the flow regime plays a more important role in the evolution of 

apparent permeability and adopted Knudsen number to represent the effect of flow 

regime. Based on this theory, a lot of correlation coefficient models based on the 

Knudsen number have been proposed. A widely used one was derived based on a 

unified Hagen-Poiseuille-type formulation by Beskok and Karniadakis (1999):  
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where b’ is the slip coefficient. Beskok and Karniadakis (1999) suggested that its value 

is -1 and it is independent of the type of gas. The value of the dimensionless rarefaction 

coefficient  varies: 00    for 0 Kn   where 0 is an empirical parameter. This 

model can accommodate a wide range of fundamental flow mechanisms depending on 

the prevailing flow conditions (Civan et al., 2011). 

In above model, one value of Knudsen number represents one specific flow regime. 

However, some scholars have proposed several correlation coefficient models to 

consider two flow regimes together contributes to the apparent permeability for 

nanopores in shales (Freeman et al., 2011; Darabi et al., 2012; Naraghi and Javadpour, 

2015). A popular correlation coefficient model that incorporates slip flow and Knudsen 

diffusion was proposed by Javadpour (2009): 
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where ρavg represnts average gas density, pavg is the average gas pressure, R is gas 

univeral constant, T is temperature of gas, M is molar mass of gas, μ is viscosity, and r is 

pore radius. 
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Moghadam and Chalaturnyk (2014) expanded the Klinkenberg’s slippage equation to 

low permeability porous media by introducing a second-order term into the original 

Klinkenberg equation and verified this model by experimental data.  
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where ka represent apparent permeability, k∞ represents the intrinsic permeability, b is 

the parameter representing the magnitude of Klinkenberg effect and p is the mean 

flowing pressure.  

1.3 Deficiency of current permeability models 

The comparison of laboratory observations against the spectrum of models indicates 

that current models have failed to explain results from stress-controlled laboratorial tests 

(Liu et al., 2011a). The failure of those models may result from the lack of fully 

considering the effect of matrix-fracture interactions on permeability. Without 

considering the effect of matrix-fracture interactions, the widely used permeability 

model derived by Shi and Durucan (2004) has to be re-casted as a piecewise function to 

match the smooth experimental observations (Shi and Durucan, 2014). Although the 

impact of matrix-fracture interactions on permeability was introduced into permeability 

models, its mechanism of affecting permeability has not been fully analysed.  

Majority of corresponding researches (Connell et al., 2010; Liu et al., 2010, 2011b; 

Chen et al., 2012) used the fracture swelling strain inside rocks to represent the effect of 

matrix-fracture interactions. This kind of fracture swelling strain occurs inside rocks so 

it was named as the internal swelling strain, in order to differentiate it from the swelling 

strain of the whole rock bulk (Liu et al., 2011b). Few of experiments were conducted to 

investigate the behaviour of internal strain inside coal (Karacan, 2007; Mao et al., 2015). 

So far, without proper experimental technologies, none of experiment has investigated 

the relationship between internal swelling strain and permeability. Without it, the 

dynamic impact of matrix-fracture interactions on permeability is difficult to be 

correctly predicted.  

In addition, current numerical simulations for shale gas production even ignored the 
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geomechanical effect on change of fracture aperture and assumed that the intrinsic 

permeability is constant. They violate many experimental observations that 

geomechanical effect plays a significant role in the permeability evolution of shale 

(Tinni et al., 2012; Heller et al., 2014; Wang et al., 2014; Ghanizadeh et al., 2015). 

Furthermore, like coal, shale contains fracture and matrix systems (Wang and Reed, 

2009; Andrade et al., 2011) and absorbs acid gases (Curtis 2002; Wu et al. 2014). In this 

case, the impact of matrix-fracture interactions on permeability should not be ignored 

either.  

1.4 Research goals and approaches 

The main purpose of this thesis is to build permeability models for coal and shale with 

full consideration of matrix-fracture interactions. To achieve this purpose, the study is 

undertaken with the aims of: 

1. Using a conceptual geometry to represent the typical structure of dual porosity 

medium relaxes three common assumptions of permeability models and illustrates 

importance of matrix-fracture interactions for the evolution of intrinsic 

permeability. 

2. Using the multi-scale numerical simulation approach to define the impact of 

matrix-fracture interactions on intrinsic permeability, and to discover the 

importance of matrix properties for the evolution of intrinsic permeability. 

3. Developing a new intrinsic permeability model incorporating the effect of 

matrix-fracture interactions, and discussing key factors affecting the evolution of 

internal swelling strain.  

4. Developing a new apparent permeability model incorporating the effect of 

matrix-fracture interactions, and discussing the impact of matrix-fracture 

interactions on apparent permeability of shale. 

5. Based on the previous studies, building a sequential model to represent the gas 

transport process in shale reservoirs. Investigating on influences of key factors on 

shale gas production.  

The above issues are addressed through an integrated approach of conceptual analysis, 
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theoretical modeling, and numerical simulation.  

(1) Conceptual analysis 

Several conceptual structures representing typical microstructures of coal and shale are 

built in order to visually address the importance of matrix-fracture interactions for 

permeability evolutions. Matrix blocks, bridges and fractures compose the conceptual 

structure of coal and shale. The gas transport between matrix blocks and fractures is 

governed by the mass conservation law. Under stress-controlled conditions, 

matrix-fracture interactions result in the significant change of fracture aperture from 

which the permeability evolution could be calculated. The change of fracture aperture is 

used to represent the magnitude of impact of matrix-fracture interactions on 

permeability. Through comparison between different scenarios, the importance of 

matrix-fracture interactions for permeability evolution is visually addressed. This 

method could discover how matrix-fracture interactions affect permeability evolution 

and what properties of matrix blocks and fractures are important for permeability 

evolution.  

(2) Theoretical modeling  

Based on the poroelastic theory and the understanding of the matrix-fracture interaction, 

the intrinsic permeability model incorporating the geomechanical effect, 

adsorption-induced swelling strain and impact of matrix-fracture interactions, could be 

derived. In addition, for gas shale, the apparent permeability evolution also depends on 

flow regime. From the definition of Knudsen number, the effect of flow regime on the 

apparent permeability depends on fracture apertures. Through the relationship between 

fracture apertures and intrinsic permeability, the correlation coefficient representing the 

effect of flow regime on the apparent permeability could be linked with the evolution of 

intrinsic permeability. Finally, the theoretical model of apparent permeability is derived 

by combining the intrinsic permeability with the correlation coefficient.  

The behaviours of gas flow in coal and shale are controlled by multiphysics 

mechanisms, including gas flow and rock deformation. To fully couple all these 

mechanisms, numerical simulation models can be established on the mass and 

momentum conservation law. The interactions between these mechanisms are achieved 

by explicit simulations of the dynamic interactions between matrix swelling/shrinking 
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and fracture aperture alteration due to pressure change, and translations of these 

interactions to the evolution of permeability. 

(3) Numerical Simulation 

The developed models are implemented into a numerical simulator and solved with the 

finite element method and full coupled iteration. The simulator COMSOL is used in this 

study. COMSOL Multiphysics is a finite element analysis, solver and Simulation 

software, which also allows for entering coupled systems of partial differential 

equations (PDEs). The PDEs can be entered directly or using the so-called weak form. 

The modules of Darcy’s Law and Structure Mechanics in COMSOL are coupled to 

solve our developed models. In this fully coupled system, flow variables (such as 

pressure etc.) and geomechanical variables (such as stress and displacement) are 

simultaneously calculated by solving a system of equations governed by and established 

on the mass and momentum conservation laws. 

1.5 Thesis outline 

This thesis comprises seven chapters. The six chapters following this introductory 

chapter are arranged as follows: 

Benchmark assessment of coal permeability models is conducted in Chapter 2 to 

illustrate how common assumptions of current models produce unacceptable errors, and 

to gain understanding of the impact of matrix-fracture interactions on intrinsic 

permeability. Chapter 3 proposes a concept of internal swelling strain to represent the 

impact of matrix-fracture interactions by the multi-scale simulation approach and 

illustrates its importance for intrinsic permeability evolution. According to the 

poroelasticity theory and the understanding of the matrix-fracture interactions, a 

intrinsic permeability model incorporating the impact of matrix-fracture interaction is 

proposed in Chapter 4, and this model is verified by experimental data. Chapter 5 builds 

an apparent permeability model for shale incorporating the impact of matrix-fracture 

interactions, proposes a method to calculate magnitudes of key impacts on apparent 

permeability evolutions through experimental data, and discovers the importance of the 

matrix-fracture interactions for apparent permeability evolutions. In Chapter 6, a 

sequential model to represent the gas transport process in shale reservoirs is built and 
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impacts of several key factors of shale gas production are investigated. Finally, Chapter 

7 summarizes the main outcomes of this research, along with suggestions for future 

studies. 
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Chapter 2 Benchmark assessment of coal 
permeability models on the accuracy of 
permeability prediction 

ABSTRACT: When natural gas is extracted from coal seams, complex alterations of 

stress and sorptive chemistry have strong influences on the properties of coal. These 

include influences on gas adsorption and flow, coal deformation, porosity change and 

permeability modification. In this study, we defined this chain of reactions as “coupled 

processes” implying that one physical process affects the initiation and progress of 

another. The individual process, in the absence of full consideration of cross couplings, 

forms the basis of the conventional coal seam gas reservoir engineering. Therefore, the 

inclusion of cross couplings is the key to rigorously formulate the unconventional coal 

seam gas reservoir engineering. Among those cross-couplings, the coal permeability 

model is the most important one. Lots of permeability models were developed to define 

how the coal permeability evolves during gas production. These models were derived 

normally under three common assumptions: (1) uniaxial strain; (2) constant overburden 

stress; and (3) local pressure equilibrium. Under these assumptions, coal permeability 

can be defined as a function of gas pressure only and ignore the impact of 

matrix-fracture interactions. Our comprehensive review concluded that these models 

have failed to explain experimental results from stress-controlled conditions, and only 

partially succeeded in explaining in situ data. We identified the adoption of the above 

assumptions as the fundamental reason for failures. In this study, we relaxed the first 

two assumptions and derived a coal permeability model under variable stress conditions. 

Furthermore, we considered the effective stress transfer between matrix and fracture to 

represent matrix-fracture interactions and transformed this stress transfer into the 

modification of fracture aperture. This relaxes the third common assumption that is the 

local equilibrium condition. We applied this approach to generate series of permeability 

type curves under the full spectrum of boundary conditions spanning prescribed stresses 

through constrained displacement. We benchmarked the solutions generated by using 

permeability models with three common assumptions against our “exact” solutions by 

using permeability models without these assumptions for the full spectrum of boundary 

conditions, and concluded that these common assumptions could produce unacceptable 
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errors. 

Keywords: coal permeability; boundary effects; local equilibrium 

2.1  Introduction 

From in situ and experimental observations, permeability of a coal seam gas reservoir is 

not constant during depletion of the coal-bed methane (CBM) since gas extractions 

trigger complicated gas-coal interactions. Acid gases like methane originally adsorb 

around surface of coal, causing an adsorption-induced strain in reservoirs. When CBM 

is extracted from coal seams, gas desorbs from coal surfaces and the coal matrix shrinks. 

This coal matrix shrinkage may increase coal permeability while the rising effective 

stress due to the drop of pore pressure can lead to the decline of coal permeability (Chen 

et al., 2010; Liu et al., 2010a). Furthermore, other factors, like heterogeneity of coal, gas 

composition and water content, also contribute to the complexity of gas-coal 

interactions (Kang et al., 2011; Han et al., 2010; Wu et al., 2010a). All of these make 

permeability evolution hardly be predicted and change dramatically: up to 100 times in 

the San Juan basin (Palmer, 2009). Moreover, permeability of a reservoir has a close 

relationship with productivity of CBM. Information on permeability is in favor of 

long-term production design. However, to obtain the information on permeability in 

field is very expensive since it requires multi-well tests (Harpalani and Chen, 1997). 

Therefore, a mathematical model of determining changes in permeability is very 

valuable.  

A number of permeability models for coal have been proposed under specific 

assumptions. As mentioned in Chapter 1, the apparent permeability for a gas is 

composed of intrinsic permeability and the correlation coefficient depending on flow 

regime. In this chapter, only the intrinsic permeability is focused on and all the 

permeability models only deal with the intrinsic permeability. Table 2-1 lists current 

permeability models and their assumptions. Uniaxial strain and constant overburden 

stress are regarded as usual boundary conditions in reservoirs. Most of early 

permeability models were proposed based on these two assumptions. Gray (1987) first 

incorporated the effect of matrix shrinkage into permeability model and considered 

effective horizontal stresses controlled changes of permeability. Gilman and Beckie 
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(2000) presented a simplified geometry model for CBM and corresponding 

mathematical model of permeability which also contains the release mechanism of 

methane from matrix into cleats. Shi and Durucan (2004) improved the model proposed 

by Gray and considered the volumetric matrix shrinkage is proportional to the volume 

of desorbed gas rather than to reduction in the equivalent sorption pressure. Palmer and 

Mansoori (1996) (called as P&M model later) derived a widely used theoretical 

permeability model which is a function of pore pressure and matrix shrinkage. The 

P&M model was improved and summarized by Palmer et al. (2007). The geometry of 

all these models except G&B model that has a simplified geometry is matchsticks 

model as shown in Fig.1-1  

Table 2-1 Summary of current permeability models and their assumptions 
        Assumption 

Proposed by 
Uniaxial    

strain 
Constant overburden 

stress 
Local pressure 
equilibrium 

Gray, 1987 √ √ √ 
Gilman and Beckie,2000 √ √ √ 
Shi and Durucan,2004 √ √ √ 
Palmer and Mansoori,1996 √ √ √ 
Schwerer and Pavone,1984  √ √ 
Pekot and Keeves,2002  √ √ 
Roberson and Christiansen, 
2006 

  √ 

Cui and Bustin,2005   √ 
Zhang,2008   √ 
Gu and Chalaturyk, 2005   √ 
Connell,2010   √ 

Usually, the uniaxial strain condition is invalid in laboratory. Schwerer and Pavone 

(1984) developed a permeability model for laboratory measurements under the constant 

overburden stress condition. Pekot and Keeves (2002) improved that model, considering 

the effect of matrix shrinkage on the permeability. They assumed that matrix shrinkage 

was the product of concentration change of adsorbed-phase gas and shrinkage 

compressibility. Roberson and Christiansen (2006) further relaxed the constant 

overburden stress assumption and presented a new equation that can be used to model 

the permeability behaviour of a fractured, sorptive-elastic media under variable stress 

conditions commonly used during measurement of permeability data in laboratory. 

From constitutive relation for poroelastic media, Cui and Bustin (2005) developed a 

general stress-based permeability model for deep coal seams, considering effects of 

reservoir pressure and adsorption-induced volumetric strain on permeability.  
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Currently, it is pointed out that the constant overburden stress condition is invalid near 

the wellbore. The stress arching exists above a wellbore due to the cylindrical hole not 

supporting any overburden directly above it (Connell and Detournay, 2009). Therefore, 

permeability models with above common assumptions may be inaccurate for reservoirs. 

In recent years, significant efforts have been made to develop permeability models 

without those common assumptions. Gu and Chalaturnyk (2005) proposed a 

permeability model that overcomes the common assumptions and could reflect 

anisotropy in permeability. Following the similar method with the one of Cui and Bustin 

(2005), Zhang et al. (2008) developed a strain-based permeability model based on 

theory of poroelasticity. It was shown that current commonly used permeability models 

could be treated as specific examples (Zhang et al., 2008). Connell et al. (2010) 

proposed two new analytical permeability models representing for standard triaxial 

strain and stress conditions. 

Siriwardane et al. (2009) conducted experiments and showed that permeability for 

adsorbed-phase gas in coal also relates to exposure time. According to this, Liu et al. 

(2011c) believed that this dynamic permeability changes related to gas transport 

between matrix and fracture which triggers complex matrix-fracture interactions, and 

proposed a permeability switching model. They explained why permeability under the 

influence of gas adsorption can switch instantaneously from reduction to enhancement 

and revealed the transition of coal matrix swelling from local swelling to global 

swelling under the stress-controlled condition. In accordance with their theory, all the 

other above permeability models have the other assumption: local equilibrium, which 

means that those models ignored dynamic interactions between matrix and fracture. 

As reviewed above, a wide variety of coal permeability models have been proposed. 

However, these models have only partially succeeded in explaining in situ data. Even 

like P&M model widely used to match in situ data, its improved formation could only 

match two different sets of San Juan data with three rigorous preconditions (Palmer, 

2009). Compared with experimental data, these models have failed to explain 

experimental results from stress-controlled conditions and even could not match the 

trend of experimental data. To solve this issue, Robertson and Christiansen (2005) 

added a strain factor into these models.  Results from these improved models had 

consistent trends with experimental observations but the deviation between 
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experimental data and prediction calculated by these models could not be ignored and 

sometimes it could be as high as 60%. Liu et al. (2010a;2011a) suggested that this 

mismatch between current theoretical models and experimental data is due to the 

ignorance of matrix-fracture interactions. Moreover, dynamic interactions process has a 

significant impact on the permeability change. Their further research (Liu et al., 2011a) 

considering dynamic interactions obtained the reasonable result which is consistent with 

typical laboratory and in situ observations available in literatures.  

From above analysis, we believed that three common assumptions are fundamental 

reasons for failures of current permeability models to correctly explain the experimental 

observations. In this study, we used our poroelastic permeability model to relax the first 

two assumptions (uniaxial strain and constant overburden stress) and built explicit 3-D 

geometry including matrix and fracture. It allows gas transport between matrix and 

fracture, relaxing the third assumption (local equilibrium). These simulations contained 

the dynamic matrix-fracture interactions and translations of these interactions to 

permeability evolution under full spectrum of boundary conditions. Through these, we 

benchmarked the solutions generated by the P&M permeability model with three 

common assumptions against our exact solutions by the permeability model without 

these assumptions under the full spectrum of boundary conditions, and concluded that 

these three common assumptions could produce unacceptable errors.   

2.2  Methodology 

To relax the first two common assumptions: uniaxial strain and constant overburden 

stress, the general strain-based porosity and permeability models derived by Zhang et al. 

(2008) are applied to the following numerical simulations under variable boundary 

conditions and its solutions are regarded as exact solutions in this study. In this model, 

the porosity ratio evolves with the effective strain increment as: 

0 0

1 e

  
 

                                                         (2-1) 

There is a relationship between porosity, permeability and the grain-size distribution in 

porous media. Based on the definition given by Chilingar (1964), the cubic relationship 
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between permeability and porosity for the coal matrix is valid when the porosity is 

much smaller than 1.0 (normally less than 10%).  
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                                                           (2-2) 

Substituting Eq. (2-1) into Eq. (2-2), the permeability ratio is: 
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                                                       (2-3) 

where the effective strain increment is calculated by 
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                                                       (2-4) 

where Δεe is defined as the total effective volumetric strain increment, Δεv is total 

volumetric strain increment, Δp/Ks is coal compressive strain change, Δεs is gas 

adsorption-induced swelling strain increment and Ks represents the bulk modulus of 

coal grains. 

In this study, the gas adsorption-induced swelling strain increment can be calculated 

from Langmuir curve: 
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where εL is a constant representing the swelling strain at infinite pore pressure and the 

Langmuir pressure constant, PL representing the pore pressure at which the measured 

swelling strain is equal to 0.5 εL. 

For numerical simulation, the total volumetric strain can be obtained by the deformation 

component and it is defined as: 

11 22 33v                                                          (2-6) 
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where  ε11 , ε22 and ε33 are three principal strains obtained from numerical simulations. 

As a counterpart, permeability models with common assumptions are regarded as 

“industry-standard” permeability models in this study. Among them, the P&M model 

derived by Palmer-Mansoori (1996) is popular one so the following simulations use it as 

the representative of “industry-standard” models. The P&M model is defined as: 
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where  
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E

M and E is Young’s modulus of coal and v is Possion’s ratio of 

coal. 

It also can be expressed as (Zhang et al., 2008): 
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2.3  Representation of matrix-fracture interactions 

Coal is a typical dual porosity/permeability system containing porous matrix blocks 

surrounded by fractures. In this study, we considered the matrix-fracture interactions 

and used a conceptual geometry model proposed by Liu et al. (2010a). In this model, 

matrix blocks are connected to each other by rock-matrix bridges. The evolution of the 

fracture permeability change is related to the change of fracture aperture. The definition 

of fracture permeability is as: 

3

0 0
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f

k b

k b


                                                        (2-9) 

where 0b  is initial fracture aperture and b  is change of fracture aperture. 

This matrix swelling has two stages: local swelling and global swelling (Liu et al., 
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2011a). Initially a coal is in the initial pressure equilibrium state. When gas is injected, 

the fracture pressure reaches the injection pressure much faster than the matrix pressure 

and as a consequence the maximum imbalance between matrix pressure and fracture 

pressure is achieved. This imbalance diminishes as the gas penetrates into the matrix 

which makes the matrix pressure increase. At this stage, the matrix swells but this 

swelling is confined in the vicinity of the fracture voids. This localized swelling reduces 

the fracture aperture thus the fracture permeability drops immediately. As the gas 

penetration progresses, the swelling zone extends further into the matrix. When the 

swelling zone front moves away from the fracture void, the impact of matrix swelling 

on the fracture aperture starts to decline. At this stage, the local swelling becomes the 

global swelling and the fracture permeability recovers. When the matrix pressure equals 

the fracture pressure again, the final equilibrium state is achieved. 

As reviewed in introduction, current permeability models assume that the local 

equilibrium condition is reached instantly and matrix blocks are fully separated by 

fractures. To relax this assumption, in following numerical simulations, the special 

internal boundary called as the thin elastic layer is used to present the rock-matrix 

bridges between matrix and fracture system. Through this special internal boundary, 

dynamic interactions between matrix and fractures could be numerically simulated. The 

boundary of the thin elastic layer connects two faces like spring shown as Fig.2-1. The 

faces named as a and b are upper and bottom edge of fracture, respectively. The 

displacement of those two faces means the displacement of two edges of a fracture. 

Therefore, the change of the fracture aperture can be calculated. In order to make the 

force produced by the thin layer equal to the one by rock-matrix bridges, the spring 

constant k can be set by the following method. 
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Fig. 2-1 Illustration of thin elastic layer 

The volumetric strain-stress relationship of rock-matrix bridges is defined as: 

0

3
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                                               (2-10) 

where Δεvb is volumetric strain of rock-matrix bridges, Δlb  is the strain of rock-matrix 

bridges, Fb is the internal force provides by rock-matrix bridges, Ab  is the area of 

rock-matrix bridges, σb is total internal stress of rock-matrix bridges and lb0 is the initial 

height of rock-matrix bridges. 

Simplified Eq. (2-10) and it can be written as: 
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                                                       (2-11) 

The force produced by the thin elastic layer is defined as: 

=e e e eF K ud K uA


                                                  (2-12) 

where u is the displacement difference between two connecting faces, Ae is the area of 

fracture and Ke is spring constant per unit area. 
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In fact bu l   and b eF F . Substituting these two equations and Eq. (2-12) into Eq. 

(2-11), k can be derived as: 

0

b
e

b e

AK
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l A
                                                        (2-13) 

Usually the area of bridge occupies only little space in the fracture. In this study we 

assumed that Ab/Ae=1/100.  

2.4  Benchmark assessments of permeability models  

In order to relax all three common assumptions (uniaxial strain, constant overburden 

stress and local pressure equilibrium), we built a 3D model to simulate the evolution of 

permeability. In all these simulations, we applied the strain-based permeability model 

(Zhang et al., 2008) to the simulations. Because this permeability model is valid for 

variable stress conditions, we named the permeability solutions obtained from this 

model as exact solutions while solutions obtained from the P&M model were regarded 

as approximate solutions.  

The model geometry shown as Fig.2-2 is a cylinder that the height is 0.1m and the 

radius is 0.025m and the fracture locates at the center. The condition of no flow is 

applied on all the faces and a time-dependent injection pressure, Pin(t), is specified at 

the boundary of fracture. The initial pressure in the matrix is P0. Fig.2-2 (a) represents 

the constant volume condition in which all the external boundaries are constrained. 

Fig.2-2 (b) shows the uniaxial strain condition in the z-direction. Fig.2-2 (c) represents 

the free swelling condition and Fig.2-2 (d) shows the uniaxial strain condition in the 

y-direction. 

Input parameters for simulations are listed in Table 2-2. The injection pressure, Pin(t) is 

defined as: 
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where Pd is the pressure increment due to injection. The time td is the characteristic time 

to control loading speed. When the time is less than tp, no additional loading is applied.  

The geometry model as shown in Fig.2-2 represents a typical structure of dual porosity 

media including matrix blocks, rock-matrix bridges and fractures. Two different 

permeability models---PM model and Zhang model---are substituted into the mass 

conversation law to govern the gas mass transport between matrix blocks and fracture. 

This gas mass transport process induces the dynamic interaction between matrix blocks 

and fractures. This dynamic interaction plays the key role in permeability evolutions. 

The following numerical simulations are used to investigate how the dynamic 

interaction between matrix blocks and fractures influences the evolutions of fracture 

permeability. As shown in Eq.(2-9), the fracture permeability is calculated from its 

aperture. In addition, we presented simulation results to quantitatively analyse errors 

caused by the common assumptions.  

Table 2-2 Input parameters for simulations  
Parameter Value 
Matrix porosity(%) 5.0 
Matrix permeability(m-2) 10-20 
Gas viscosity(Pa s) 1.2278×10-5 
Young’s modulus(GPa) 6 
Possion ratio 0.1 
Biot’s coefficient 1 
Coal density(kg/m-3) 1500 
Langmuir swelling strain 0.02 
Langmuir sorption constant(m3/kg) 0.01316 
Langmuir pressure PL(MPa) 3.96 
Initial pressure (MPa) 0.1 
Spring constant in fracture(N/m3) 164 
Pressure increment Pd(MPa) 10 
Characteristic time td(s) 1250 
Start time tp(s) 5 
Initial fracture aperture b0(mm) 0.2 
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Fig.2-2 Simulation models 

2.4.1 Evaluation of boundary condition impacts 

The impact of boundary condition on matrix-fracture interactions can be directly 

transformed to the evolution of fracture permeability. Fracture apertures depend on the 

mechanical behaviour of matrix and rock-matrix bridges and this mechanical behaviour 

is dramatically affected by boundary conditions. Consequently, different boundary 

conditions may have completely different profiles of fracture permeability ratios.   

Fig.2-3 shows comparison results of fracture permeability ratio between Zhang model 

and P&M model under the condition of free swelling. Although two solutions have 

same trends for fracture permeability ratios, they have enormous deviations in 

magnitudes. The minimum fracture permeability ratio from P&M model is 81% while 

that from Zhang model is sharply down to 46%. The significant deviation between them 

Plan view 

Oblique view Plan view Oblique view Plan view 

(a)  Constant volume 

(c) Free swelling condition 

Oblique view Plan view 

(b) Condition of z-direction uniaxial strain.    

Oblique view

(d) Condition of y-direction uniaxial strain.    
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accounts for 76% of the minimum fracture permeability ratio from Zhang model. 

However, there is only a slight difference between their steady fracture permeability 

ratios and it is less than 1%.  

Results of fracture permeability ratios obtained from Zhang model and P&M model 

under the constant volume condition are shown in Fig.2-4. In this case, two solutions 

have a moderate deviation. The highest deviation in fracture permeability ratio is only 

6.5% and the deviation in minimum fracture permeability ratio is less than 1%. 

Although this deviation value is low, the error caused by assumptions of P&M model is 

extremely large. Their deviation in minimum fracture permeability ratio is two times 

larger than the minimum value obtained from Zhang model. Additionally, the same 

happens to results under the z-direction uniaxial strain scenario as shown in Fig.2-5. 

Compared with the Zhang model, P&M model has a higher value in minimum fracture 

permeability ratio (5.5%) which is 5% higher than that of the Zhang model (0.3%). The 

largest deviation between these two solutions is 23% when the pore pressure is 2.6MPa. 

In these numerical simulations, fracture permeability results from the fracture aperture 

as shown in Eq.(2-9). From the mechanical point of view, the fracture aperture results 

from the pore pressure distribution along the matrix blocks. At beginning and end, the 

pore pressure is under the pressure equilibrium statement when the pore pressure 

homogeneously distributes along the whole matrix block, therefore, the values of 

fracture permeability obtained from Zhang model and P&M model are same as shown 

in Figs.2-3~2-5. However, the boundary conditions of the coal sample in all the 

scenarios differ from the one assumed in PM model. Because Zhang model is valid for 

all these boundary conditions, the behaviours of mass transport between fracture and 

matrix blocks governed by Zhang model and PM model are different. It leads to that the 

pore pressure distributions obtained from P&M model and Zhang model are 

correspondingly different from each other. Fig.2-6 shows the pore pressure distributions 

at 5000s along the black line cross the whole matrix block. The pore pressure from 

Zhang model is higher than that from PM model so the adsorption-induced strain 

change from Zhang model is higher than that from PM model according to Eq.(2-5). In 

this case, the decrease in fracture aperture is higher than that from P&M model so the 

fracture permeability obtained from Zhang model is lower than that from P&M model 

as shown in Fig.2-3.  
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Fig. 2-3 Comparisons of Zhang model with P&M model under the condition of free swelling 

 

Fig. 2-4 Comparisons of Zhang model with P&M model under the condition of constant volume 
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Fig. 2-5 Comparisons of Zhang model with P&M model under the condition of z-direction uniaxial 
strain 
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Fig. 2-6 Comparison of pore pressure distribution in the matrix at 5000s between Zhang model with 

P&M model under the condition of free swelling   

2.4.2 Impact of local equilibrium assumption 

From Fig.2-3~2-5, it is apparent that fracture permeability is also a function of time. Its 
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characteristics indicate that fracture permeability evolution is a dynamic process before 

the whole system reaches its pressure equilibrium state. However, current permeability 

models ignore this fact. The following analysis shows the dynamic matrix-fracture 

interaction and its impacts on evolutions of fracture permeability ratios.  

2.4.2.1 Visualization of the dynamic evolution of fracture permeability 

As shown in Fig.2-3, the evolution trend of the fracture permeability ratio falls at first 

then goes up gradually and finally remains steady. Based on this observation, the 

evolution of fracture permeability ratio is separated into two stages: local swelling and 

global swelling. Initially only the local swelling controls the fracture permeability 

evolution and then the global swelling affects the fracture permeability if it exists. 

Fig.2-7 shows evolutions of the simulated bottom profile configuration in various 

boundary conditions. It gives a clear image of the transformation from local swelling to 

global swelling. Obviously there is a recovery process and global swelling in the 

conditions of free swelling and y-direction uniaxial strain. From the Fig.2-7 (c) and (d), 

it is found that the global swelling is nearly zero before 3000s and the y-direction 

displacement increment of fracture reaches maximum at 3000s. Afterwards, the global 

swelling increases sharply while the y-direction displacement of fracture decreases. It is 

a classic evolution from local swelling to global swelling. However, in conditions of 

constant volume and z-direction uniaxial strain, the y-direction is constrained at the 

boundary so there is no global swelling. The aperture of fracture could only decrease 

without any possibility of recovery. 
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Fig. 2-7 Evolution of the simulated bottom profile configuration in various boundary conditions 

2.4.2.2 Deviation caused by the local equilibrium assumption 

The boundary of the sample under free swelling condition is commonly used in 

laboratory. The evolution of the fracture permeability ratio for the free swelling scenario 

as shown in Fig.2-3 is consistent with experimental observations in the Robertson and 

Christiansen’s research (2005). Robertson and Christiansen thought that boundary 

conditions of samples in laboratory is different from the assumed boundary conditions 

of industry-standard permeability models, and this difference leads to the mismatch in 

permeability between experimental observations and analytical results. However, we 

suggested that the dynamic matrix-fracture interaction is the other important reason. 

Siriwardane et al. (2009) found that increasing exposure time can sharply reduce 

permeability and the exposure time for such reduction can range from 1.5 days up to a 

week. Robertson and Christiansen only spent 24 hours to equilibrate coal samples. It is 

highly possible that the matrix-fracture interaction did not cease when permeability was 

measured. As a result, Robertson and Christiansen’s research (2005) even got 
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unacceptable deviations (60% sometimes) after they multiplied P&M model by a 

variable strain factor.  

From our results as shown in Fig.2-3, the difference between steady and minimum 

fracture permeability ratios is large. The results of the exact solution (Zhang model) 

indicate that this difference is 54%. It is obvious that if samples do not equilibrate inside 

when measures are taken the deviations between experimental observations and 

analytical results from permeability models could be significant. The results shown in 

Figs.2-4~2-5 confirm this conclusion. The maximum deviation between initial and 

minimum fracture permeability ratios for the scenarios of constant volume and 

z-direction uniaxial strain could reach as high as 99%. 

2.5  Conclusion 

In this study, we quantitatively evaluated the performances of P&M model under three 

common assumptions: (1) uniaxial strain; (2) constant overburden stress; and (3) local 

pressure equilibrium, and those under variable stress conditions. Through these 

evaluations, we concluded that these three assumptions and their impacts on the 

evolutions of permeability are the main reason why P&M model has failed to explain 

experimental results from conditions of the controlled stresses, and only partially 

succeeded in explaining in situ data. In order to better represent the evolution of 

permeability, these three common assumptions must be relaxed through considering the 

matrix-fracture interaction and transforming this interaction into the modification of 

fracture aperture. 



School of Mechanical and Chemical Engineering 
The University of Western Australia 

3-1 
 

Chapter 3 Multi-scale coal permeability 
model to consider the effect of 
matrix-fracture interaction  

ABSTRACT: Coal permeability models are derived normally under three common 

assumptions: (1) uniaxial strain; (2) constant overburden stress; and (3) local pressure 

equilibrium. Experimental measurements are normally conducted under 

stress-controlled conditions. The inconsistency between model assumptions and 

experimental conditions determines that these coal permeability models cannot be used 

to analyze the experimental data.  Based on the theory of poroelasticity, coal 

permeability is determined by only the effective stress. Therefore, there should be no 

permeability change when the effective stress remains constant. This theoretical 

conclusion contradicts with the “V” shape profile of coal permeability as widely 

observed through experiments. This study has solved the mystery of this “abnormal” 

behaviour through a novel dual-permeability model. The model was formulated based 

on our previous concepts of local swelling, global swelling and their evolutions from 

the initial pressure equilibrium state to the final pressure equilibrium state. In the 

formulation, in order to represent effect of matrix-fracture interactions on permeability, 

we defined four strains: coal global strain, fracture local strain, matrix global strain, and 

pore local stain. Coal permeability was defined as a function of these strains. Their 

evolutions were determined by the effective stress transfer between the matrix system 

and the fracture system, and regulated by the gas diffusion process from the fracture 

system to the matrix system. We used the strain evolutions to define how permeability 

changes with time or gas pressure in the matrix system. We applied the new model to 

generate series of permeability profiles from the “V” shape as observed in experiments 

to the “Langmuir” type. These profiles are regulated primarily by the matrix diffusivity. 

When the diffusivity is low, it displays the “V” shape; when the diffusivity is high, it 

displays the “Langmuir” shape. 

Keywords: local pressure equilibrium; local strain; global strain; matrix diffusivity 
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3.1  Introduction 

In our recent review paper (Liu et al., 2011a), we concluded that current coal 

permeability models have failed to explain the results from stress-controlled 

shrinking/swelling laboratory tests (Wang et al., 2011; Pini et al., 2009; Robertson and 

Christiansen, 2005; for examples). We suggested the reason is that the impact of coal 

matrix-fracture interactions has not been taken into consideration. Great efforts in a few 

of previous studies were made to resolve this enigmatic behaviour through either 

modifying the existing models (Robertson and Christiansen, 2005) or splitting the 

swelling strain (Chen et al., 2012; Liu and Rutqvist, 2010). Although their models 

matched some experimental observations, their introductions of the strain splitting 

factor or other certain coefficients are difficult to justify. Therefore, how to determine 

these coefficients has been a huge challenge for research.  

Coal permeability models are derived normally under three common assumptions: (1) 

uniaxial strain; (2) constant overburden stress; and (3) local pressure equilibrium. 

Experimental measurements are normally conducted under stress-controlled conditions. 

The inconsistency between model assumptions and the experimental conditions 

determines that these coal permeability models cannot be used to analyse the 

experimental data. The persistent efforts to develop coal permeability models without 

these three assumptions have made. An effective strain-based coal permeability model 

was developed by Zhang et al. (2008). This model was developed under variable stress 

conditions, and can be applied to any boundary conditions. Coal is a typical dual 

porosity porous medium: gas stories in matrix blocks and transport in fracture networks 

(Barenblatt et al., 1960; Warren and Root, 1963). Gas transport in fracture networks 

leads to pressure difference between the fracture system and the matrix system, which 

causes the matrix-fracture mass transfer (Ranjbar and Hassanzadeh, 2011). However, 

current permeability models (Seidle et al., 1992; Palmer and Mansoori, 1996; Shi and 

Durucan, 2005; Cui and Bustin, 2005; Robertson and Christiansen, 2008) ignore this 

matrix-fracture mass transfer and assume that the matrix-fracture system gets 

equilibrated immediately.  In order to remove this assumption, Wu et al. (2010a, 2011) 

developed a dual porosity model to represent the matrix-fracture mass transfer. Liu et al. 

(2011c) suggested that mass transfer induces effective stress transport between matrix 
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system and fracture system, and introduced concepts of the local strain and the global 

strain to represent the matrix-fracture interactions. Based on those concepts, we 

conducted series of investigation about their impacts on the evolution of a single 

fracture (Liu et al., 2011c; Peng et al., 2014a; Qu et al., 2014). Through these studies, 

we demonstrated that our discrete models can match typical experimental observations 

reasonably well. Results of our works suggested that the local equilibrium assumption 

must be removed in order to fully understand the complex behaviour of coal 

permeability. This conclusion is also consistent with the reality that diffusion and 

adsorption processes require certain time spans to finish and they play a significantly 

important role in coal permeability (Zheng et al., 2013; Siriwardane et al., 2009).  Our 

latest work (Peng et al., 2014) proved that permeability models with this assumption 

could produce unacceptable errors.  

This study was a logical extension of our previous works. We combined our concepts of 

local swelling and global swelling and mechanisms of matrix-fracture interactions at the 

micro-scale into a more rigorous dual permeability model. In this model, coal was 

assumed as the dual porosity medium and the evolutions of matrix-fracture interactions 

were determined by the effective stress transfer between the matrix system and the 

fracture system. We used evolutions of local and global strains to define how coal 

permeability changes with time or gas pressure in the matrix system. 

3.2  A conceptual model 

Coal is a typical dual porosity medium consisting of matrix blocks and fracture 

networks. The gas flows primarily in the fracture network and stores mainly in matrix 

blocks principally in the adsorbed form. The fracture network is well developed and 

interwoven the coal matrix. Compared with the matrix blocks, fractures have high 

permeability.  

A microscopic structure of coal is composed of matrix blocks, bridges and fractures as 

shown in Fig.3-1. Matrix blocks are connected with each other by bridges, which 

represents the fact that matrix blocks are not fully separated. Because of present of 

bridge, swelling of matrix inside coal could induce swelling of the whole coal bulk. Due 

to this complex structure, when gas is injected into the coal, a chain of matrix-fracture 
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interactions could be induced.  

σx

σy

Matrix 
Block

Pm(x,y,t)

Pf>Pm

PfPf

Pf

Fracture

σy

σx

Pm=P0

Pm is the matrix pressure; Pf is the fracture pressure
Pinj is the injection pressure; P0 is the initial pressure 

Bridge

Pore

 
Fig.3-1 Illustration of the conceptual model 

Before gas is injected into coal, the coal is under the pressure equilibrium state where 

the matrix pressure is equal to the fracture pressure. Under this condition, no interaction 

between matrix blocks and fractures takes place. After the injection, gas flows in the 

fracture network and the fracture pressure rises immediately. Because matrix pressure 

remains its initial pressure, the pressure difference between fractures and matrix blocks 

develops. As the pressure difference evolves, the matrix-fracture interaction takes place. 

The injected gas moves into matrix blocks through diffusion, increasing pressure. As the 

gas diffuses into the matrix, it adsorbs in the matrix. This adsorption induces the matrix 

swelling. The diffusion and adsorption are long term processes. They take a long time 

from the initial pressure equilibrium state to the final one. In laboratory, this process 

takes several days up to a week (Siriwardane et al., 2009). At the final pressure 

equilibrium state, the matrix pressure is equalized with the fracture pressure.  

In order to accurately define the permeability evolution, the microscopic structure of 

coal should be taken into account. From the microscopic point of view, the microscopic 

structure of any point in coal is shown in Fig.3-1. When gas is injected into coal, the 

fracture pressure and matrix pressure in this point will be changed. As a whole, this 

representative point of coal will have a total volumetric strain which is referred to as 

coal global strain in this paper. Inside the coal, strains of fractures and matrix blocks 
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may be different from the coal global strain because of matrix-fracture interactions. If 

the fracture pressure is larger than the matrix pressure, the matrix will be compressed 

and the aperture of fractures will increase. If the gas adsorbs around fracture walls, the 

aperture of fracture will decrease. These two kinds of strain take place around fractures. 

For fractures, their difference is called as the fracture local strain.  

Due to the difference in pressure between the fracture system and the matrix system, the 

adsorption-induced swelling strain on the outside surface of matrix blocks (where 

pressure is fracture pressure) is different from the adsorption-induced swelling strain 

inside matrix blocks (where pressure is matrix pressure). This treatment reflects the fact 

that the distribution of adsorption-induced swelling strain along matrix blocks is uneven 

before the final equilibrium state is achieved. Regarding matrix blocks, they are also 

porous media containing pores (indicated by white area) and grain (indicated by blue 

areas) as shown in Fig.3-1. The matrix pressure compresses grains and the gas adsorbs 

on pore surfaces inside matrix blocks. For pores inside matrix blocks, the resultant of 

strains induced by these two mechanisms is the pore local strain. The matrix global 

strain equals to the difference between coal global strain and the compressive strain due 

to differential pressure between matrix and fracture systems.  

The other key characteristic of matrix-fracture interactions is that they are all 

time-dependent. The mechanism controlling the gas transport between matrix blocks 

and fractures is diffusion. Compared with gas flow in fractures, the diffusion process 

takes much longer time to be completed. Matrix pressure and fracture pressure are not 

equal until the coal reaches the equilibrium state. As a result, during the gas injection 

process, different strains complete at different time scales. The strain relating to fracture 

pressure changes much faster than the strain relating to matrix pressure.  

Combining the above two characteristics of matrix-fracture interactions, during the gas 

injection, the conceptual evolution of the permeability (fracture apertures) is shown in 

Fig.3-2. At the beginning stage of gas injection, only is the fracture pressure affected. 

The effective stress in the matrix block remains unchanged. At this stage, the 

adsorption-induced swelling strain is only confined on the fracture walls or around the 

matrix surfaces, and the fracture local strain controls the fracture permeability change. 

After the injection, more gas diffuses into the matrix blocks and the matrix pressure 
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increases. During the propagation, the effective stress in matrix blocks evolves until it is 

equalized with the effective stress in fracture networks. This process is called as the 

effective stress transfer. Under the condition of free swelling, the coal global strain 

increases during this process of effective stress transfer, and reaches its maximum value 

when final equilibrium state is achieved. When the final equilibrium state is reached, 

coal permeability is also stabilized.  

Fig.3-3 presents a typical conceptual evolution of coal permeability under the condition 

of free swelling. When gas injection starts, the fracture local strain is larger than the coal 

global strain, therefore, the coal permeability decreases. As the gas pressure propagates 

into the matrix, the coal permeability starts to increase. When the dual porosity system 

gets its final equilibrium state, the final fracture permeability is achieved. At final 

equilibrium state, matrix pressure and fracture pressure exceed their initial ones 

therefore, under condition of constant confining pressure, effective stress at final 

equilibrium state is less than initial one so fracture apertures increase. Because the 

fracture permeability is proportional to fracture apertures (Liu et al., 2011c), apparently, 

the fracture permeability at final equilibrium is higher than the initial value. 

 
Fig. 3-2 Evolution of coal swelling 
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Fig. 3-3 Typical evolution of permeability under the condition of free swelling 

This conceptual coal permeability profile is consistent with experimental data reported 

in the literature (Robertson and Christiansen, 2005; Pini et al., 2009; Wang et al., 2011).  

In the following section, we formulated this conceptual understanding into a set of 

partial differential equations (PDE), implemented them into a commercial PDE solver, 

and reported our major findings. 

3.3  Formulation of the conceptual model 

In this section, we formulated our conceptual model discussed about in Section 3.2 into 

the governing equations. Those equations consist of the mechanical deformation of coal, 

gas flow in the fracture networks and the matrix-fracture mass transfer. We defined the 

strain around fracture walls as the fracture local strain and the coal strain as the global 

strain. These definitions were consistent with our concepts of local swelling and global 

swelling (Liu et al., 2011c). In the following sections, the coal global strain is defined as 

εv, the fracture local strain is defined as εfl, the matrix global strain is defined as εmv and 

the pore local stain is defined as εpl. 

In order to obtain above four kinds of strains, a set of coupling equations for gas flow in 

coal is derived first. This set of equations removes the assumption of local pressure 

equilibrium and is comprised of the mechanical deformation of coal, gas flow in the 

fracture networks and the matrix-fracture mass transfer: 

(1) When gas is injected into coal, fracture pressure, matrix pressure and 

adsorption-induced swelling strains evolve from the initial pressure equilibrium state to 
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the final pressure equilibrium state. These evolutions are regulated by the mechanical 

deformation of coal.  Through the coal deformation equation, the global strain together 

with other strains can be obtained.  

(2) For a dual porosity medium, fracture networks provide the gas flow path. The 

advection flow occurs in the fracture system. The equation of gas flow in the fracture 

networks describes the dynamic process of gas flowing along fractures. This equation 

resolves fracture pressure.  

(3) The matrix system is the place where gas stores. For gas injection, the gas in 

fractures transports into matrix blocks before the matrix-fracture pressure equilibrium 

state is achieved. The equation of matrix-fracture mass transfer describes the physical 

process of gas transport between the fracture system and the matrix system. This 

equation obtains the matrix pressure.  

The matrix permeability and fracture permeability models shown in the last part of this 

section reflect dynamic effects of local strains and the global strain on matrix and 

fracture permeability.   

3.3.1  Governing equation of the mechanical process 

For the dual porosity model, it is assumed that coal consists of matrix and fractures. 

Each component contributes to the mechanical deformation of coal. The mechanical 

process is described by the equation of motion for the mixture of matrix and fracture 

networks. On the basis of poroelasticity and by making an analogy between thermal 

contraction and matrix/fracture swelling, the Navier-type constitutive relation for the 

coal is (Wu et al., 2010):  

, , , , , ,(1 ) 0
1 2i kk k ki m m i f ms i f f i f fs i i

G
Gu u p K p K f

v
            


           (3-1) 

Where G=E/2(1+v),K=E/3(1-2v), αm=1-Km/Ks, αf=1-K/Km G is the shear modulus of 

rock, E is the Young’s modulus of rock, v is Possion’s ratio of rock, Km is the bulk 

modulus of matrix, Ks is the bulk modulus of grains, αm is the Biot coefficient of matrix, 

αf is the Biot coefficient of fracture, pm is the matrix pressure, εms is the gas 
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sorption-induced strain of matrix, pf is the fracture pressure, εfs is the gas 

sorption-induced strain of fracture, f is fracture porosity and f is the body force of rock, 

u is the displacement of rock. 

From this equation, the coal global strain (εv) can be calculated by Eq.(2-6). Applying 

Langmuir isotherm to get the gas sorption-induced strain of matrix and fracture: 

L m
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                                                       (3-2) 

L f
fs

L f

p

P p


 


                                                       (3-3) 

where εL is the Langmuir strain constant, PL is Langmuir pressure constant 

3.3.2  Governing equations of gas flow in fracture networks 

The gas mass in the fractured coal exists in both free-phase and absorbed forms. The gas 

mass can be thus expressed by: 

(1 )L f
f f ga c f ga c b

L f

V p
m m

P p
          


                              (3-4) 

where ρ is the gas density under fracture pressure, ρga is gas density at atmosphere 

pressure, ρc is the rock density, VL is the Langmuir volume constant, PL is Langmuir 

pressure constant, pf is the fracture pressure, mb is the average gas content in the rock 

matrix. The first item on the right side is the free-phase gas in fractures, the second item 

is the adsorbed gas in fractures and the last item represents the adsorbed gas in matrix 

blocks. 

Applying the mass conservation law and Darcy velocity to the gas phase gives: 
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                                             (3-5) 
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Substituting Eq.(3-4) into Eq.(3-5) obtains the final governing equation of gas flow in 

the fracture networks: 

2
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     (3-6) 

where kf is the fracture permeability, μ is viscosity and Qs is the source. 

3.3.3  Governing equation of matrix-fracture mass transport 

The mass transfer rate of gas sorption from fractures into matrix depends on the 

difference between the current gas content and the equilibrium gas content in the matrix. 

A diffusion time, τ, is introduce to measure their exchange rate as (Wang et al., 2013): 

1
[ ]b

b e

dm
m m

dt 
                                                     (3-7) 

Where τ is the diffusion time and me is the equilibrium gas content at fracture pressure: 
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Based on the Langmuir isotherm, the average pore pressure in the matrix, pm, is back 

calculated if the average gas content in the matrix, mb, is known: 
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                                                       (3-9) 

The diffusion time of a matrix block is generally expressed by: 

1

aD
                                                             (3-10) 

where D is the diffusion coefficient of gas in the matrix and a is a shape factor. The 

diffusion coefficient is related to the permeability and the compressibility of gas as: 
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where km and m are matrix permeability and porosity, respectively. 

3.3.4  Coal porosity and permeability model 

3.3.4.1 Permeability model for fracture 

The porosity of fracture is related to the effective strain of fractures as (Liu et al., 

2011a): 
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where 0f is the initial fracture porosity and f  is the current fracture porosity. 

As mentioned in conceptual model, the effective strain of fractures is the resultant of the 

coal global strain and the fracture local strain. The change of effective volumetric strain 

is: 

fe v fl                                                          (3-13) 

The fracture local strain comprises adsorption-induced swelling strain around fracture 

walls and compressive strain of matrix blocks. The adsorption-induced swelling strain 

narrows fracture apertures while compressive strain of matrix blocks increases fracture 

apertures. The fracture local strain is defined as: 
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So the effective strain of fractures is: 

( )f m
fe v fs

m
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                                               (3-15) 
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where the first item represents global strain which is obtained from governing equation 

of mechanical deformation of coal; the second item represents the compressive strain of 

matrix blocks and the last item is the adsorption-induced swelling strain around fracture 

walls. They are functions of fracture and matrix pressure which could be solved from 

equation of gas flow in fracture networks and equations of matrix-fracture mass 

transport. 

If the porosity is much smaller than 1 (normally less than 10%), the typical relationship 

between porosity and permeability is cubic law (Liu et al., 2011a) as shown in Eq.(2-2) 

Substituting Eq. (3-12) into Eq. (2-2) to obtain fracture permeability model: 
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                                                    (3-16) 

where kf0 is the initial fracture permeability and kf  is the current fracture permeability.  

3.3.4.2 Permeability models for matrix 

Similar to models for fracture networks, the porosity of matrix is related to the effective 

volumetric strain as shown in Eq.(2-1) (Liu et al., 2010a). Similar with fractures, the 

effective strain for pores inside of matrix blocks is: 

me mg pl                                                         (3-17) 

As mentioned in conceptual model, the matrix global strain is less than the coal global 

strain because fracture pressure will compress the matrix blocks and the matrix global 

strain is: 

( )f m
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The adsorption-induced swelling strain decreases the pore volume while matrix pressure 

compresses grains and increases the pore volume: 
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Substituting Eq. (3-18) and Eq. (3-19) into Eq. (3-17), the effective strain for pores 

inside matrix blocks is: 
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where the first item represents global strain which is obtained from governing equation 

of mechanical deformation of coal; the second item represents the compressive strain of 

matrix blocks; the third item is the adsorption-induced swelling strain of pores inside 

matrix blocks and the last item demonstrates the compressive strain of grains. They are 

functions of fracture and matrix pressure which could be solved from equation of gas 

flow in fracture networks and equations of matrix-fracture mass transport. 

Combing Eq.(2-2) (the cubic relationship between porosity and permeability) and 

Eq.(2-1), the matrix permeability is: 
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where 0m is the initial matrix porosity, m  is the current matrix porosity, km0 is the 

initial matrix permeability and km is the current matrix permeability. 

3.4 Generation of coal permeability profiles 

In the following, we presented examples to illustrate the effect of interactions between 

fractures and matrix on the evolution of coal permeability and to reveal the reason why 

coal permeability changes under the condition of free swelling.  

The common coal sample in laboratory is a cylinder confined by constant stress and the 

gas is injected from bottom shown as Fig.3-4(a). Because of the geometrical symmetry 

of this coal sample and its symmetry load, the 3-D coal sample shown in Fig.3-4(a) 

could be represented by the 2-D model shown in Fig.3-4(b). The injection pressure, Pin, 
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is applied at the bottom boundary and no flow boundary is applied on other boundaries. 

The initial pressure for both fracture networks and matrix blocks is P0. The confining 

pressure, Pcon, is applied at all boundaries. This boundary condition allows the domain 

to free swell. Input parameters for simulations are listed in Table 3-1. The data are 

collected from article by Zhang et al. (2008). 

 
(a) Coal sample in laboratory    (b) 2-D model 

Fig.3-4 Simulation model  

Table 3-1Input parameters for simulations 

Symbol Value Physical meanings Units 

E 2.713 Young’s modulus of Coal GPa 
v 0.339 Possion’s ratio of Coal - 
αf 0.1  Biot coefficient of Fracture - 
αm 2/3 Biot coefficient of Matrix - 
μ 1.84×10-5   Viscosity Pa·s 

0m


 
2 Initial matrix porosity % 

0f


 
2 Initial fracture porosity % 

km0 1×10-18   Initial matrix permeability m2 
kf0 1×10-17   Initial fracture permeability m2 
P0 1  Initial pressure MPa 
Pin 3 Injection pressure MPa 
PL 6.109  Langmuir pressure constant of Methane MPa 
Pcon 0 Confining pressure MPa 
VL 0.015  Langmuir sorption capacity of Methane m3/kg 
εL 0.02295 Langmuir strain constant of Methane - 
ρc 1250  Coal density kg/m3 
Pa 0.1 Atmosphere pressure MPa 
a 1 Shape factor m-2 

Under assumption that matrix blocks and fractures homogeneously distribute along coal 

samples, using governing equations in Section 3.3, the simulation could represent gas 
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flow in fractures, matrix-fracture mass transport and coal deformation behaviour. From 

point of mass conservation, the Eq. (3-6) describes the gas flow in fractures and the Eq. 

(3-7) illustrates matrix-fracture interactions in terms of mass transfer. They reflect the 

fundamentally physical functions of fractures and matrix blocks of coal: the injected gas 

flows along fractures and then stores in matrix blocks.  

3.4.1  Effect of diffusivity on permeability  

In order to investigate effects of diffusivity on permeability, we used three different 

diffusion times (τ) and compared their results of permeability ratio. The values of 

different diffusion time are shown in Table 3-2. A higher diffusion time indicates that 

the lower diffusivity (see Eq.(3-10)). In the third scenario, the diffusion time is extreme 

small, which means that fractures and matrix blocks get pressure equilibrium state 

immediately. Their results of average permeability ratio of the coal sample are shown in 

Fig.3-5. 

Table 3-2 Diffusion time for three scenarios 
Scenario number 1 2 3 
Diffusion time (s) 2×105 2×103 2×10-13 

 

 
Fig.3-5 Evolution of permeability ratio with different diffusion time 

From Fig.3-5, it can be seen that diffusivity plays an extremely important role in coal 

permeability evolution. Prior to achieving equilibrium state between matrix blocks and 
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fractures, coal permeability experiences two opposite trends. Firstly, coal permeability 

decreases due to the fracture local strain. At this moment, adsorption-induced swelling 

strain concentrates around fracture walls when gas does not transport sufficiently into 

matrix blocks. During this period, the fracture local strain dominates coal permeability. 

Due to the gas mass transport between fractures and matrix blocks occurs, matrix 

pressure increases and the coal global strain starts to increases. When the final 

equilibrium state is achieved, coal permeability reaches its final value. It shows that this 

continuum coupling model could accurately represent characteristics of effective stress 

transport in the matrix-fracture system. 

From Fig.3-5, it is obvious that diffusivity strongly influences the time that is required 

to reach the final equilibrium. It does not affect the final permeability. A higher 

diffusivity (lower diffusion time) leads to a faster process to reach the final equilibrium 

state. In the third scenario, the diffusion time is extremely low. Coal reaches the 

equilibrium state almost immediately. Under this condition, the coal global strain 

always dominates the permeability evolution. This situation is similar to the common 

permeability models for single porosity medium (Zhang et al., 2008). This coincidence 

indicates that our new model can be degenerated to the single porosity case. For this 

model, these profiles are regulated primarily by the matrix diffusivity. When the 

diffusivity is low, it displays the “V” shape; when the diffusivity is high, it displays the 

“Langmuir” shape.   

Through comparing permeability profiles of these three scenarios, it is concluded that if 

the fracture local strain is taken into account, the experimental observation (“V” shape) 

can be predicted.  

3.4.2  Reason why coal permeability change under condition of free swelling 

Our model results show that coal permeability increases with pressure if the final 

pressure equilibrium state between matrix block and fractures is reached. However, the 

common experimental observation is that the injection of acid gas at low pressure 

induces the decrease in the permeability ratio (Robertson and Christiansen, 2005; Wang 

et al., 2011). Therefore, we can conclude that the final pressure equilibrium state 

between fractures and matrix blocks may never be achieved at low pressure. Fig.3-6 
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explains this phenomenon very well. It shows how experiments observe the decrease in 

permeability under the condition of free swelling. The injection gas only flows along 

fractures. The pressure measured in experiments is accurately the fracture pressure. 

Although the fracture pressure measured in experiments remains same, the permeability 

will not achieve its final equilibrium value until the pressure equilibrium state of coal is 

achieved. Fig.3-6 illustrates that the matrix pressure may be far away its equilibrium 

value even when fracture pressure remains same. Only when matrix pressure reaches its 

equilibrium value, the measured permeability obtains the final permeability. Otherwise, 

the permeability may decrease. For example, the fracture pressure reaches its final value 

at around 1000s while the gas mass transport between fracture and matrix blocks is far 

away from the pressure equilibrium state. At this moment, the fracture local strain is 

dominant so that the permeability decreases. The permeability ratio is below 0.6. If the 

permeability is measure at 1 day, the value of permeability ratio would be around 0.75. 

The final permeability for the pressure equilibrium state is achieved at about 12 days.  

 
Fig.3-6 Fracture pressure, matrix pressure and permeability ratio evolution during gas injection 

3.5  Verification against typical experimental observations 

In this section, we would like to verify our new model through the comparison with 

experimental observations. We collected experimental information from Robertson and 

Christiansen (2005). These experiments were conducted under the condition of 

free-swelling/constant stress. The core was allowed to be equilibrated for 24 hours. The 

geometry model for numerical simulations is shown in Fig.3-4. Table 3-3 lists the 
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properties of the coal in their experiments and Table 3-4 lists the Langmuir constants for 

sorption-induced strain curves for Anderson and Gilson coal at 80°F.  

Table 3-3 Coal property information 
 Anderson Gilson 
Rank Subbituminous High-volatile bituminous 
Vitrinite reflectance, Vr(%) 0.24 0.53 
Initial permeability, kf0(mD)  262 0.0385 
Initial porosity, φf0(%) 1.31 0.804 
Average fracture compressibility Cf (psi-1) 4.17×10-4 6.59×10-4 
Initial fracture compressibility, C0 (psi-1) 1.88×10-4 1.69×10-4 
Fracture compressibility change rate, α(psi-1) 2.43×10-3 3.75×10-3 

 
Table 3-4 Langmuir constants for sorption-induced strain curves for Andersonand Gilson coal at 

80°F 
Gas Coal Normalized strain constant Average PL, psia 

CO2 
Anderson 0.03527 

555.25 
Gilson 0.01559 

CH4 
Anderson 0.00931 

886.03 
Gilson 0.00765 

N2 
Anderson 0.00305 

1119.93 
Gilson 0.00196 

For these numerical simulations, we assumed the injection pressure, Pin, is time 

dependent: 

/
0 (1 )dt

in dP P P e   t

                                                (3-21) 

where Pd is the pressure increment due to injection. The time td is the characteristic time 

to control loading speed. For following simulations, Pd and td list in Table 3-5: 

Table 3-5 Pressure increment and characteristic time 
Pd (psia) 145 290 435 580 725 
td (s) 500 1000 1500 2000 2500 

Besides the property of coal, our new model also requires the properties of matrix which 

relate to the matrix-fracture mass transfer process. Because they were missing in 

experiments conducted by Robertson and Christiansen, we could only assume their 

values based on other literatures (Seidle et al., 1992; Palmer and Mansoori, 1996; Shi 

and Durucan, 2005; Robertson and Christiansen, 2005; Wang et al., 2011). Gas viscosity 

could find online (http://www.lmnoeng.com/Flow/GasViscosity.php). Table 3-6 lists the 

property of gases and coal.  
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Table 3-6 Property information of gas and matrix 

Symbol Value Physical meanings Units 

μCO2 1.5×10-5   CO2 Viscosity Pa·s 
μCH4 1.2×10-5 CH4 Viscosity Pa·s 
μN2 1.9×10-5 N2 Viscosity Pa·s 

0m A


 
1 Initial matrix porosity of Anderson coal % 

km0ACO2 2.1×10-18   Initial matrix permeability of Anderson coal for CO2 m2 
km0ACH4 2.2×10-18   Initial matrix permeability of Anderson coal for CH4 m2 
km0AN2 2.3×10-18   Initial matrix permeability of Anderson coal for N2 m2 
P0 100  Initial pressure psia 
EA 2 Coal Young’s Modulus of Anderson coal GPa 
υ 0.35 Possion’s ratio - 

0m G


 
5.5 Initial matrix porosity of Gilson coal % 

km0GCO2 9×10-18   Initial matrix permeability of Gilson coal for CO2 m2 
km0GCH4 12×10-18 Initial matrix permeability of Gilson coal for CH4 m2 
km0GN2 13×10-18 Initial matrix permeability of Gilson coal for N2 m2 
EG 1.3 Coal Young’s Modulus of Gilson coal GPa 

3.5.1  Envelops of fracture permeability  

The fracture permeability evolutions obtained from the numerical simulations in this 

study are illustrated in Fig.3-7. This figure shows the evolution of fracture permeability 

ratio in the case where three gases are injected into the Anderson and Gilson coal 

sample, respectively. In this paper, the fracture permeability ratio is the average value of 

the whole sample. From Fig.3-7, it is can be seen that at first, the permeability ratio 

decreases and then it increases. The magnitude of permeability ratio change depends on 

adsorption capacity of gas. Because of different adsorption capacities, the minimum 

fracture permeability ratios for different gases are significantly different: the high 

adsorption normalized strain constant, the lower minimum fracture permeability. As a 

result, CO2 has the lowest minimum fracture permeability ratio while N2 has the highest 

minimum fracture permeability ratio. The maximum fracture permeability ratio is 

achieved when the matrix-fracture interaction gets equilibrated. Under the condition of 

free swelling, the maximum fracture permeability ratio also depends on injection 

pressure: the higher injection pressure the higher maximum permeability ratio.  

The minimum fracture permeability ratio at each pressure composes the limit boundary 

is called the lowest ratio line in this paper while the maximum fracture permeability 

ratio at each injection pressure composes the other limit boundary is called the highest 

ratio line. These two lines form an envelope of fracture permeability which restricts the 

possible fracture permeability in experiments. The measured fracture permeability ratio 



School of Mechanical and Chemical Engineering 
The University of Western Australia 

3-20 
 

in laboratory should not leap out its area. Fig.3-8 shows envelops for each example and 

experimental values (Robertson and Christiansen, 2005).  

 
 

Fig. 3-7 Evolution of permeability ratio 
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Fig.3-8 Envelops of fracture permeability 

3.5.2  Comparison between different models 

Our model releases three common assumptions of normal models: (1) using the 

permeability model proposed by Zhang et al. (2008) releases the assumptions of 

uniaxial strain and constant overburden stress. This permeability model derived from 

poroelasticity theory and porosity definition so it is valid for any boundary conditions 

(Liu et al., 2011a). (2) considering the impacts of fracture pressure and matrix pressure 

in this new model releases the assumption of local pressure equilibrium. Due to the 
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difference of property between fractures and matrix blocks, their pressure evolutions are 

often different and not under pressure equilibrium statement between matrix blocks and 

fractures. In this numerical simulation, dual porosity model is used to describe the gas 

flows in fractures and matrix blocks, respectively and fracture pressure and matrix 

pressure could be separately solved. Substituting fracture and matrix pressures into the 

new permeability model considers their impacts on permeability evolution. Therefore, 

the new permeability model built in this study could accurately predict the evolution of 

fracture permeability as shown in Fig.3-7 and obtain its envelope as shown in Fig.3-8. 

In laboratory, the measured fracture permeability could be any value in that envelope 

because the matrix-fracture interaction possibly may not reach the pressure equilibrium 

state and stay at any stage. In this case, the adsorption-induced swelling strain would 

unevenly distribute in the matrix-fracture system. Our model uses different expressions 

of the effective strain for the matrix system and the fracture system to represent the 

phenomenon of uneven distribution of local strain in the matrix-fracture system.  

In the experiments conducted by Robertson and Christiansen (2005), the experimental 

data were collected not immediately but at 24 hours or later. This period allows the 

pressure equilibrium state between matrix blocks and fractures to be achieved. In order 

to fully duplicate the experimental process, for the numerical simulations, the fracture 

permeability ratio results were also collected at 24 hours. We called this numerical 

result as the “time-fitted result” in the following. In reality, the injection of 

absorbed-phase gases, such as CO2, may induce heterogeneous adsorption-induced 

swelling and volumetric strains (Karacan and Mitchell, 2003; Karacan, 2007). However, 

our model does not consider these factors so it is hard to exactly match the experimental 

data at 24 hours. If we collected the numerical simulation results around 24 hours, the 

experimental permeability ratio could be matched well. We called this numerical result 

as the “data-fitted result” in the following.  

Fig.3-9 shows how to obtain the simulation results of our model. Fig.3-9 (a) illustrates 

the evolution of permeability ratio for CO2 injecting into the Anderson coal. In Fig.3-9 

(b), permeability ratios of four different injection pressures at 24 hours are collected. In 

Fig.3-9 (c), permeability ratios of four different injection pressures around 24 hours are 

collected. Fig.3-9 (d) shows the comparison of experimental data with these two results 

obtained from the new model.  
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In this paper, we chose two typical permeability models: Palmer-Mansoori model (PM 

model) and Shi-Durucan model (SD model), as counterparts of our model. The Fig.3-10 

shows the comparison results between our model, PM model and SD model. 

3.5.3  Discussion 

From Fig.3-10, it is clear that “data-fitted result” match all experimental data except one. 

However, this one may be the experimental error because it could not be obtained even 

if we use Seidle-Huitt model. This model only considers the effect of 

adsorption-induced swelling strain (Seidle et al., 1992). For coal under conditions of 

free-swelling, the permeability obtained from this model is the minimal value because it 

ignores the elastic strain of the coal. The Seidle-Huitt model is: 

3

0

0 0 0

2
1 1

3
f L

f f L L

k p p

k p p p p




   
             

                             (3-22) 

In case of nitrogen injection, fracture permeability ratio of Anderson coal obtained by 

Seidle-Huitt model at 250 psia is 0.87 while the corresponding experimental data is 

0.76.  

From above figures, it is obviously that common models with three assumptions could 

not match experimental observations even the trend of permeability evolution but our 

model could. Our model discards the common assumptions which normal models have, 

therefore, it could consider the effect of matrix-fracture interactions on permeability. 

With them, our model obtains the possible range for fracture permeability. The real 

fracture permeability should not overstep them.  
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Fig.3-9 Illustration of how to obtain “time-fitted result” and “data-fitted result”  
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Fig.3-10 Comparison between different models 

Comparing performance of normal models for different gases in Fig.3-10, it is clear that 

normal models have better accuracy in prediction of fracture permeability for gases with 

lower adsorption capacity: normal models perform best for nitrogen injection while 

perform worst for carbon dioxide injection. For the gas with lower adsorption capacity, 

it would lead to a slighter adsorption-induced swelling strain so the effect of 

matrix-fracture interaction on fracture permeability is lower. 
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3.6 Conclusions 

In this study, we presented a new permeability model to explain experimental results 

where the coal permeability evolution obeys the “V” shape profile. This model 

incorporates gas flow, gas diffusion and coal deformation processes. The main 

characteristic of this model is that it implements the switch of the fracture local strain to 

the coal global strain due to matrix-fracture interactions. The model could accurately 

obtain the coal permeability profiles. Our results show that these profiles are regulated 

primarily by the matrix diffusivity. When the diffusivity is low, it displays the “V” shape; 

when the diffusivity is high, it displays the “Langmuir” shape. These two extreme 

conditions define envelops of coal permeability. The “V” shape profile represents that 

the transition of coal permeability from the initial pressure equilibrium state to final 

pressure equilibrium state takes a long period of time from a few days to weeks. The 

“Langmuir” shape profile represents that the transition takes a shorter period of time 

from a few minutes to hours. In reality, the shape profile of coal permeability should be 

somewhere in between.  
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Chapter 4 Impact of coal matrix strains on the 
evolution of permeability 

ABSTRACT: In the previous chapter, it was suggested that the impact of 

matrix-fracture interactions is the reason for the decrease in permeability at low pressure 

under stress-controlled conditions. That model was built for the ideal case where coal is 

homogeneous. In this case, the internal strain would disappear when the pressure 

equilibrium state is achieved. However, the presence of internal strain at the pressure 

equilibrium state was observed in laboratory. Currently, a few studies have used the 

internal strain under the pressure equilibrium state to represent matrix-fracture 

interactions, and investigated on the effect of the internal strain on permeability. The 

internal strain in those studies was quantified through a strain-splitting approach. In this 

approach, the matrix strain was split into two parts: one contributes to the internal strain 

while the other contributes to the global strain of coal. It was assumed that the 

difference between the internal strain and the global strain determines the evolution of 

permeability. However, in those studies, a constant splitting factor was normally 

assumed. That assumption means the impact of internal strain is always same during the 

whole gas injection/production process. This study extended that approach through the 

introduction of a strain splitting function that defines the dynamic evolution of the 

internal strain with pore pressure. The strain splitting function changes from zero to 

unity. Zero means that the internal strain has no impact on permeability evolution while 

unity means 100% of the internal strain contributes to the evolution of coal permeability. 

Based on this approach, a new permeability model was constructed. The model was 

verified against 9 sets of experimental data under the condition of a constant confining 

pressure. The model results show that the impact of internal strain on permeability 

decreases as the swelling capacity of matrix increases.  

Key words:  Coal Permeability; Internal Swelling; Gas Adsorption; Coal Seam 

Methane 

4.1  Introduction  

Coal permeability significantly affects coal bed methane (CBM) production and 
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long-term storage of CO2 in coal seam reservoirs. Coal permeability is sensitive to two 

factors: effective stress and adsorption-induced strain. For CBM production, the 

reduction of gas pressure increases the effective stress which in return reduces the 

permeability (Palmer and Mansoori, 1996; Seidle and Huitt, 1995). Meanwhile, the 

reduction of gas pressure decreases adsorption-induced strain which in return increases 

the permeability (Harpalani and Schraufnagel, 1990). The behaviour of coal 

permeability depends on the net influence of these dual competing mechanisms (Shi and 

Durucan, 2005; Connell, 2009).  

A broad variety of models have been proposed to represent effects of 

adsorption-induced strain and effective stress on the dynamic evolution of permeability 

over last few decades. Somerton et al. (1975) investigated the permeability of fractured 

coal to methane and presented a correlation equation in the prediction of permeability 

with mean stress. Gray (1987) first incorporated the effect of matrix shrinkage into 

permeability model and considered the effect of horizontal effective stress on changes 

of permeability. Seidle and Huitt (1995) developed a conceptual matchstick model to 

explain coal permeability decrease with increasing effective stress. Gilman and Beckie 

(2000) presented a simplified geometry model for CBM and corresponding 

mathematical model of permeability which also contains the release mechanism of 

methane from matrix into cleats. Shi and Durucan (2005) used the Langmuir equation to 

represent the effect of sorption-induced strain on horizontal effective stress and analysed 

the rebound pressure during CBM production. Palmer and Mansoori (1996) derived a 

widely used theoretical permeability model which is a function of effective stress and 

matrix shrinkage. This model was improved and summarized by Palmer (2009). The 

above models were derived under in-situ condition (uniaxial strain). In laboratory, the 

condition of samples is different from the in-situ condition. Schwerer and Pavone (1984) 

developed a permeability model for laboratory measurements under condition of 

constant overburden load. Pekot and Keeves (2002) improved that model, considering 

the effect of matrix shrinkage on the permeability. Roberson and Christiansen (2006) 

presented two new equations that can be used to model the permeability behaviour of a 

fractured, sorptive-elastic media under conditions commonly used during measurement 

of permeability data in the laboratory. From constitutive relation for poroelastic media, 

Cui and Bustin (2005) developed a general stress-based porosity and permeability 
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model for deep coal seams, considering effects of horizontal effective stress and 

adsorption-induced swelling strain on permeability. Based on theory of poroelasticity, 

Zhang et al. (2008) developed a strain-based porosity and permeability model under 

variable stress conditions.  

In our recent review paper (Liu et al., 2011a), it was concluded that current coal 

permeability models are unable to describe results from stress-controlled 

shrinking/swelling laboratory tests (i.e. Wang et al., 2011; Pini et al., 2009; Robertson 

and Christiansen, 2005; Vishal et al., 2013). The reason was suggested to explain this: 

the impact of coal matrix-fracture interactions inside coal has not been taken into 

consideration. To account this effect on permeability, Liu and Rutqvist (2009) first 

proposed a concept of internal swelling stress. They separated the matrix swelling strain 

into two parts: the one contributes to internal swelling; the other contributes to the bulk 

strain of the whole coal. They concluded that the difference between internal swelling 

strain and the swelling strain of matrix determines the evolution of fracture permeability. 

Connell et al. (2010) used the similar concept to differentiate the swelling strain of pore 

and the swelling strain of coal bulk. From the poroelastic constitutive law, they derived 

an analytical model for tri-axial strain and stress conditions and found out that the 

swelling strain of pore is approximately 50 times larger than swelling strain of coal bulk. 

Chen et al. (2012) proposed a parameter named as the sensitivity ratio to represent the 

effect of swelling strain of coal on permeability. Compared with other models like 

Palmer-Mansoori, Shi-Durucan and Cui-Bustin models, this kind of model involving 

internal swelling strain matches experimental data quite well (Chen et al., 2012). In 

these models, the constant coefficient accounting for the impact of internal swelling 

strain on permeability was used. It means that the impact of internal swelling strain is 

always same during the whole gas injection/production process. The effect of internal 

swelling strain on permeability requires more researches. 

To investigate the evolution of internal swelling, Liu et al. (2011c) built a conceptual 

model comprised of a matrix and a fracture. They concluded that the internal swelling 

strain results from the gas transport between matrix and fracture. Based on this concept, 

Qu et al. (2014) investigated the impact of temperature transport on internal swelling 

strain evolution. Peng et al. (2014a) investigated the evolution of internal swelling strain 

under variable boundary conditions. Based on these result, Peng et al. (2014b) proposed 
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a dual porosity model to take into account the impact of internal swelling strain on 

permeability due to gas transport between matrix and fracture. The properties of matrix 

in their simulations are homogeneous. In this ideal case, the internal swelling strain 

disappears when the pressure equilibrium state between matrix and fracture is achieved 

(Liu et al., 2011c; Peng et al., 2014a, b; Qu et al., 2014). In reality, a matrix contains 

several types of organic materials with different percentage. It was observed in 

Laboratory that the swelling strain unevenly distributes inside matrix blocks (Karacan, 

2007; Mao et al., 2015).  

In the previous chapter, it was suggested that the decrease in permeability at low 

pressure under stress-controlled condition results from the non-equilibrium state inside 

coal. However, there are lots of experiments observing decrease in permeability at low 

pressure (i.e. Wang et al., 2011; Vishal et al., 2013). It cannot be sure that all 

experiments fail to reach pressure equilibrium states. There may be the other possibility 

for decrease in permeability. In reality, the distribution of mineral inside coal is 

heterogeneous. It could cause internal swelling strain which may cause decrease in 

permeability under pressure equilibrium state.  

In this study, the impact of heterogeneous internal swelling strain on permeability was 

investigated. A conceptual geometry comprised of a fracture and a matrix including two 

regions with different minerals was first built to investigate the factors affecting internal 

swelling strain. Secondly, a strain splitting function representing the distribution of 

internal swelling strains was introduced into permeability model. This function was 

proposed based on published experimental observations and our understanding of 

internal swelling strain. Thirdly, the new model was verified against 9 sets of 

experimental data. 

4.2  Investigation of internal swelling strain 

In this section, a conceptual geometry of the matrix-fracture system was built to 

investigate factors affecting internal swelling strain inside coal. A representative 

element was used to represent a typical microscopic structure of coal as shown in 

Fig.4-1. The matrix block is divided into two regions with different absorption 

capacities which represent different minerals. To simplify the question, it is only 
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assumed that Langmuir strain constants in these two regions are different. The gas 

transport from fractures to matrix blocks is subject to the mass conservation law for 

ideal gas as shown in Eq.(4-1) (Zhang et al., 2008). The values of parameters of this 

numerical model list in Table 4-1.  

 
Fig. 4-1 Illustration of a representative element (The matrix block is divided into two regions with 

different absorption capacities: Part I and Part II) 
 

Table 4-1 Input parameters of simulations 

Symbol Value Physical meanings Units 

E 4 Young’s modulus of Coal GPa 
v 0.3 Poisson’s ratio of Coal - 
α 0.66  Biot coefficient - 
μ 1.2×10-5   Viscosity Pa s 

0m
  5 Initial matrix porosity % 

km0 1×10-20   Initial matrix permeability m2 
P0 0.1  Initial pressure MPa 
Pin 4 Injection pressure MPa 
PL 2  Langmuir pressure constant of Methane MPa 
Pcon 0 Confining pressure MPa 
VL 0.01316  Langmuir sorption capacity of Methane m3/kg
ρc 1500  Coal density kg/m3

Pa 0.1 Atmosphere pressure MPa 
b0 0.4 Initial fracture aperture mm 

2
0

( )
c a Li Li i i i

i i i i
i Li

p V P p k
p p p

p P t t

 


     
            

                           (4-1) 

where  is porosity, ρc is coal density, pa is atmosphere pressure, VL and PL are two 

Langmuir constants, p is pressure, k is permeability, μ is viscosity, and the subscript i 

indicates the index of matrix regions. The Langmuir strain constants of different regions 

for three different scenarios are given in Table 4-2. This representative element is under 

the condition of free swelling as shown in Fig.4-2.  Pcon and Pf are confining pressure 
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and fracture pressure, respectively. The permeability of this representative element can 

be calculated by the fracture aperture as shown in Eq.(2-9) (Liu et al., 2011c).  

 
 Fig. 4-2 Illustration of mechanical condition of the representative element 

Table 4-2 Langmuir strain constants for three scenarios 
Scenario number 1 2 3 
εLI  0 0.03 0.01 
εLII  0.03 0 0.03 

 

The permeability of this microscopic structure depends on the net change of swelling 

strains of these two regions. Different scenarios have different behaviours of the 

swelling strain. In the scenario 1, the swelling strain only occurs in Part II far away 

from the fracture and the swelling strain does not exist in Part I; the situation in the 

scenario 2 is opposite. These two scenarios are two extreme situations. The common 

situation is the scenario 3 where swelling strain occurs in both regions.  

The permeability ratio evolutions against time for different scenarios are illustrated in 

Fig.4-3: For the scenario 1, the permeability always increases; for the scenario 2, the 

permeability always decreases. The difference in permeability evolution between these 

two scenarios indicates the impact of swelling strains of different regions on 

permeability. If the swelling strain occurs far away from the fracture, it contributes to 

the global swelling strain of the coal bulk and thus increases the permeability. If the 

swelling strain occurs around the fracture, it contributes to the internal swelling strain 



School of Mechanical and Chemical Engineering 
The University of Western Australia 

4-7 
 

and thus decreases the permeability. For the common case like the scenario 3, swelling 

strains occur at both regions while dominate permeability evolution at different time. A 

transfer process exists. At first, the internal swelling strain dominates so the 

permeability decreases; afterwards, the global swelling strain dominates so the 

permeability increases. From this comparison, it is clear that the internal swelling strain 

results from the adsorption at matrix region around the fracture (Part I as shown in 

Figure 4-2). In addition, the swelling strain distribution significantly affects 

permeability ratio at the pressure equilibrium state. For different scenarios, the final 

values of permeability ratio are different at the same pore pressure. It discovers that 

permeability enormously depends on not only the pore pressure but also the swelling 

strain distribution.  

The microscopic structure as shown in Fig.4-1 is only the simplest structure of coal with 

one fracture. In reality, the whole coal bulk is comprised of a large number of such 

microscopic structures as shown in Fig.4-4. Each microscopic structure may have 

unique mineral components. In Fig.4-4, the white rectangle represents the fracture, other 

components with different colors represents matrix regions with different minerals. The 

permeability of the whole coal bulk is the resultant of all swelling strains of these matrix 

blocks. In this case, the heterogeneity may also significantly affect permeability of the 

whole coal bulk.  
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Fig. 4-3 Evolution of permeability ratio vs. time for different scenarios 

 
Fig. 4-4 Illustration of heterogeneity of microscopic structure of a coal bulk(The white rectangle 

represents the fracture; other components with different colors represents matrix regions with different 
minerals) 
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4.3  Model formulation 

4.3.1  General representation 

In this section, the theoretical basis for the models developed in this paper is presented. 

First, on the basis of poroelasticity and by making an analogy between thermal 

contraction and sorption-induced swelling strain of the whole coal, the constitutive 

relation for the deformed coal is (Zhang et al., 2008):  

1 1 1

2 6 9 3 3
s

ij ij kk ij ij ijp
G G K K

           
 

                           (4-2) 

From the above equation, the volumetric strain of coal is: 

 1
v sp

K
                                                      (4-3) 

where / 3kk   is the mean compressive stress. G=E/2(1+v),K=E/3(1-2v), α=1-K/Ks, 

G is the shear modulus of coal, E is the Young’s modulus of coal, v is the Poisson’s ratio 

of coal, Ks is the bulk modulus of matrix, α is the Biot coefficient, p is the gas pressure, 

εs is the gas adsorption-induced swelling strain of coal. 

Since coal has a dual porosity structure (Roberson and Christiansen, 2006), there are 

two pore systems involved. It is commonly assumed that the fracture determines the 

flow and pores in matrix determines the gas storage in coal. In this paper, given the 

focus on gas flow, in the following, the calculation of porosity only considers the 

fracture rather than pores in matrix. The volumetric balance between the volume of coal 

bulk (Vb), the matrix volume (Vm) and the fracture volume (Vf), is Vb = Vm + Vf. The 

porosity of coal ( ) is defined as: /f f bV V  . The volumetric evolution of the fractured 

coal with the load of  and p can be described in terms of dVb/Vb and dVf/Vf, the 

differential volumetric strain of coal bulk and volumetric strain of fractures, respectively 

(Zhang et al., 2008): 

 1b
s

b

dV
d dp d

V K
                                                 (4-4) 
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 1f
s

f f

dV
d dp d

V K
                                                (4-5) 

where γ=1-Kf/Ks and Kf is the bulk modulus of fracture.  

It was observed in laboratory that the injection of adsorbed-phase gas can cause the 

internal swelling strain inside coal (Karacan, 2007). The permeability evolution has a 

close relationship with the internal swelling strain occurs around fractures, which is 

discussed in Section 4.2. To incorporate its impact on permeability evolution, in this 

study, the differential volumetric strain of fracture is modified as: 

 1f
s in

f f

dV
d dp d d

V K
                                             (4-6) 

where εin is the internal swelling strain of fractures. Its positive value means that matrix 

deforms towards fracture and it causes the decrease of fracture volume. This internal 

strain occurs inside coal bulks so it does not induce any change in global strain of coal 

bulk and not break the force balance of coal bulks either. If the fracture is void, the 

matrix could deform freely towards fracture without any induced stress. If the internal 

swelling strain makes matrices contact each other, it would not change the force balance 

of coal bulk either. The pair of internal force should be equal but with opposite 

directions so the sum of this pair of internal force should be zero. In this case, the global 

strain of coal bulk (Eq.(4-5)) will not be changed by internal swelling strain inside coal 

bulk.  

Using the definition of porosity, the following expression can be deduced (Zhang et al., 

2008): 

1
fb m

b m f

ddV dV

V V




 


                                                  (4-7) 

 1
f fm

f m f f

dV ddV

V V


 

 


                                               (4-8) 
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Solving Eqs.(4-7)~(4-8), it can be obtained: 

f f b

f f b

d dV dV

V V




                                                      (4-9) 

Substituting Eq.(4-4) and Eq.(4-6) into Eq.(4-9) can obtain: 

 1 1f
in

f f

d
d p d

K K


 


 

     
 

                                      (4-10) 

As the bulk modulus K is commonly several orders of magnitude larger than the pore 

volume modulus Kp, we obtain 1 1 1

p pK K K
   , then define the compressibility 1

t
p

c
K

  

and the Eq.(4-10) becomes: 

 f
f in

f

d
c d p d


 


                                                (4-11) 

Integrating Eq. (4-11) immediately gives: 

 

0

f inc pf

f

e  


                                                      (4-12) 

If the porosity is much smaller than 1 (normally less than 10%), the typical relationship 

between porosity and permeability is cubic law as shown in Eq.(2-2)(Liu et al., 2011a). 

Substituting Eq.(4-12) into Eq.(2-2) to obtain fracture permeability model: 

 3 3

0

f inc pf

f

k
e

k
                                                       (4-13)          

where
0 is the initial fracture porosity, f  is the current fracture porosity, kf0 is the 

initial fracture permeability at initial pore pressure p0, kf is the dynamic fracture 

permeability at pore pressure p. 
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4.3.2  Discussion of the internal swelling strain 

(1) When the coal is exposed to adsorbed-phase gas like CO2, the internal swelling 

strain inside coal caused by gas adsorption as well as pressure enhancement is created 

(Karacan, 2007). The adsorption-induced swelling strain is usually larger than 

pressure-induced strain in coal. In this study, it is assumed that only the 

adsorption-induced swelling strain contributes to the internal swelling strain;  

(2) A coal block is comprised of several maceral components with different percentage 

so there is a significant variation of absorption properties even at regional scales 

(Crosdale et al., 1998; Karacan and Okandan, 2001; Karacan, 2003). In this case, a 

matrix inside coal has different absorption properties from ones of the whole coal bulk. 

According to Langmuir isotherm, the adsorption-induced swelling strains of the coal 

bulk and the matrix are: 

L
s

L

p

p P

 


                                                       (4-14) 

Lm
ms

Lm

p

p P

 


                                                      (4-15)                    

where εs is the gas adsorption-induced swelling strain of coal, εms is the gas 

adsorption-induced swelling strain of matrix, εL is the Langmuir strain constant of coal, 

εLm is the Langmuir strain constant of matrix, PL is the Langmuir pressure constant of 

coal and PLm is the Langmuir pressure constant of matrix. To simplify calculation, 

assuming that PLm= PL in this study, the relationship between adsorption-induced 

swelling strain of matrix and that of coal is: 

Lm
ms s

L

 


                                                        (4-16) 

(3) It is assumed that the matrix and fracture are always connected with each other. In 

this case, the fracture has the same volumetric change with the matrix. However, the 

sizes of fracture and matrix are much different. With the same volumetric change, their 
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adsorption-induced swelling strains are quite different. The volumetric change of matrix 

caused by gas adsorption is: 

0m ms mV V                                                        (4-17) 

It should equal to volumetric change of fracture. In reality, 0 0m fV V  so the fracture 

strain caused by adsorption-induced swelling strain of matrix inside coal is:  

0 00 0

0 0 0 0 0 0

f m fm m b ms
fs ms ms ms

f f f f f

V V VV V V

V V V V V

   


 
                         (4-18) 

Substituting Eq.(4-16) into Eq.(4-18), it becomes: 

0

1Lm
fs s

L

 
 

                                                      (4-19) 

(4) The above equation is valid for an ideal case where the coal bulk only has a single 

matrix as shown in Fig.4-1. The whole coal bulk includes a large number of matrices as 

shown in Fig.4-4. Each matrix has unique absorption capacity. The heterogeneous 

distribution of matrices may leads to the spatially heterogeneous distribution of fracture 

strain inside coal (Karacan, 2007; Mao et al, 2015). Permeability evolution depends on 

the resultant of all these fracture strain. In this case, the valid internal swelling strain 

that changes the permeability is the average of all the fracture strains due to gas 

adsorption:  

1 1 1 10 0 0

1 1 1n n n n
Lmi Lmi Lm Lmi

in fsi s i s i s i
i i i iL L L Lmn n n n

          
         

                 (4-20) 

where i is the index of the matrix number, n is the total number of matrices in coal, εLmi 

is the Langmuir strain constant of ith matrix, Lm is the average of Langmuir strain 

constant of all matrices, δi is the index indicating whether fracture strain is valid in ith 

matrix. Its expression is: 
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1, fracture strain appears     

0, fracture strain disappearsi


 


                                     (4-21) 

The internal swelling strain depends on microscopic structure of coal and the gas 

adsorption distribution. As discussion in Section 4.2, if the swelling only occurs at the 

matrix region far away from the fracture, the impact of internal swelling strain on 

permeability disappears; if the swelling occurs at the matrix region around the fracture, 

the impact of internal swelling strain on permeability always exists. Due to the 

heterogeneity in mineral components of a coal, any possibility of internal swelling strain 

will be co-exists in a coal bulk. For calculation convenience, in this study, a splitting 

strain function, β, is used to represent the impact of heterogeneous distribution of 

fracture strain on the valid internal swelling strain changing the permeability: 

10 0

n
Lm Lmi Lm

in s i s
iL LLmn

      
   

                                        (4-22) 

where 
1

n
Lmi

i
i Lmn

 


 and its range is from 0 to 1.  

 
(a) Initial State              (b) Fracture Close 

Fig. 4-5 Illustration of change of microscopic structure due to gas transport (White part represents the 
fracture; areas with different colors represents different regions of matrix) 

In addition, the microscopic structure may be changed by the gas transport in coal. 

For example, with gas transport into matrix, the fracture could be closed as shown in 

Fig.4-5. In this case, the fracture strain around this matrix may disappear and the 

variable, δi, switches from 1 to 0. It means that the degree of heterogeneous distribution 

of fracture strain inside coal is changed. This phenomenon has been implied in some 

experimental observations. Although the effective stress is constant, it was observed that 



School of Mechanical and Chemical Engineering 
The University of Western Australia 

4-15 
 

the distribution of local strain inside coal changes with pore pressure: with increase of 

pore pressure, the local strain at some locations increases while it decreases at other 

locations (Karacan, 2007). It was also observed that the distribution of gas adsorption in 

coal depends on the pore pressure (Pan et al., 2010; Zheng et al., 2013). The gas 

adsorption mass has a close relationship with the adsorption-induced swelling strain 

which affects the fracture strain. It may be reasonable that the heterogeneous 

distribution of fracture strain depends on pore pressure. In order to reflect the fact that 

the distribution of internal swelling strain results from the gas adsorption described by 

the Langmuir theory, it is assumed that the second term of the β expression is the 

Langmuir-like equation:  

0

0

1
c

p P
A

P p P
 
 

 
                                                 (4-23) 

where A is a constant and it represents the decrease rate of β. Pc is a constant which 

relates to confining pressure. This is an empirical expression and it (Eq.(4-23)) fully 

covers the range from 1 to 0 which has a same range of its original definition (refer to 

Eq.(4-22)). 0 means that internal strain has no impact on permeability evolution. 1 

means that all of microscopic structures inside coal have internal swelling and affect 

permeability evolution most. With introduction of β, the change of internal swelling 

strain inside coal (εin) has a relationship with adsorption-induced strain of coal (εs) is: 

in sC                                                           (4-24) 

where 
0

Lm

L

C

 

 and it is a constant. 

Substituting Eq.(4-24) into Eq.(4-13), the evolution of permeability ratio is: 

 3 3

0

f sc p Cf

f

k
e

k
                                                       (4-25) 

Substituting Eq.(4-3) into Eq.(4-25), the strain-based form of permeability evolution is: 

3 3

0

f v s s
s

p
c K C

Kf

f

k
e

k

   
 
     
                                              (4-26) 
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4.3.3  Model arrangement for constant confining stress condition 

In laboratory, the common condition applied at samples is the constant confining stress. 

In this case, the change of mean compressive stress (  ) is zero. According to 

Eq.(4-25), the evolution of coal permeability under condition of constant confining 

stress is: 

3 3

0

f sc p Cf

f

k
e

k
                                                       (4-27) 

where the first term represents the impact of stress and the second term represents the 

impact of internal swelling strain on permeability evolution. It includes two main 

factors: (1) the heterogeneous distribution of internal strain (represented by β) and, (2) 

the difference between average adsorption-induced swelling strain of matrices and the 

one of the whole coal bulk (represented by C). From this model, it is obvious that 

permeability not only depends on stress and adsorption-induced swelling strain of coal 

but also on the evolution of internal swelling strain of coal. Even for the same gas, the 

permeability evolutions of a coal can be totally different under the different confining 

pressures (Wang et al., 2011; Vishal, et al., 2013). From this model, this observation can 

be explained. It was observed that under different confining pressures, behaviours of 

adsorption-induced swelling strain are different (Wang et al., 2011). It implies that the 

evolutions of internal swelling strain of coal under different confining pressures may be 

quite different. The different evolutions of internal swelling strain could further result in 

the difference of permeability evolutions at different confining pressures. The 

performance of our new model in matching experimental data is shown in Section 4.4. 

4.3.4  Envelope of permeability evolution   

Liu et al., (2011c) suggested an envelope of permeability evolution. The two bounds of 

this envelope refer to two extreme situations. The first one is free swelling case where 

the confining pressure is constant (  ) and the impact of internal strain on 

permeability evolution disappears (β=0). Substituting these two constraints into 

Eq.(4-25), the first bound of the envelope is: 
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3

0

fc pf

f

k
e

k
                                                         (4-28) 

The other extreme situation is the constant volume where the volumetric change of coal 

is zero (Δεv=0) and all the adsorbed gas contribute to the internal swelling strain (β=1). 

Substituting these two constraints into Eq.(4-26), the other bound of the envelope is: 

3 3

0

f s s
s

p
c K C

Kf

f

k
e

k

 
 

   
                                                 (4-29) 

The model proposed in this study considers the impact of heterogeneous distribution of 

internal swelling strain on permeability evolution. Its relationship with these two 

extreme situations is illustrated in Fig.4-6. The input parameters list in Table 4-3. At 

first, the permeability evolution obtained from our model behaves like the one under 

condition of constant volume, and then it behaves like the one under condition of free 

swelling. It is consistent with majority of experimental observations (e.g. Robertson and 

Christiansen, 2005; Wang et al., 2011; Vishal et al., 2013). In the following section, this 

new model is testified by experimental data and the evolution of β is analysed.  

Table 4-3 Input parameters 

Symbol Value Explanation Units 

E 1.3   Young’s Modulus GPa 
υ 0.3 Poisson’s ratio - 
α 0.6 Boit’s coefficient - 
  0.3 Initial porosity for dry coal % 
k 1.7×10-19 Initial matrix permeability of the dry coal m2 
P0 1 Initial pressure MPa 
PL 6 Overall Langmuir pressure constant for coal MPa 
εL 0.01 Overall Langmuir strain constant for coal - 

Lm  0.025 Average Langmuir strain constant for matrix - 
A 6 Constant for β - 
Pc 16 Pressure constant for β MPa 
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Fig. 4-6 Illustration of relationship of new model with two extreme cases 

4.4 Verification against experimental data 

In this section, the new model proposed in this study was testified through the 

comparison with experimental data which were collected from Wang et al. (2011) and 

Vishal et al. (2013). These measurements were conducted under the condition of 

constant confining pressure. In this case, the arrangement of this model becomes 

Eq.(4-27). Meanwhile, the envelope of permeability evolution is also calculated by 

Eq.(4-28) and Eq.(4-29). Input parameters of this numerical model list in Tables 

4-4~4-7. The fracture porosity in coal could be as low as 0.28% (Vishal et al., 2013). In 

this study, it is assumed as 0.5% in Wang’s experiments and as 0.67% in Vishal’s 

experiments. The Langmuir constants of adsorption-induced swelling strain of the 

whole coal samples are obtained by matching the experimental data obtained by Wang 

et al.(2011). The comparison of experimental data with results calculated by Langmuir 

equation (Eq.(4-14)) is illustrated in Fig.4-7. Due to lack of data of adsorption-induced 

swelling strain in the paper by Vishal et al. (2013), the corresponding parameters is 

assumed as same as ones in experiments conducted by Wang et al. (2011). The Young’s 

Modulus and Poisson’s Ratio are collected from paper by Vishal et al., (2013). The 

constant value of compressibility in this study is selected from the range from 0.194 to 

0.485 MPa-1 (Shi and Duracan, 2014).  The values of A and εLm are adjusted by 

matching experimental data. The values of Pc is determined by confining pressure and 

the relationship is Pc=2σc+2. The comparison of this model with experimental data is 



School of Mechanical and Chemical Engineering 
The University of Western Australia 

4-19 
 

illustrated in Figs.4-8~4-9.   

Table 4-4 Properties of coal for the experiment conducted by Wang et al.(2011) 

Symbol Value Explanation Units 

  0.5 Initial fracture porosity for coal % 
EA 4.23 Coal Young’s Modulus of the coal Gpa 
cf 0.2 Compressibility  MPa-1 
α 0.6 Boit’s Coefficient - 
υ 0.237 Poisson’s ratio - 

 
 

Table 4-5 Parameters used in matching the permeability obtained by Wang et al.(2011) 
Fluid Confining 

Pressure 
Symbol Value Explanation Units 

CH4 6 MPa 

k0 1.7×10-19  Initial permeability of the dry coal m2 
P0 1.7  Initial pressure MPa 
PL 8 Overall Langmuir pressure constant for coal MPa 
εL 0.01 Overall Langmuir strain constant for coal - 

Lm  0.048 Average Langmuir strain constant for matrix - 

A 5 Constant for β - 
Pc 14 Pressure constant for β MPa 

CH4 12 MPa 

k0 1.53×10-20  Initial permeability of the dry coal m2 
P0 1.7  Initial pressure MPa 
PL 8 Overall Langmuir pressure constant for coal MPa 
εL 0.0027 Overall Langmuir strain constant for coal - 

Lm  0.021 Average Langmuir strain constant for matrix - 

A 4 Constant for β - 
Pc 26 Pressure constant for β MPa 

CO2 6 MPa 

k0 1.38×10-19  Initial permeability of the dry coal m2 
P0 1.5 Initial pressure MPa 
PL 8 Overall Langmuir pressure constant for coal MPa 
εL 0.016 Overall Langmuir strain constant for coal - 

Lm  0.05 Average Langmuir strain constant for matrix - 

A 4.5 Constant for β - 
Pc 14   Pressure constant for β MPa 

CH4 12 MPa 

k0 4.93×10-21  Initial permeability of the dry coal m2 
P0 1.2 Initial pressure MPa 
PL 8 Overall Langmuir pressure constant for coal MPa 
εL 0.013 Overall Langmuir strain constant for coal - 

Lm  0.058 Average Langmuir strain constant for matrix - 

A 6.5 Constant for β - 
Pc 26 Pressure constant for β MPa 
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Table 4-6 Properties of coal and fluid for the experiment conducted by Vishal et al.(2013) 

Symbol Value Explanation Units 

 0.67 Initial fracture porosity for coal % 
EA 4.23 Coal Young’s Modulus of the coal Gpa 
cf 0.22 Compressibility  MPa-1 
α 0.6 Boit’s Coefficient - 
υ 0.237 Poisson’s ratio -
P0 1 Initial pressure MPa 
PL 8 Overall Langmuir pressure constant for coal MPa 
εL 0.01 Overall Langmuir strain constant for coal -

 
 

Table 4-7 Parameters used in matching the permeability obtained by Vishal et al.(2013) 
Confining 
Pressure 

Symbol Value Explanation Units 

5 MPa 

k0 3.09×10-17  Initial permeability of the dry coal m2 

Lm  0.038 Average Langmuir strain constant for matrix - 
A 2 Constant for β - 
Pc 12 Pressure constant for β MPa 

7 MPa 

k0 1.48×10-17  Initial permeability of the dry coal m2 

Lm  0.037 Average Langmuir strain constant for matrix - 

A 1.6 Constant for β - 
Pc 16 Pressure constant for β MPa 

9 MPa 

k0 6.26×10-18  Initial permeability of the dry coal m2 

Lm  0.037 Average Langmuir strain constant for matrix - 
A 1.6 Constant for β - 
Pc 20   Pressure constant for β MPa 

11 MPa 

k0 2.52×10-18  Initial permeability of the dry coal m2 

Lm  0.025 Average Langmuir strain constant for matrix - 
A 0.7 Constant for β - 
Pc 24 Pressure constant for β MPa 

13 MPa 

k0 9.65×10-20  Initial permeability of the dry coal m2 

Lm  0.07 Average Langmuir strain constant for matrix - 

A 14 Constant for β - 
Pc 28 Pressure constant for β MPa 

 



School of Mechanical and Chemical Engineering 
The University of Western Australia 

4-21 
 

 
Fig. 4-7 Illustration of matching experimental data of sorption-induced strain of the whole coal 

sample(dots are experimental data; lines are results calculated by Langmuir Equation) 

The comparison results are shown as the solid line, the experimental data are shown as 

dots, two bounds of permeability evolution are shown as dashed lines and the evolution 

of β is shown as the dotted line in Figs.4-8~4-9. All the experimental data should not 

exceed in a certain area comprised of two bounds. This new model proposed in this 

study matches experimental data very well. It is because that this new model considers 

the dynamic impact of internal swelling strain inside coal on permeability evolution. 

From the comparison results, it is suggested the reason why permeability decreases at 

low permeability is internal swelling due to matrix-fracture interactions.  

When the impact of internal swelling strain is big enough, the permeability ratio under 

condition of constant confining pressure would decrease like the one under condition of 

constant volume. With the decrease in impact of internal swelling strain, the 

permeability ratio will recover and will increase like the theoretical solution of the 

condition of constant confining pressure. All the experiments conducted by Wang et al. 

(2011) experienced this process: decrease at low pore pressure and increase at high pore 

pressure as shown in Fig.4-8. If the impact of internal swelling strain does not decrease 

enough, the permeability ratio would not recover. Majority of experiments conducted by 

Vishal et al.(2013) did not experience the recovery process as shown in Fig.4-9. As 

Figs.4-8~4-9, if the dynamic impact of internal swelling strain on permeability 

evolution is considered, the complicated behaviour of permeability evolution of coal 

could be explained and matched.  
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In this new model, the dynamic impact of internal strain on permeability evolution is 

represented by two parameters: Lm  and β. Lm  represents the average Langmuir 

strain constant for matrix. β represents the heterogeneous distribution of internal strain 

inside coal. A coal is comprised of large number of matrices with different properties. It 

may cause the heterogeneous distribution of internal swelling strain inside coal 

(Karacan, 2007; Mao et al., 2015). In this study, it is assumed that β decreases with pore 

pressure. It represents the following phenomenon: at first, the matrices inside coal do 

not fully contact with each other. In this case, the adsorption-induced swelling strain of 

each matrix can occur without large constraint. The internal swelling strain is the 

resultant of adsorption-induced swelling strain of all the matrices inside coal so the 

extent of heterogeneity inside coal is large. With the increase of pore pressure, the 

swelling of matrices enlarges and matrices could fully contact with each other. In this 

case, the whole coal comprised of matrices act like an intact material. The extent of 

heterogeneity inside coal decreases.  

The evolutions of β also show in Figs.4-8~4-9. In this study, β is determined by two 

parameters: A and Pc. A represents the decrease rate of β with pore pressure and Pc 

represents the impact of confining pressure. For majority of experimental observations, 

the permeability evolutions of the same coal at different confining pressures are quite 

different. The increase of permeability is easily observed under high confining pressure. 

Pc is fully determined by confining pressure and, in this study, its relationship with 

confining pressure (σc) is assumed as Pc=2σc+2. A is adjusted by matching experimental 

data. It is found that A increases with Lm  as shown in Fig.4-10. It means that if the 

matrix inside coal has a higher adsorption-induced swelling strain, the extent of 

heterogeneity of the internal swelling strain (β) decreases faster with pore pressure. It is 

reasonable based on the above assumption that the decrease of β results from the contact 

of matrices inside coal. If the adsorption-induced swelling strains of matrices are higher, 

the contact of these matrices with each other would occur at the lower pore pressure. In 

this case, the magnitude of the heterogeneous distribution of internal strain (β) decreases 

faster with pore pressure.  
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Fluid=CH4

Confining Pressure=6 MPa

 

(a) Fluid is CH4 and Confining Pressure is 6 MPa 

 

Fluid=CH4

Confining Pressure=12 MPa

 

(b) Fluid is CH4 and Confining Pressure is 12 MPa 
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Fluid=CO2

Confining Pressure=6 MPa

 

(c) Fluid is CO2 and Confining Pressure is 6 MPa 

Fluid=CO2

Confining Pressure=12 MPa

 

(d) Fluid is CO2 and Confining Pressure is 12 MPa 

Fig. 4-8 Illustration of comparison of new model with experimental data obtained from Wang et al. 
(2011), Evolution of β and envelope of coal permeability evolution 
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(a) Confining Pressure is 5 MPa 

 

    

(b) Confining Pressure is 7 MPa 
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(c) Confining Pressure is 9 MPa 

 

 

(d) Confining Pressure is 11 MPa 
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(e) Confining Pressure is 13 MPa 

Fig. 4-9 Illustration of comparison of new model with experimental data obtained from Vishal et al. 
(2013), Evolution of β and envelope of coal permeability evolution 

 
Fig. 4-10 Illustration of Relationship of A with average Langmuir strain constant for matrix   

4.5  Conclusion 

The internal swelling strain was used to represent the matrix-fracture interactions inside 

coal. This study analysed the mechanisms of internal swelling strain. The internal 
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swelling strain results from the swelling of matrix around fractures. The magnitude of 

impact of internal swelling strain on permeability depends on (1) adsorption-induced 

swelling strain of matrix and (2) the heterogeneity of coal properties such as mineral 

components and microscopic structures. In addition, to represent the impact of 

distribution of internal swelling strain on permeability, a pressure-dependent strain 

splitting function was proposed ranging from zero to unity. Zero means that the internal 

swelling strain has no impact on permeability evolution while unity means 100% of the 

internal strain contributes to the evolution of coal permeability. Based on this approach, 

a new permeability model was constructed. The model was verified against 9 sets of 

experimental data under the condition of a constant confining pressure. When the value 

of this pressure-dependent function is large, the permeability evolution under condition 

of constant confining pressure behaves like the one under condition of constant volume. 

With decrease of this function, the permeability evolution under condition of constant 

confining pressure gradually transfers to its theoretical solution. The agreement of 

predicted value by this model with experimental data indicates that the internal strain 

due to heterogeneous distribution of minerals is the main reason why permeability 

decreases with pressure under stress-controlled condition. The model results also show 

that the impact of heterogeneous internal strain on permeability vanishes as the swelling 

capacity of matrix increases.
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Chapter 5 Complete evolution of shale 
apparent permeability under variable 
boundary conditions 

ABSTRACT：Like coal, shale is a dual porosity medium with matrix surrounded by 

natural fractures. Since the fracture apertures of shale are normally lower than those of 

coal, shale gas flow mechanisms are different from Darcy’s law. Apparent permeability 

rather than intrinsic permeability is used in numerical simulations for shale gas flow. 

Although the impact of flow regimes on apparent permeability has been widely 

investigated, the impact of matrix-fracture interactions on apparent permeability has 

been rarely investigated. This study focused on the matrix-fracture interaction resulted 

from gas adsorption. The impact of this kind of matrix-fracture interaction on apparent 

permeability was illustrated and a method of using experimental data was proposed to 

calculate the magnitude of this impact on apparent permeability. A conceptual geometry 

representing a typical structure of shale was used to illustrate the importance of the 

matrix-fracture interaction for changing in intrinsic permeability. The internal strain was 

used to represent the impact of matrix-fracture interaction due to gas adsorption on 

apparent permeability. According to poroelastic constitutive law and our understanding 

of the internal strain, pressure-dependent apparent permeability models incorporating 

the internal strain were proposed. In order to verify those models and analyse the impact 

of the matrix-fracture interaction due to gas adsorption on apparent permeability, 19 sets 

of experimental data under variable conditions were analysed. First, effects of effective 

stress and flow regime on apparent permeability were decoupled by experiments under 

corresponding conditions. Through models proposed in this study, magnitudes of those 

effects could be determined by experiments using non-adsorbed gas. Secondly, for the 

same shale samples, the determined magnitudes of those effects and properties of 

adsorbed-phase gases were substituted into the models without the impact of internal 

strain. The significant difference between experimental data and model results was 

observed. This difference indicates that the matrix-fracture interaction due to gas 

adsorption plays an important role in evolutions of apparent permeability. The 

magnitude of that effect on apparent permeability could be calculated by the models 

with the impact of internal strain. Furthermore, it was observed that not all of the shale 
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samples are strongly affected by the matrix-fracture interaction. Through comparison 

with properties of those shale samples, it was found that the intrinsic permeability 

significantly affects the magnitude of that effect on apparent permeability. 

Keywords: shale gas flow, geomechanical effect, adsorption-induced strain, flow 

regime 

5.1  Introduction 

The production behaviour of shale gas has an inherent link with complicated variation 

in permeability of shale gas reservoirs. Shale gas reservoir is a typical tight formation in 

which gas transport obeys different mechanisms depending on the flow regime and 

porous formations conditions (Javadpour, 2009). Therefore, simple Darcy’s law yields 

significant inaccurate values of permeability.  

The feature of shale gas flow is the co-existence of several flow regimes such as Darcy 

flow, slip flow and diffusion (Javadpour et al., 2007), which makes shale permeability 

for gas different from that for liquids. The gas permeability is called as apparent 

permeability, which is significantly affects by both pore structure and flow regimes. 

Great efforts have been made to investigate the apparent permeability of shale. To 

classify different flow regimes, the Knudsen number, a ratio of the mean-free-path of 

gas to the pore diameter, is used to distinguish these regimes ranging from the 

free-molecule flow to the continuum flow (Roy et al., 2003). Javadpour et al. (2009) 

analysed characteristics of Knudsen diffusion and slip flow, and presented the improved 

Darcy-type formation of shale gas flow in nanopores. Civan et al. (2011) presented the 

model characterized by the Knudsen number. That model can accommodate a wide 

range of fundamental flow mechanisms depending on the prevailing flow conditions. 

Moghadam and Chalaturnyk (2014) expanded the Klinkenberg’s slippage equation to 

low permeability porous media. Guo et al. (2015) proposed an apparent permeability 

model for nanopores and that model was verified by experimental data from nanotubes 

experiments. The apparent permeability (kapp) is the resultant of intrinsic permeability 

(k∞) and the correlation coefficient (usually presented as kg). The above studies only 

focused on the correlation coefficient (kg) but considered the intrinsic permeability (k∞) 

as a constant. However, it is not acceptable during gas depletion because the intrinsic 
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permeability may change sharply.   

The intrinsic permeability is a function of pore diameter and porosity of rocks (Nelson, 

2009; Cho et al., 2013). During gas depletion, the geomechanical deformation of shale 

can dramatically affect the pore diameter so the intrinsic permeability is often observed 

as a pressure-dependent variable. The variation in intrinsic permeability significantly 

affects shale gas production (e.g. Peng et al., 2015). The pressure and rate field data 

demonstrated the evidence of pressure-dependent permeability in Horn River and 

Haynesville shale (Vera and Ehlig-Economides, 2013). In laboratory, it was observed 

that the intrinsic permeability decreases with effective stress (Dong et al., 2010; Tinni et 

al., 2012; Heller et al., 2014; Wang et al., 2014; Ghanizadeh et al., 2015). The 

comparison between Klinkenberg effect and geomechanical effect on permeability was 

investigated in laboratory as well. When pore pressure exceeds 500 psi (around 3.5MPa) 

the Klinkenberg effect would not significantly affect permeability (Wang and Reed, 

2009). Effective stress, ranging from 0 MPa to 100MPa, always significantly affects 

permeability (Dong et al., 2010; Wang et al., 2014). To account for the significant 

change in intrinsic permeability during gas depletion, numerical simulations require the 

intrinsic permeability model. In addition, the variation in pore aperture also affects the 

value of Knudsen number and further influences the magnitudes of impact of gas flow 

regimes on permeability. Civan et al. (2011) suggested that Knudsen number has a close 

relationship with intrinsic permeability and porosity which are determined by pore 

aperture (Nelson, 2009; Cho et al., 2013).  

In shale gas reservoirs, methane is stored in both free-phase and adsorbed-phase forms 

(Jenkina et al. 2008). Due to the existence of organic matter and the large surface area 

of nanopores, the content of adsorbed-phase methane can be up to 20%-80% (Curtis 

2002; Wu et al. 2014). Methane is able to adsorb in organic matters which could induce 

swelling strain of shale. For CH4, the volumetric swelling strain of shale due to gas 

adsorption is around 0.1% at 10MPa (Chen et al., 2015). Like shale, coal could absorb 

methane but has a larger swelling strain due to gas adsorption. The liner swelling strain 

of coal due to gas adsorption can reach at 0.5% at 6.9MPa (the volumetric swelling 

strain due to gas adsorption could be 1.5%) (Robertson and Christiansen, 2005). 

Adsorption-induced swelling strain significantly affects pore aperture and intrinsic 

permeability of coal (e.g. Gray, 1987; Palmer and Mansoori, 1996; Wang et al., 2011; 
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Peng et al., 2014a,b). Although the adsorption-induced swelling strain in shale is low, it 

could also affect intrinsic permeability because pore size of shale is low as well (Wang 

et al., 2016). The pore size in shale usually ranges from 5 to 1000nm (Loucks et al., 

2009; Nelson, 2009), and may be much less than that of other rocks, such as sandstone 

(Nelson, 2009). The dominant pore size of coal should be much higher than that of shale 

because coal has a large number of visible cleats.  

Several models were proposed to account for the impact of gas adsorption layers on 

intrinsic permeability (Xiong et al., 2012; Sigal et al., 2013; Wang et al., 2016). Xiong 

et al. (2012) established a model for bundles of circular cross section tubes, considering 

the effect of the adsorption layer. In that model, the pore was regarded as a planar 

surface and the effective radius changed linearly with Langmuir isotherm. Sigal (2013) 

modified the model to account for the loss of pore volume due to gas adsorption. Wang 

et al. (2016) derived a model for both gas transport in nano-capillary tube and 

nanopores. Gas adsorptions obeying both Langmuir and BET isotherm were 

incorporated. These models only considered the situation that adsorption layer resides 

on surfaces of organic tubes at nano-scale. In this case, the impact of gas adsorption on 

apparent permeability disappears when the tube size exceeds 10nm (Xiong et al., 2012). 

In addition, the percentage of organic pores in shale is usually low, usually less than 

20% (Wang and Reed, 2009). Gas shale in natural has matrix and fracture systems: two 

matrix systems of organic and inorganic matter, as well as natural fracture system 

(Wang and Reed, 2009; Passey et al., 2010; Andrade et al., 2011). The natural fracture 

system provides an essential and effective flow path for shale gas.  

In this study, the effect of gas adsorption on the permeability of natural fracture system 

was mainly discussed. Although gas adsorption occurs in organic matters, this gas 

adsorption could induce the volumetric strain of the whole shale bulk (Chen et al., 

2015). In this case, the natural fracture as one part of a shale bulk would also deform 

due to the gas adsorption in organic matters. As discussion in previous chapter, the 

heterogeneous distribution of gas adsorption-induced swelling strain inside coal causes 

the matrix-fracture interaction. This interaction plays an important role in evolutions of 

permeability. Shale has the matrix block consisting of organic and inorganic matters. 

This heterogeneous distribution of minerals in shale could also cause a heterogeneous 

distribution of gas adsorption-induced swelling strain inside shale. Therefore, similar to 
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coal, shale may have the matrix-fracture interaction due to gas adsorption, and the 

permeability of natural fracture system may be affected by that kind of matrix-fracture 

interaction.  

In this chapter, the impact of the matrix-fracture interaction due to gas adsorption on 

apparent permeability was illustrated, and a method to calculate the magnitude of this 

impact through experiments was proposed. First, a conceptual geometry representing a 

typical structure of shale was used to illustrate the importance of that matrix-fracture 

interaction for changing in intrinsic permeability. Secondly, according to poroelastic 

constitutive law and our understanding of the internal strain, pressure-dependent 

apparent permeability models with the impact of internal strain were proposed. In order 

to analyse the impact of the matrix-fracture interaction due to gas adsorption on 

apparent permeability, lastly, 19 sets of experimental data under variable conditions 

were analysed. The importance of the matrix-fracture interaction due to gas adsorption 

for apparent permeability was illustrated by comparing those experimental data. The 

factor affecting the magnitude of the impact of this interaction on apparent permeability 

was analysed.  

5.2 Importance of adsorption-induced swelling strains for 

variation in intrinsic permeability 

In this section, a conceptual geometry of the matrix-fracture system in shale is built to 

illustrate the importance of the matrix-fracture interaction due to gas adsorption for 

variation in the intrinsic permeability. The gas adsorption in the matrix block could 

force the matrix block to deform toward the fracture. In this study, this phenomenon is 

called as the matrix-fracture interaction due to gas adsorption. The matrix block in shale 

consists of different minerals with quite different absorption capacities. In order to 

represent this feature of shale, the matrix block in Fig.5-1 is divided into three regions 

with different absorption capacities. To simplify the question, it is assumed that only 

Langmuir strain constants in these regions are different. For the first scenario, region II 

contains organic matters which absorb gas while other two regions do not contain 

organic matters. For the second scenario, region III contains organic matters which 

absorb gas while other two regions do not contain organic matters. 
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The gas transport between fractures and matrix blocks is subject to the mass 

conservation law for ideal gas as shown in Eq.(4-1) and the deformation equation of the 

matrix is shown as Eq.(4-2) (Zhang et al., 2008). The intrinsic permeability can be 

calculated by the fracture aperture as shown in Eq. (2-9). Applying Langmuir isotherm 

to get the gas adsorption-induced swelling strain as shown in Eq.(4-14). The parameters 

of this numerical model are listed in Table 5-1. This representative element under the 

condition of free swelling is shown in Fig.5-2. Pcon and Pf are confining pressure and 

fracture pressure, respectively.  

 
Fig. 5-1 Illustration of a representative element (The matrix block is divided into three regions 

with different absorption capacities and locations: Region I, Region II and Region III; the blue area 
represents the organic region) 

 

Table 5-1 Input parameters of simulations 

Symbol Value Physical meanings Units 

E 4 Young’s modulus of Shale GPa 
v 0.3 Poisson’s ratio of Shale - 
α 0.66  Biot coefficient - 
μ 1.2×10-5   Viscosity Pa s 

0m
  5 Initial matrix porosity % 

km0 1×10-20   Initial matrix permeability m2 
P0 0.1  Initial pressure MPa 
Pin 6 Injection pressure MPa 
PL 2  Langmuir pressure constant MPa 
Pcon 0 Confining pressure MPa 
VL 0.01316  Langmuir sorption capacity m3/kg 
εL 0.03 Langmuir Strain Constant - 
ρs 2500  Shale density kg/m3 
Pa 0.1 Atmosphere pressure MPa 
b0 0.4 Initial fracture aperture mm 
Lf 5 Length of fracture mm 
HI 1 Height of Region I mm 
LI 6 Length of Region I mm 
HII 4 Height of Region II mm 
LII 7 Length of Region II mm 
a 10 Length of the Matrix mm 
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Fig. 5-2  Illustration of mechanical condition of the representative element (Red solid lines represent 

outside boundary and Red dashed lines represent internal boundary) 

Strains of matrix blocks result from two mechanisms: one is the gas adsorption and the 

other is the increase in pore pressure. The method to measure the adsorption-induced 

swelling strain is: the volumetric strain resulting from pore pressure is taken out from 

the total volumetric strain: 

apps v

p

K
  

                                                        (5-1) 

where εapps is adsorption-induced swelling strain resulting from gas adsorption, K is bulk 

modulus of shale and εv is total volumetric strain which is the sum of three principle 

strains.  

The internal and outside boundaries are shown as red dashed and red solid lines, 

respectively in Fig.5-2. For the first scenario, the comparison in adsorption-induced 

swelling strain between these two boundaries is shown in Fig.5-3. The positive value of 

swelling strain means that the adsorption-induced swelling strain on a boundary makes 

that boundary deform towards its normal direction. In this case, the swelling strain on 

the internal boundary narrows the fracture aperture. Therefore, the adsorption-induced 

swelling strain on the internal boundary is used to represent the matrix-fracture 

interaction due to gas adsorption. The adsorption-induced swelling strain on the outside 

boundary represents the adsorption-induced swelling strain of the whole shale bulk. 

From Fig.5-3, it is obvious that the adsorption-induced swelling strain on the internal 

boundary could be significant larger than that on the outside boundary. This 
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phenomenon indicates that the adsorption-induced swelling strain of the whole shale 

bulk measured in laboratory could not represent the swelling strain inside shale.  

For the second scenario, the gas adsorption only occurs in region III. The evolutions of 

adsorption-induced swelling strains on the internal and outside boundaries are shown in 

Fig.5-4. In this scenario, the adsorption-induced swelling strain on outside boundary is 

much larger than that on internal boundary. The adsorption-induced swelling strain on 

internal boundary is much less than that for the first scenario. This phenomenon means 

that the magnitude of matrix-fracture interaction due to gas adsorption for the second 

scenario is much less than that for the first scenario. The only difference in model setup 

between these two scenarios is where the gas adsorption occurs. Comparing with the 

results of these two scenarios, it is obvious that the location of organic matters plays an 

important role in the gas adsorption-induced swelling strain on the internal boundary.  

Fig.5-5 shows the difference in the intrinsic permeability evolutions of the above two 

scenarios. Obviously, the difference in location of organic matters leads to a significant 

difference in intrinsic permeability evolutions. If the adsorption only occurs in region III, 

as shown in Fig.5-4, the adsorption-induced swelling strain on the internal boundary is 

slight, and the intrinsic permeability of this scenario increases at the pressure 

equilibrium state as shown in Fig.5-5. If the adsorption only occurs in region II, as 

shown in Fig.5-3, the adsorption-induced swelling strain on the internal boundary is 

quite large, and the final intrinsic permeability of this scenario decreases as shown in 

Fig.5-5. Through this comparison, it indicates that the adsorption-induced swelling 

strain on the internal region significantly affects the intrinsic permeability. In Laboratory, 

the adsorption-induced swelling strain is measured based on volumetric change of the 

whole plug sample so it is actually the adsorption-induced swelling strain on the outside 

boundary in this conceptual structure. Although it is usually much less than the 

adsorption-induced swelling strain of coal (Robertson and Christiansen, 2005; Wang et 

al., 2011; Chen et al., 2015), ignoring the effect of the matrix-fracture interaction due to 

gas adsorption on intrinsic permeability may not be appropriate because the 

adsorption-induced swelling strain on the internal boundary may be significant and 

strongly affect the intrinsic permeability.  
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Fig. 5-3 Comparison in swelling strain between internal and outside boundary (adsorption occurs in 

Region II) 
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Fig. 5-4 Comparison in swelling strain between internal and outside boundary (adsorption occurs in 
Region III) 
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Fig. 5-5 Comparison in intrinsic permeability ratio between different scenarios 

 

5.3  Model formulation 

Apparent permeability is usually used in shale gas production because that gas flow in 

such low-permeability reservoirs is governed by various mechanisms different from the 

Darcy’s law. Apparent permeability is composed of two items, including the intrinsic 

permeability and a correlation coefficient accounting for effects of flow regimes. They 

are all strongly affected by deformation of pores. In this section, two mechanisms of the 

pore deformation are considered. They are variations in pore pressure and 

adsorption-induced swelling strain. 

5.3.1  Model of intrinsic permeability 

The methane mainly stores in free-phase and adsorbed-phase forms. Therefore, the high 

reservoir pressure due to free-phase methane and the adsorption-induced swelling strain 

due to adsorbed-phase methane together significantly influence shale deformation. Their 

effects on shale deformation are same with those on coal deformation but at different 

degrees. On the basis of poroelasticity and by making an analogy between thermal 

contraction and adsorption-induced swelling strain of the whole shale, the constitutive 
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relation for the deformed shale is defined as Eq.(4-1) (Zhang et al., 2008). The 

volumetric strain of shale is as shown in Eq.(4-3). Similar to coal, the intrinsic 

permeability model of shale could be defined as Eq.(4-13). The internal strain (εin in 

Eq.(4-13)) is also calculated by the adsorption-induced swelling strain but the value of β 

is assumed as 1. Therefore, the final version of the evolution of intrinsic permeability 

ratio is:  

 3 3

0

f sc p Ck
e

k
     



                                                  (5-2) 

5.3.2 Model of correlation coefficient 

In low-permeability reservoirs like shale gas reservoirs, the flow regimes of gas also 

strongly affect the apparent permeability: 

( )appk k g Kn                                                       (5-3) 

where kapp is the apparent permeability, Kn is the Knudsen number and g represents the 

correlation coefficient which is a function of Kn (Civan et al. 2010): 

4
( ) (1 )(1 )

1

Kn
g Kn Kn

bKn
  


                                          (5-4) 

where b is the slip coefficient. Beskok and Karniadakis (1999) suggested that its value 

is -1 and it is independent of the type of gas. The value of the dimensionless rarefaction 

coefficient  varies: 00     for 0 Kn    where 0 is an empirical parameter and a 

correlation is presented by Civan et al. (2011): 

0

1
B

A

Kn


 


                                                         (5-5) 

where, A, B and 0 are three constants.  

According to the definition of Knudsen number:  
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d


                                                            (5-6) 

where λ is the mean-free-path of molecules which is a function of pressure, d is the 

fracture diameter which relates to intrinsic permeability and porosity. In this case, 

Knudsen number is a function of pore pressure and intrinsic permeability (Cao et al., 

2015): 

22 2 2
B

h

K T
Kn

p k


 




                                                  (5-7) 

where KB is Boltzmann constant, T is the temperature (K) in shale,  is collision 

diameter (m), τh is the tortuosity of matrix.  

5.3.3  Model arrangement for several conditions 

In laboratory, several common conditions applied at samples are: constant effective 

stress, constant pore pressure and constant confining pressure. Different conditions have 

total different evolution of effective stress, which makes models for different conditions 

quite different.  

5.3.3.1 Model for condition of constant effective stress 

In this case, the change of effective stress is zero. According to Eq.(5-2), the intrinsic 

permeability is: 

3

0

sCk
e

k
 



                                                         (5-8) 

Substituting Eq.(5-4) and Eq.(5-8) into Eq.(5-3) gives the apparent permeability: 

3
0

4
(1 )(1 )

1
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Kn
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                                    (5-9) 

5.3.3.2 Model for condition of constant pore pressure 

In this case, the change of pore pressure is zero. According to Eq.(5-2), the intrinsic 
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permeability is 

3

0

fck
e

k
 



                                                        (5-10) 

Substituting Eq.(5-4) and Eq.(5-10) into Eq.(5-3) gives the apparent permeability: 
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                                   (5-11) 

5.3.3.3 Model for condition of constant confining pressure 

In this case, the change of confining pressure is zero. According to Eq.(5-2), the 

intrinsic permeability is: 

3 3
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e

k
  



                                                     (5-12) 

Substituting Eq.(5-4) and Eq.(5-12) into Eq.(5-3) gives the apparent permeability: 
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                                (5-13) 

5.4  Model verification 

Currently, common conditions applied at samples in laboratory are constant effective 

stress, constant pore pressure and constant confining pressure. In this section, models 

derived in Section 5.3 are verified by corresponding experimental data. The impact of 

the internal strain on the evolution of apparent permeability is also illustrated by 

comparison between model results and experimental data.  

5.4.1  Constant effective stress 

The experimental data of shale samples under condition of constant effective stress were 

collected from paper by Aljamaan et al. (2013). In this case, the expression of apparent 

permeability is illustrated as Eq. (5-9). Because the adsorption of N2 in shale is low 
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(Aljamaan et al., 2013), the matrix-fracture interaction due to N2 adsorption can be 

ignored. The comparison in apparent permeability between experiment data and model 

results is shown in Fig.5-6. Through this comparison, the empirical parameter, 0 , can be 

determined. According to the investigation by Civan (2010), 0 in Eq.(5-5) is the 

asymptotic upper limit of   and only depends on the slip coefficient. In addition, 

Beskok and Karniadakis (1999) suggested that the slip coefficient is independent of the 

type of gas. Therefore, for the same shale samples, in this study, the values of 0 for 

different gases were same. 0 for this shale sample determined by matching 

experimental data of N2 was used in matching experimental data of CH4 and CO2. The 

parameters used in this comparison are listed in Table 5-2.  

All parameters were collected from papers by Aljamaan et al. (2013), Alnoaimi and 

Kovscek (2013) and Cao et al., (2015). For the non-adsorbed phase gas, the porosity is 

around 6%. However, when the shale is exposed to an adsorbed-phase gas, the 

permeability sharply decreases. This phenomenon implies that certain amount of 

fracture is not accessible any longer for an adsorbed-phase gas. In this case, the porosity 

for an adsorbed-phase gas should be lower than that for a non-adsorbed-phase gas. With 

the typical relationship between porosity and permeability as shown in Eq.(2-2), the 

porosity for an adsorbed-phase gas could be calculated by the initial intrinsic 

permeability and porosity for a non-adsorbed-phase gas: 

0
3

0

ad
ad non

non

k

k
  



                                                    (5-14) 

where ad is porosity for an adsorbed-phase gas, 0adk is initial intrinsic permeability 

for an adsorbed-phase gas, non  is porosity for a non-adsorbed-phase gas, 0nonk  is 

initial intrinsic permeability for a non-adsorbed-phase gas.  

The comparisons in apparent permeability between experiment data and model results 

for CH4 and CO2 are illustrated in Fig.5-7~5-8. Because the adsorptions of CH4 and 

CO2 are higher than that of N2, the matrix-fracture interaction due to gas adsorption may 

play a significant role in the evolutions of apparent permeability of CH4 and CO2. In 

this study, the internal strain was used to represent the impact of the matrix-fracture 

interaction due to gas adsorption on apparent permeability. To illustrate the impact of 
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the matrix-fracture interaction due to gas adsorption, both the model without the impact 

of internal strain and the model with the impact of internal strain were used in matching 

experimental data. From Fig.5-7~5-8, obvious errors could be made if the impact of 

internal strain is ignored. In addition, the parameter representing average Langmuir 

strain constant of matrices, Lm , was 0.021 for CH4. That parameter was only 0.0022 for 

CO2, only one-tenth of that for CH4. This difference in Lm  between CH4 and CO2 

probably results from the difference in absorption capacity of matrices around fractures. 

From the research by Aljamaan et al. (2013), the initial intrinsic permeability for CH4 is 

0.412 μd while it is only 1 nd for CO2. Correspondingly, the porosity for CH4 is 3.3% 

while it is only 0.45% for CO2. It means majority of fractures in the shale sample for 

CO2 is probably blocked up by adsorption-induced swelling strain. CO2 may only flow 

through those fractures surrounded by matrices with slight absorption capacity. In this 

case, the average Langmuir strain constant of those matrices for CO2 is much lower than 

that for CH4.  
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Fig. 5-6  Illustration of comparison in apparent permeability between experiments and model for N2 

under condition of constant effective stress 
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Fig. 5-7 Illustration of comparison in apparent permeability between experiments and model for CH4 

under condition of constant effective stress 
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Fig. 5-8 Illustration of comparison in apparent permeability between experiments and model for CO2 

under condition of constant effective stress 
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Table 5-2 Parameters for experiments under condition of constant effective stress 

Material Symbol Value Physical meanings Units 

Shale 

KB 1.38×10-23 Boltzmann constant J/K 
T 300 Temperature K 
τh 1 Tortuosity of matrix - 
A 0.178 First constant for ζ - 
B 0.4348 Second constant for ζ - 
ζ0 0.25 Asymptotic upper limit of ζ - 

N2 

  3.6×10-10 Collision diameter m 
k∞0 2.41×10-18 Initial intrinsic permeability m2 

0
  6 Initial porosity % 

CH4 

  3.8×10-10 Collision diameter m 
k∞0 4.12×10-19 Initial intrinsic permeability m2 

0
  3.3 Initial porosity - 

PL 4 Langmuir pressure constant Pa 

Lm  0.021 Average Langmuir strain constant of matrices - 

CO2 

  3.3×10-10 Collision diameter m 
k∞0 1×10-21 Initial intrinsic permeability m2 

0
  0.45 Initial porosity - 

PL 4 Langmuir pressure constant Pa 

Lm  0.0022 Average Langmuir strain constant of matrices - 

 

5.4.2 Constant pore pressure 

In this condition, because the pore pressure is constant, the change in 

adsorption-induced swelling strain is zero so the impact of internal strain disappears. 

The experimental data of shale samples under condition of constant pore pressure were 

collected from paper by Ghanizadeh et al. (2014). In this case, the expression of 

apparent permeability is illustrated as Eq. (5-11). Through comparison between 

experimental data and model results, the compressibility (cf) and the asymptotic upper 

limit ( 0 ) can be determined. For the same shale samples, in this study, their values in 

experiments with different gases are same. The parameters used in this comparison are 

listed in Table 5-3.  

The comparison in apparent permeability between experiment data and model results of 

the HAD1 shale sample parallel to bedding plane is shown in Fig.5-9. The comparison 

in apparent permeability between experiment data and model results of the HAD2 shale 

sample parallel to bedding plane is shown in Fig.5-10. From these comparisons, the 
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compressibility of HAD1 sample was 0.02 MPa-1 and the compressibility of HAD2 

sample was 0.0055 MPa-1. With those determined compressibility values, the 

experimental data of CH4 under condition of constant pore pressure could be matched 

very well as shown in Fig.5-11. It illustrates that the compressibility (cf) and the 

asymptotic upper limit ( 0 ) are independent of gas type. 
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Fig. 5-9 Illustration of comparison in apparent permeability between experiments and model for He 

under condition of constant pore pressure of HAD1 shale sample parallel to bedding plane 
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Fig. 5-10 Illustration of comparison in apparent permeability between experiments and model for He 

under condition of constant pore pressure of HAD2 shale sample parallel to bedding plane 



School of Mechanical and Chemical Engineering 
The University of Western Australia 

5-19 
 

0.6

0.7

0.8

0.9

1

1.1

1.2

0 10 20 30 40

A
p

pa
re

nt
 P

er
m

ea
bi

lit
y 

R
at

io

Confining pressure (MPa)

experimental data
model without internal strain

 
Fig. 5-11 Illustration of comparison in apparent permeability between experiments and model for 

CH4 under condition of constant pore pressure of the HAD2 shale sample parallel to bedding plane 
 

Table 5-3Parameters for experiments under condition of constant pore pressure 

Symbol Value Physical meanings Units 

KB 1.38×10-23 Boltzmann constant J/K 
T 300 Temperature K 
τh 2 Tortuosity of matrix - 
A 0.178 First constant for ζ - 
B 0.4348 Second constant for ζ - 
  2.6×10-10 Collision diameter m 
ζ0_HAD1 0.2 Asymptotic upper limit of ζ for HAD1 sample - 
ζ0_HAD2 1 Asymptotic upper limit of ζ for HAD2 sample  - 

0_HAD1
  9.9 Initial porosity for HAD1 sample % 

0_HAD2_He
  14.4 Initial porosity for HAD2 sample injected by He % 

0_HAD1_CH4
  11.6 

Initial porosity  for HAD1 sample injected by 
CH4 

% 

cf_HAD1 0.02 Compressibility for HAD1 sample MPa-1 
cf_HAD2 0.02 Compressibility for HAD2 sample MPa-1 

k∞0-0.6_HAD1 5.7×10-17 
Initial intrinsic permeability at pore pressure of 
0.6MPa for HAD1 sample 

m2 

k∞0-0.9_HAD1 5×10-17 
Initial intrinsic permeability at pore pressure of 
0.9MPa for HAD1 sample 

m2 

k∞0-0.4_HAD2_He 9.7×10-17 
Initial intrinsic permeability at pore pressure 
of 0.4MPa for HAD2 sample injected by He 

m2 

k∞0-1.1_HAD2_He 4.8×10-17 
Initial intrinsic permeability at pore pressure 
of 1.1MPa for HAD2 sample injected by He 

m2 

k∞0_HAD2_CH4 2.5×10-17 Initial intrinsic permeability for HAD2 sample 
injected by CH4

m2 
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5.4.3 Constant confining pressure  

In this condition, with the pore pressure increasing, both the effective stress and 

adsorption-induced swelling strain vary. This condition induces the most complicated 

evolution of apparent permeability among three common conditions in laboratory tests. 

In this case, the expression of apparent permeability is illustrated as Eq. (5-13). Since 

shale samples are same with the above experiments under condition of constant pore 

pressure, the values of cf and 0  in this condition were used the values determined by 

the above experimental data. The experimental data of shale samples under condition of 

constant confining pressure were collected from the paper by Ghanizadeh et al. (2014). 

The comparison in the apparent permeability for He between experiment data and 

model results of the HAD1 shale sample parallel to bedding plane is shown in Fig.5-12. 

The comparison in the apparent permeability for CH4 between experiment data and 

model results of the HAD1 shale sample parallel to bedding plane with confining 

pressure of 24.8MPa is shown in Fig.5-13 and that with confining pressure of 31MPa is 

shown in Fig.5-14. The parameters used in this comparison are listed in Table 5-4.  

With the above determined values of cf and 0 , the experimental data of He could be 

matched very well by the model for condition of constant confining pressure as shown 

in Fig.5-12. It illustrates that those parameters is independent of boundary condition and 

they are valid under condition of constant confining pressure as well. In previous 

section, it is suggested that those parameters are independent of gas type. Using those 

parameters, the comparisons in apparent permeability for CH4 between experimental 

data and model results are shown in Fig.5-13~5-14. It is obvious that the model without 

the impact of internal strain induces significant errors, and the model with the impact of 

internal strain matches experimental data extremely well. It clearly illustrates the 

importance of internal strain for evolution of apparent permeability of shale. 
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Fig. 5-12  Illustration of comparison in apparent permeability between experiments and model for 
He under condition of constant confining pressure of the HAD1 shale sample parallel to bedding 

plane 
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Fig. 5-13 Illustration of comparison in apparent permeability between experiments and model for 

CH4 under condition of constant confining pressure (24.8MPa) of the HAD1 shale sample parallel to 
bedding plane 
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Fig. 5-14 Illustration of comparison in apparent permeability between experiments and model for 

CH4 under condition of constant confining pressure (31MPa) of the HAD1 shale sample parallel to 
bedding plane 

Table 5-4Parameters for sample HAD1 parallel to bedding plane under condition of constant 
confining pressure 

Symbol Value Physical meanings Units   

KB 1.38×10-23 Boltzmann constant J/K 
T 300 Temperature K 
τh 2 Tortuosity of matrix - 
A 0.178 First constant for ζ - 
B 0.4348 Second constant for ζ - 
ζ0 0.2 Asymptotic upper limit of ζ - 

He  2.6×10-10 Collision diameter for He m 

CH 4  3.8×10-10 Collision diameter for CH4 m 

0_He
  5 Initial porosity of sample injected by He % 

0_24.8
  5 Initial porosity of sample under condition of 

constant confining pressure of 24.8MPa
% 

0_31
  5.6 Initial porosity of sample under condition of 

constant confining pressure of 31MPa
% 

cf 0.02 Compressibility MPa-1 

k∞0-He_24.9 2.75×10-17 Initial intrinsic permeability of sample injected by 
He at confining pressure of 24.9MPa 

m2 

k∞0-He_19 3.85×10-17 Initial intrinsic permeability of sample injected by 
He at confining pressure of 19 MPa 

m2 

k∞0_CH4_24.

8 
6×10-18 

Initial intrinsic permeability of sample injected by 
CH4 at constant confining pressure of 24.8MPa 

m2 

k∞0_CH4_31- 7×10-18 
Initial intrinsic permeability of sample injected by 
CH4 at constant confining pressure of 31 MPa 

m2 

PL 1 Langmuir pressure constant Pa 

Lm  0.03 Average Langmuir strain constant of matrices - 
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In addition, the internal strain may not always affect the apparent permeability of 

shale samples. For the HAD2 sample parallel to bedding plane, the parameters used in 

the comparison between experimental data and model results are listed in Table 

5-10~5-11. The comparison in apparent permeability for He between experiment data 

and model results is shown in Fig.5-15. This comparison illustrates that the determined 

values of cf and 0  obtained by the experimental data under condition of constant pore 

pressure is independent of boundary condition, and they are valid under condition of 

constant confining pressure. The comparison in apparent permeability for CH4 between 

experiment data and model result is shown in Fig.5-16. For HAD2 shale sample, the 

experimental data could be matched very well by the model without the impact of 

internal strain. It is suggested that for HAD2 shale sample, the impact of internal strain 

is not as obvious as that for HAD1 shale sample as shown in Fig.5-5. 
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Fig. 5-15 Illustration of comparison in apparent permeability between experiments and model for He 
under condition of constant confining pressure of the HAD2 shale sample parallel to bedding plane 
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Fig. 5-16 Illustration of comparison in apparent permeability between experiments and model for CH4 
under condition of constant confining pressure of the HAD2 shale sample parallel to bedding plane 

 

Table 5-5Parameters for sample HAD2 parallel to bedding plane under condition of constant 
confining pressure 

Symbol Value Physical meanings Units 

KB 1.38×10-23 Boltzmann constant J/K 
T 300 Temperature K 
τh 2 Tortuosity of matrix - 
A 0.178 First constant for ζ - 
B 0.4348 Second constant for ζ - 
ζ0 1 Asymptotic upper limit of ζ - 

He  2.6×10-10 Collision diameter for sample injected by He m 

CH4  3.8×10-10 Collision diameter for sample injected by CH4 m 

0_He
  14.4 Initial porosity for sample injected by He % 

0_16_CH4
  12 

Initial porosity  for sample injected by CH4 at 
confining pressure of 16MPa 

% 

0_30_CH4
  11 

Initial porosity  for sample injected by CH4 at 
confining pressure of 30MPa 

% 

cf 0.0055 Compressibility MPa-1 

k∞0-8_He 2.27×10-17 
Initial intrinsic permeability of sample injected 
by He at confining pressure of 8MPa 

m2 

k∞0-29.4_He 1.77×10-17 
Initial intrinsic permeability of sample injected 
by He at confining pressure of 29.4MPa 

m2 

k∞0-16_CH4 1.37×10-17 
Initial intrinsic permeability of sample injected 
by CH4 at confining pressure of 16MPa 

m2 

k∞0-30_CH4 1.07×10-17 
Initial intrinsic permeability of sample injected 
by CH4 at confining pressure of 30MPa 

m2 
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However, for the HAD2 shale sample perpendicular to bedding plane, the impact of 

internal strain on the apparent permeability becomes important. The parameters used in 

this comparison between experimental data and model results are listed in Table 5-6. 

For the same shale sample, the value of compressibility is same. Whereas, the 

asymptotic upper limit ( 0 ) may depend on geometry of fractures. The HAD2 shale 

sample perpendicular to bedding plane may have a different geometry of fractures from 

that of HAD2 shale sample parallel to bedding plane because their initial intrinsic 

permeabilities are totally different. Initial intrinsic permeability of HAD2 shale sample 

parallel to bedding plane is over 10μd while it is only around 0.1μd for HAD2 shale 

sample perpendicular to bedding plane. 

The comparison in apparent permeability for He between experiment data and model 

results of the HAD2 shale sample perpendicular to bedding plane is shown in Fig.5-17. 

Through this comparison, the asymptotic upper limit ( 0 ) was determined as 0.3. Using 

this 0 , the comparison in the apparent permeability for CH4 between experiment data 

and model result of the HAD2 shale sample perpendicular to bedding plane is shown in 

Fig.5-18. In this case, if the impact of internal strain is ignored, the slight error would be 

made. According to Kozeny-Carman equation, permeability has a relationship with 

porosity and pore radius (Revil and Cathles, 1999). The initial intrinsic permeability of 

HAD2 shale sample parallel to bedding plane (over 10μd) is much larger than that of the 

HAD2 shale sample perpendicular to bedding plane (around 0.1μd). If the porosity of 

both samples is same, the fracture aperture of HAD2 shale sample parallel to bedding 

plane is much larger than that of HAD2 shale sample perpendicular to bedding plane. 

Therefore, even with the same magnitude of gas adsorption-induced strain in matrix 

blocks, the internal strain will affect HAD2 shale sample perpendicular to bedding plane 

more than HAD2 shale sample parallel to bedding plane.  
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Fig. 5-17 Illustration of comparison in apparent permeability between experiments and model for He 
under condition of constant confining pressure of the HAD2 shale sample perpendicular to bedding 

plane 
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Fig. 5-18 Illustration of comparison in apparent permeability between experiments and model for 
CH4 under condition of constant confining pressure of the HAD2 shale sample perpendicular to 

bedding plane 
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Table 5-6Parameters for sample HAD2 perpendicular to bedding plane under condition of 
constant confining pressure 

Symbol Value Physical meanings Units 

KB 1.38×10-23 Boltzmann constant J/K 
T 300 Temperature K 
τh 2 Tortuosity of matrix - 
A 0.178 First constant for ζ - 
B 0.4348 Second constant for ζ - 
ζ0 0.3 Asymptotic upper limit of ζ - 

He  2.6×10-10 Collision diameter for sample injected by He m 

CH4  3.8×10-10 Collision diameter for sample injected by CH4 m 

0_He
  14.4 Initial porosity for sample injected by He % 

0_CH4
  10 Initial porosity for sample injected by CH4 % 

cf 0.0055 Compressibility MPa-1 

k∞0-12_He 1.02×10-19 
Initial intrinsic permeability of sample injected 
by He at confining pressure of 12MPa 

m2 

k∞0-30_He 9.47×10-20 
Initial intrinsic permeability of sample injected 
by He at confining pressure of 30MPa 

m2 

k∞0-CH4 3.4×10-20 
Initial intrinsic permeability of sample injected 
by CH4  

m2 

PL 1 Langmuir pressure constant Pa 

Lm  0.03 Average Langmuir strain constant of matrices - 

 
 

5.5 Conclusion 

Shale apparent permeability is significantly sensitive to not only (1) flow regimes but 

also (2) effective stress and (3) the matrix-fracture interaction due to gas adsorption. In 

this study, this matrix-fracture interaction was represented by the internal strain. From 

the analysis about distribution of adsorption-induced swelling strain in a conceptual 

geometry, it is discovered that the internal strain due to gas adsorption may be greater 

than adsorption-induced swelling strain of the whole shale. In this case, the impact of 

internal strain on permeability could not be ignored even if the adsorption-induced 

swelling strain of the whole shale is low. Based on this understanding, in this study, 

from poroelastic constitutive law, the pressure-dependent apparent permeability models 

incorporating the impact of internal strain under variable boundary conditions were 

proposed. Those apparent permeability models were verified by 19 sets of experimental 

data under various conditions.  

The method to calculate magnitudes of impacts of all above three factors on apparent 
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permeability of shale was proposed in this study. First, through experiments conducted 

under condition of constant effective stress, the magnitude of the impact of flow regime 

on apparent permeability could be determined by experimental data of 

non-adsorbed-phase gas. Secondly, through experiments conducted under condition of 

constant pore pressure or constant confining pressure, the magnitude of the impact of 

effective stress on apparent permeability could be determined by experimental data of 

non-adsorbed-phase gas. Thirdly, through experiments using the adsorbed-phase gas, 

with the determined magnitudes of the above two impacts, the magnitude of the impact 

of the matrix-fracture interaction due to gas adsorption could be determined. From the 

limited experimental data in this study, the compressibility of shale ranges from 0.0055 

to 0.02 MPa-1; the asymptotic upper limit of the dimensionless rarefaction coefficient 

ranges from 0.2 to 1; the average Langmuir strain constant of matrices for CH4 ranges 

from 0 to 0.03. Furthermore, it was observed that not all of the shale samples are 

affected by the matrix-fracture interaction. Through comparison with properties of those 

shale samples, it was found that the intrinsic permeability significantly affects the 

magnitude of that effect on apparent permeability. 
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Chapter 6 A sequential model of shale gas 
transport under the influence of fully coupled 
multiple processes 

ABSTRACT：Shale has complex microscopic pore structures which significantly affect 

shale gas production. Effects of the microscopic pore structure on flow regimes have 

been widely investigated. The pressure dependent intrinsic permeability in shale has 

also been observed in laboratory, and it may cause more significant variation in apparent 

permeability than flow regimes do. Therefore, numerical simulation models combining 

flow regimes and the pressure dependent permeability are required to describe the gas 

flow behavior in shale. In this study, based on experimental observations in the 

literature, a numerical simulation model for shale gas transport was built. The model 

includes the main gas flow characteristics in shale: (1) a sequential flow process of 

different flow regimes; (2) the variation of apparent permeability resulting from both 

flow regimes and stress change; (3) intrinsic permeability change due to interactions 

between microstructures. 9 sets of experimental data in the literature were used to verify 

this numerical simulation model. It was shown that this model is able to accurately 

describe the data. Using this numerical simulation model, shale gas flow behavior was 

analyzed and the following conclusions were found: (1) the effect of shale deformation 

due to the variation in effective stress and interactions between microstructures on gas 

production is significant. Compared with other factors, it is a considerably important 

factor controlling the apparent permeability evolution during shale reservoir depletion; 

(2) natural fractures play a significant role in gas transport inside reservoirs. Although 

their porosity is much less than those of other pores, they could obviously enhance the 

shale gas recovery rate because of their higher permeability; (3) natural fracture 

permeability, natural fracture porosity, inorganic pore permeability and Young’s 

modulus have positive correlations with shale gas recovery rate. However, the 

percentage of adsorbed gas has a negative correlation with shale gas recovery rates.  

Keywords: numerical simulation, shale gas flow, geomechanical effect, apparent 

permeability 
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6.1  Introduction 

The production behavior of shale gas may have an inherent link with its diversity of 

minerals and the complexity in microscopic structure. Shale normally contains quartz, 

clays, carbonates, and organic material (e.g. kerogen) (Wang et al., 2009; Sondergeld et 

al., 2010), and are also consisted of pores with a wide range of sizes (Nelson, 2009; 

Loucks, et al., 2012). Characteristics of shale make the gas storage and flow in shale 

different from other porous media. For instance, majority of methane stores as adsorbed 

phase in coal, while both free-phase and adsorbed-phase gas have considerable amount 

in shale (Curtis, 2002; Olsen et al., 2003). In laboratory, a significant difference in 

methane release behaviors between shale and coal was observed (Javadpour et al., 

2007). 

In shale-gas systems, the microscopic pore structure contains matrix-related pores and 

natural fractures. The matrix-related pores are composed of nanometer- to 

micrometer-size pores. The natural fracture connects to hydraulic fractures and its 

network plays an important role in shale gas production (Gale et al., 2007). The unique 

microscopic structure of shale affects gas production in two main aspects. First, the 

process of gas release from shale experiences several flow regimes due to its complex 

network of flow path. The flow regimes for different size pores could be significantly 

different. To classify them, the Knudsen number, the ratio of the mean-free-path of gas 

to the pore diameter is used to distinguish these regimes from the free-molecule flow to 

the continuum flow (Roy et al., 2003). Secondly, pores in shale would experience 

complex geomechanical deformations during shale gas depletion. The geomechanical 

deformations significantly affect apertures of flow paths which determine permeability. 

Therefore, an effective numerical simulation model should contain all these effects of 

microscopic structure on shale gas production.  

To involve effect of gas flow regimes on shale gas flow, many numerical simulation 

models for shale gas transport have been proposed and Knudsen number is widely used 

to differentiate the flow regions in shale (e.g., Civan et al., 2011; Javadpour et al., 2009; 

Ye et al., 2015). Non-Darcy equations for gas flow including Knudsen diffusion and slip 

flow have also been proposed and studied on (e.g., Guo et al., 2015; Javadpour et al., 
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2009; Moghadam and Chalaturnyk, 2014). However, flows in different regions are not 

only different but also interacting with each other. Early work considering interactions 

between different flow paths is the dual-porosity model for porous media proposed by 

Warren and Root (1963). Such dual-porosity approach has been adopted to describe 

flow in shale (Carlson and Mercer, 1991). Nevertheless, dual-porosity models treat the 

fluid in matrix blocks as a source of the flow in fractures and ignore the fluid flow in 

matrix blocks. Other work tried to account for flows in different flow paths. For 

instance, the multi-continua at the naturally fractured reservoirs were developed and 

applied (Bear and Bachmat, 1990). For shale reservoirs where gas flows in both matrix 

pores and fracture system, a multi-scale model combining the dual-porosity concept and 

the multi-continua theory for shale gas transport has been proposed. (Kang et al., 2011; 

Akkutlu and Fathi, 2012). The advantage of these models is that interactions between 

different flow paths can be mathematically described. Other method to include 

interactions between different flow paths is the multiple interacting continua (MINC) 

method (Pruess, 1985). In the MINC method, each matrix block is subdivided into 

several nested “sub-cells” and interactions in matrix blocks are defined by connecting 

factors between these sub-cells. Rubin (2010) used this method to investigate shale gas 

production. This method was improved by determining inter-cell connecting factors 

(Ding et al., 2014). To account for effect of microscopic structure on gas flow, the 

apparent permeability (kapp) is applied in all above mentioned studies. However, they 

only focused on the correlation coefficient (kg) between kapp and intrinsic permeability 

(k∞), which is assumed as a constant. Nevertheless, it is not appropriate to assume 

constant intrinsic permeability because the intrinsic permeability significantly changes 

during shale gas depletion.  

The intrinsic permeability has a close relationship with diameter of pores and porosity 

of rocks (e.g., Nelson, 2009; Cho et al., 2013). During shale gas depletion, the 

geomechanical deformation of shale can dramatically affect porosity so the intrinsic 

permeability is often observed as pressure dependent. The pressure and field production 

data demonstrated evidence of pressure dependent permeability in Horn River and 

Haynesville shale (Vera and Ehlig-Economides, 2013). Laboratory measurements also 

showed that intrinsic permeability decreases with effective stress (Dong et al., 2010; 

Tinni et al., 2012; Heller et al., 2014; Wang et al., 2014; Ghanizadeh et al., 2015). 
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Comparisons between Klinkenberg effect and effective stress effect on permeability of 

shale were investigated in laboratory as well. When pore pressure exceeds 500 psi 

(around 3.5MPa), the Klinkenberg effect would not significantly affect permeability 

(Wang et al., 2009). Effective stress, ranging from 0 MPa to 100MPa, always 

significantly affects shale permeability (Dong et al., 2010; Wang et al., 2014). To 

account for the large change in intrinsic permeability during gas production, numerical 

simulations require an intrinsic permeability model.  

Currently, great efforts have been made to model intrinsic permeability of porous media. 

It has been pointed out that the change of intrinsic permeability has an exponential 

relationship with effective stress (Rutqvist et al., 2002) or the strain of porous media 

(Minkoff et al., 2003). Mechanical conditions in the field are usually assumed as 

uniaxial strain and constant overburden (e.g., Shi and Durucan, 2004). Under this 

condition, intrinsic permeability has a relationship with pore pressure (Raghavan and 

Chin, 2002). In order to incorporate the effect of methane adsorption into intrinsic 

permeability models for coal reservoirs, many models with stress-based and 

strain-based forms have been proposed according to the field conditions (e.g. Gray, 

1987; Palmer and Mansoori, 1996; Shi and Durucan, 2004). To overcome their limits 

resulted from assumption of mechanical conditions, an improved permeability model 

was proposed by Palmer et al. (2007) and a model derived from poroelastic theory was 

proposed by Zhang et al. (2008). These models were valid for a single porosity medium. 

Shale contains several pore structures and is not a single porosity medium. Therefore, it 

is not applicable to use these models to describe the intrinsic permeability for shale. In 

general, the intrinsic permeability of matrix system is several orders of magnitude lower 

than that of fracture system in fractured media such as coal and shale (Han et al., 2010; 

Ghanizadeh et al., 2015). In this case, mass transfer between fractures and matrix is an 

important feature of gas flow in such media. The importance of these interactions for 

intrinsic permeability has been illustrated for coal reservoirs (Harpalani and Chen, 1997; 

Liu and Rutqvist, 2010; Liu et al., 2011c; Peng et al., 2014a). To incorporate this impact 

on intrinsic permeability, several numerical simulation models for coal have been 

proposed (Wu et al., 2010a; Peng et al., 2014b).  

Gas flow regimes in shale significantly affect mass transfer thus affects intrinsic 

permeability change and in return, a change in intrinsic permeability will also 
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significantly influence gas flow behaviors in different flow regions. Traditional 

multi-scale models for shale gas flow only consider complex gas flow regimes. Intrinsic 

permeability models rarely consider characteristics of gas flow in shale. To fully 

represent gas flow in shale, considering the mutual influence of flow regimes and 

intrinsic permeability would improve gas production prediction. In this paper, a 

multi-scale numerical simulation model with that mutual influence was proposed. To 

achieve this, several gas flow equations as well as intrinsic permeability model were 

developed and coupled with a deformation equation. Using experimental data, the 

intrinsic permeability model was first verified. Secondly, behaviors of shale gas flow 

and apparent permeability of shale during shale gas production were studied. Finally, 

impacts of several key factors on shale gas production were analyzed.  

6.2  Conceptual model 

6.2.1  Multi-scale model  

Due to the diversity in minerals and wide range of pore sizes in shale, the shale gas flow 

is a combination of different controlling processes as shown in Fig.6-1. Once gas 

production commences, flow behaviors in pores with different sizes occur differently: (a) 

the gas initially adsorbed on the surfaces of kerogen (or clay minerals) pores desorbs 

almost immediately; (b) gas diffuses from organic pores into inorganic pores; (c) gas in 

inorganic pores flows into natural fractures; (d) gas in natural fractures flows into 

hydraulic fractures then to production well. According to the Knudsen number, these 

gas flow behaviors in reservoir can be described in several flow regimes: (a) gas flow 

regime in kerogen is diffusion; (b) gas flow regime in inorganic pores networks is slip 

flow; and (c) gas flow regime in natural fractures is Darcy flow (Javadpour et al., 2007).  

In shale, these flow regimes sequentially dominate shale gas production, which is 

different from gas flow in other porous media. Fig.6-2 shows the comparison in 

experimental observation of gas release between coal and shale (Javadpour et al., 2007). 

The gas flow in coal has one dominated flow regimes but the gas flow in shale 

experiences different dominated flow regimes (shown as A、B、C and D in Fig.6- 2(b)). 

These curves named as A、B、C and D represent probability densities of corresponding 

flow regimes. Time spans of these curves are different. It indicates that these flow 
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regimes occur at different time and sequentially dominate in the process of shale gas 

release. Therefore, the single-porosity model representing only one dominated flow 

regime is not proper. The multi-scale model is required in the numerical simulation of 

shale gas production.  

 
Fig. 6-1 Gas flow pattern in shale (modified from Javadpour et al., 2007) 

The structure of multi-scale model with three modules in this study is shown in Fig.6-3. 

The first module represents desorption and diffusion in kerogen and it covers the 

processes (a) and (b) shown in Fig.6-1. These two processes can be represented together 

because the gas desorption in kerogen could be considered as a instantaneous process. 

In this study, the desorbed gas is treated as a source of the gas diffusion in kerogen. The 

second module represents slip flow in inorganic pores and it covers the process (c) 

shown in Fig.6-1. The third module represents Darcy flow in natural fractures and it 

covers the process (d) shown in Fig.6-1. These modules are linked by the mass transfer 

terms.  

6.2.2  Effects of microscopic structure on apparent permeability 

For multi-scale models, different flow regimes have different mathematical forms for 

flow velocity. In order to use the Darcy-type equation to represent other non-Darcy 

flows, the common method is to introduce a variable, the apparent permeability (kapp), 

into corresponding velocity expressions. The apparent permeability is the result of 
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intrinsic permeability (k∞) and correlation coefficient (kg):  

app gk k k                                                          (6-1) 

The correlation coefficient depends on flow regimes and the intrinsic permeability is 

determined by pore apertures. With gas depletion, gas pressure in shale decreases, 

leading to the changes in pore size (Chen et al., 2015) and thus intrinsic permeability 

changes. Characteristics of pore deformations in shale can be illustrated by a two-step 

process shown in Fig.6-4: (1) Global strain as shown in Fig.6-4(b). When shale gas is 

produced from reservoirs, the shale as a whole will deform and pores will shrink 

because of the increase in effective stress; (2) Local strain as shown in Fig.6-4(c). It is 

resulted from interactions between microstructures. Flow capacities of different pore 

systems (organic pores in kerogen, inorganic pores and natural fractures) are quite 

different. This difference in flow capacities may cause different dynamic changes in 

pressures of these pore systems. The pressure difference between them can induce 

further deformations of these pores. If the pressure in natural fracture is less than the 

pressures in inorganic pores and organic pores, the matrix block containing inorganic 

pores and kerogen would swell and the aperture of the natural fractures would further 

decease. Furthermore, gas-mineral interactions are correspondingly different with 

different minerals and this difference also induces different deformation behaviors of 

different pore systems. For kerogen and clay minerals, gas adsorbs to them, which leads 

to adsorption-induced swelling strain (Chen et al., 2015). For other minerals, the 

adsorption-induced swelling strain is negligible.  

Fig. 6-2 Comparison of gas release between coalbed methane and shale gas (from Javadpour et al., 
2007) 
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Fig. 6-3 Illustration of structure of multi-scale simulation model in this Study 

 

 
(a) Initial Apertures of Pores        (b) Deformation of Pores          (c) Deformation of Pore 

in Shale                  Caused by Global Strain           Caused by Local Strain  
 

Fig. 6-4 Illustration of deformation behaviour of pores in shale (Pke is gas pressure in kerogen bulks; 
Pna is gas pressure in nanopores; Pf is gas pressure in natural fractures; Dashed rectangle represents 
original configuration of pores; Solid rectangle represents configuration of pores after deformation) 

Multiple flow regimes coexist in shale and their intrinsic permeability changes 

differently. To properly cover all effects of microscopic structure on shale gas 

production, numerical simulation model should include gas flow equations to represent 

different gas flow regimes, a deformation equation to represent geomechanical behavior 

of shale sediments, and an equation to represent adsorption-induced strain as well as 

proper apparent permeability models. In the following section, the fully coupled 

simulation model for shale gas transport was proposed and introduced from these 

aspects. 

6.3 Formulation of the conceptual model 

6.3.1  Governing equation of the mechanical process 

For dual porosity media, the mechanical process is described by the equation of motion 

for the mixture of matrix and fractures. On the basis of poroelasticity and by making an 

analogy between thermal contraction and adsorption-induced swelling, the equation of 

motion for dual porosity media is (Wu et al., 2010a): 

, , , m, , 0
1 2i kk k ki f f i m i s i i

G
Gu u p p f

v
       


                           (6-2) 
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where G=E/2(1+v),K=E/3(1-2v), αf and αm are Biot’s coefficients for dual porosity 

media, , G is the shear modulus of rock, E is the Young’s modulus of rock, v is Poisson’s 

ratio of rock, K is the bulk modulus of shale, pf is the natural fracture pressure, pm is the 

matrix pressure, εs is the gas sorption-induced strain, and f is the body force of shale, u 

is the displacement. 

Shale is a multi-porosity medium which contains natural fractures, inorganic pores, 

kerogen pores. Each component contributes to the mechanical deformation of shale. 

Similar to the deformation equation for dual porosity media (Eq.(6-2)), the deformation 

equation for the shale is:  

 , , , , , , 0
1 2i kk k ki f f i na na i ke ke i s i ke i

G
Gu u p p p p f

v
         


               (6-3) 

where αf, αna and αke are Biot’s coefficients for shale, inorganic pores and kerogen, 

respectively, pf is the natural fracture pressure, pna is the inorganic pores pressure, pke is 

the kerogen pressure, εs is the gas sorption-induced strain of kerogen and it is a function 

of pke because that the adsorption only occurs in kerogen in shale. 

From this equation, the shale volumetric strain (εv) can be calculated: 

11 22 33v                                                          (6-4) 

where  ε11 , ε22 and ε33 are three principal strains. 

In this study, the adsorption-induced strain for kerogen can be assumed to be Langmuir 

equation like as demonstrated by the experimental measurement of methane adsorption 

induced shale swelling (Chen et al, 2015):  

L ke
s

L ke

p

P p

 


                                                        (6-5) 

where εL is the Langmuir strain constant, PL is Langmuir pressure constant for strain. 
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6.3.2  Governing equations of gas flow in natural fracture networks 

The gas flow regime in natural fracture networks is Darcy flow and the gas in natural 

fractures is in free gas phase form. The gas mass can be thus expressed by: 

fm                                                              (6-6) 

where ρ is the free-phase gas density at fracture pressure, and f is fracture porosity.  

Applying the mass conservation law and Darcy velocity to the gas phase, it gives: 

( )f
f f na

km
p Q

t


 


    


                                          (6-7) 

Substituting Eq. (6-6) into Eq. (6-7), the final governing equation of gas flow in the 

natural fracture networks is obtained: 

f f f
f f f f f na

p k
p p p Q

t t




 

   
        

                                 (6-8) 

where kf is the natural fracture permeability, μ is viscosity and Qf-na is the mass transport 

rate between natural fractures and inorganic pores networks. 

6.3.3  Governing equations of gas flow in inorganic pores 

The gas flow regime in inorganic pores is Slip flow and the gas in inorganic pores 

networks is free gas phase form. The gas mass can be thus expressed by: 

nam                                                              (6-9) 

where ρ is the free-phase gas density at inorganic pore pressure, and na is inorganic 

pores porosity.  

Applying the mass conservation law, it gives: 
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( )slip f na na ke

m
Q Q

t
  


    


u                                       (6-10) 

The velocity of Slip flow for shale gas is (Javadpour et al., 2009): 

na
slip na

k
F p


  u                                                   (6-11) 

0.5
8 2

1 1
na na

RT
F

M p r

 


        
   

                                      (6-12) 

where F is the correlation coefficient, kna is the intrinsic permeability of inorganic pores. 

R is the gas constant, T is the temperature, M is the molecular mass of the gas, rna is the 

radius of inorganic pores, α is the tangential momentum accommodation coefficient and 

its value varies in a range from 0 to 1. 

Substituting Eq. (6-11) and Eq. (6-12) into Eq. (6-10), it obtains the governing equation 

of gas flow in the inorganic pores networks: 

na na
na na na f na na ke

p k
F p p Q Q

t


  

  
        

                           (6-13) 

where Qna-ke is the mass transport rate between inorganic pores networks and kerogen. 

6.3.4  Gas flow in kerogen 

The gas in kerogen exists in both free gas phase and adsorbed phase forms.  The gas 

mass can be thus expressed by: 

ke adm                                                           (6-14) 

Assuming the density of adsorbed gas is subject to the Langmuir isotherm: 

L ke
ad ga s

L ke

V p

P p
  


                                                 (6-15)          
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The kerogen is one component of matrix blocks. It is assumed that kerogen connect to 

inorganic pores. In this case, the gas in kerogen serves as a mass source of the gas flow 

in the inorganic pores system. The spatial gas transport in kerogen is negligible because 

the kerogen is discretely distributed in shale. Therefore, the gas mass change in kerogen 

equals to gas mass transfer between kerogen and inorganic pores. Applying the mass 

conservation law, it gives: 

na ke

m
Q

t 


 


                                                      (6-16) 

Substituting Eq. (6-14) and Eq. (6-15) into Eq. (6-16), the governing equation of gas 

flow in the kerogen can be obtained: 

 
 2

keL L
ke ga s na ke

L ke

pV P
Q

t tP p

   


  

 
                        (6-17) 

where ρ is the free-phase gas density at kerogen pressure, ρad is the density of 

adsorbed-phase gas, ke is inorganic pores porosity, and VL and PL are Langmuir 

constants, ρs is the shale density and ρga is gas density at atmosphere pressure.  

6.3.5  Governing equation of mass transfer  

The transport scheme is assumed as a pseudo steady-state so the rate of mass transfer is 

proportional to the pressure difference between these two systems (Ranjbar and 

Hassanzadeh, 2011). For the Darcy flow, the general mass transfer equation is: 

 m f

k
q p p

 


                                                   (6-18) 

where σ is the shape factor, k is the permeability, μ is the viscosity, pm is the matrix 

pressure, and pf is the fracture pressure.  

6.3.5.1 Mass transfer between natural fractures and inorganic pore network 

Between natural fractures and inorganic pore networks, the inorganic pore networks 

have lower flow capacity. The mass transfer rate between them is controlled by gas flow 
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in inorganic pores networks. In this case, flow mechanism of mass transfer is Slip flow. 

The difference between Slip flow and Darcy flow is in the apparent permeability, so the 

above mass transfer equation (Eq.(6-18)) can be applied to this situation with change on 

apparent permeability only: 

   slip na
f na na na f na na f

k k
Q p p F p p   

                             (6-19) 

2

12
na

mL
                                                            (6-20) 

where Lm is spacing of natural fractures and σna is the shape factor of inorganic pore 

networks. 

6.3.5.2 Mass transfer between inorganic pores networks and kerogen 

Compared with inorganic pore networks, kerogen has the lower flow capacity. It means 

that the mass transfer rate between inorganic pore networks and kerogen is controlled 

by diffusion. The driving force of diffusion is the gas concentration difference. In this 

case, the molar transfer rate depends on the concentration difference between these two 

pore systems: 

 con ke k ke ke naQ D C C                                               (6-21) 

where Dk is the diffusivity. For the free gas, the concentration of gas has a linear 

relationship with its density. Multiplying the molar mass, the above equation of molar 

transfer rate can be converted to the mass transfer rate: 

 na ke con ke k ke ke naQ Q M D                                           (6-22) 

2

12
ke

keL
                                                           (6-23) 

where Lke is the spacing of inorganic pores, M is the molar mass and σke is the shape 

factor of kerogen. 
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6.3.6  Final formulation of governing equation 

According to the ideal gas law, the gas density is: 

M
p

RT
                                                           (6-24) 

Where M is molecular mass, T is temperature and R is universal constant. Substituting 

Eqs. (6-19), (6-22), and (6-24) into Eqs. (6-8), (6-13) and (6-17), final governing 

equations of gas flow in shale are: 

(a) Gas Flow in Natural Fractures: 

 f f na
f f f na na na f

p k k
p p F p p p

t
 

 
  

       
                        (6-25) 

(b) Gas Flow in Inorganic pores Networks: 

   na na na
na na na na na f na ke ke k ke na

p k k
F p p F p p p D p p

t
   

 
  

         
   (6-26) 

(c) Gas Flow in kerogen: 

 
 2

keL L
ke ga s ke k ke na ke

L ke

pV P
p D p p

tP p
   
  

   
   

                        (6-27) 

(d) Deformation of shale: 

 , , , , , , 0
1 2i kk k ki f f i na na i ke ke i s i ke i

G
Gu u p p p p f

v
         


              (6-28) 

6.3.7  Intrinsic permeability model 

As discussed earlier, apertures of natural fractures and inorganic pores are varying with 

pressure during the shale gas depletion. Since shale is a multi-porosity medium, our 

previous concept of global and local strain (Peng et al., 2014b) for dual-porosity 
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medium is introduced and further developed into this study. 

If the porosity is much smaller than 1 (normally less than 10%), the intrinsic 

permeability can be described as function of effective strain (Liu et al., 2011a): 

3

3

0 0 0

1
(1 )e

k

k

 
 
 

    
 

                                             (6-29) 

For natural fractures, the effective strain is (Peng et al., 2014b): 

 f na na ke ke
fe v fl v s ke

na

p p p
p

K

 
    

    
                         (6-30) 

where εv is the volumetric strain, εfl is the local strain of natural fractures which contain 

two items. The first item represents the compressive strain of matrix containing 

inorganic pores. The second item represents the adsorbed-strain in kerogen. The local 

strain represents interactions between matrix and fracture in shale. Kna is the bulk 

modulus of inorganic matrix part.  

For inorganic pores, the effective strain is (Peng et al., 2014b): 

 
f na na ke ke na ke ke

nae v
na ke

p p p p p

K K

   
       

                         (6-31) 

where Kke is the bulk modulus of kerogen. The last two terms represent interactions 

between microscopic structures in shale. Substituting Eq. (6-30) into Eq. (6-29), the 

porosity and intrinsic permeability models for natural fractures can be obtained: 

 
0 0

1
1f f na na ke ke
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                 (6-32) 
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                  (6-33) 

Substituting Eq. (6-31) into Eq. (6-29), the porosity and intrinsic permeability models 
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for inorganic pores are: 

0 0

1
1 f na na ke kena na ke ke

v
na na na ke

p p p p p

K K

  
 

        
         

             (6-34) 
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             (6-35)  

6.4  Model verification against experimental observations 

Recently, experimental work on the evolution of shale permeability with effective stress 

has been widely reported (e.g. Ghanizadeh et al., 2015; Heller et al., 2014; Tinni et al., 

2012). Plug samples containing fractures were used in these experiments. It was 

believed that the measured permeability from these samples is the fracture permeability 

in our model. In laboratory, the matrix permeability can be measured using crushed 

samples. However, crushed samples may also contain micro-fractures (Ghanizadeh et al., 

2015; Tinni et al., 2012). Therefore, the true matrix permeability data were not valid in 

these researches. In addition, the effective stress is difficult to be applied on crushed 

samples. Therefore, these experimental data only allow verifying the intrinsic natural 

fracture permeability model.  

In the experiments, the boundary condition of plug samples is confining pressure (σcon) 

which is simplified as shown Fig.6-5 (a). Because of the symmetry, the 3-D shale 

sample shown in Fig.6-5 (a) could be represented by the 2-D model shown in Fig.6-5 

(b). The relationship of 2-D model geometry with 3-D geometry is illustrated as the red 

plane in Fig.6-5 (a). In addition, the porosity of natural fracture is less than 0.5% (Wang 

and Reed, 2009). Young’s modulus decreases with content of clay+kerogen and it has a 

wide range from 5.5-86 GPa (Sone and Zoback, 2013). The input parameters for 

verifying the model are listed in Tables 6-1~6-2. 

Table 6-1 Input parameters for simulations for experiments conducted by Ghanizadeh et al (2015) 

Sample 
0
 (%) E (GPa) v (-) ρc (kg/m3) 

1 0.2 60 0.2 2500 
2 0.15 60 0.2 2500 
3 0.1 60 0.2 2500 
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Table 6-2 Input parameters for simulations for experiments conducted by Heller et al (2014)  
Pore 
Pressure 
(psi) 

0
  (%) E (GPa) v (-) ρc (kg/m3) 

250 0.3 55 0.3 2500 
500 0.28 55 0.3 2500 
1000 0.26 55 0.3 2500 
2000 0.25 55 0.3 2500 
3000 0.25 55 0.3 2500 
4000 0.25 55 0.3 2500 

 

5cm

4cm

σcon

          

σcon

2cm

5cm

 
(a) Shale sample in laboratory     (b) 2-D model 

Fig. 6-5 Illustration of geometry in numerical simulations 

The comparison between experimental data and simulation data is shown as Fig.6-6. 

The lines represent model results. It is obvious that the model results can match the 

experimental data very well. This model has a clear physical meaning: the intrinsic 

permeability is a result of the difference between the volumetric strain of the whole 

shale bulk and the local strain of pores. Moreover, this model is derived from 

poroelastic theory so it can be applied to any mechanical boundary conditions.  
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(a) Permeability Evolution with Effective Stress obtained by Ghanizadeh et al. (2015)  

 
(b) Permeability Evolution with Effective Stress obtained by Heller et al. (2014)  

Fig. 6-6 Comparison between experimental data and simulation data (lines are simulation results) 

 

6.5  Investigation of effect of pore structure on shale gas 

production 

In order to investigate effects of pore structure on shale gas production, a simulation 

model was constructed as shown in Fig.6-7 (b). Due to the symmetry of hydraulic 

fracture networks, a quarter of the overall area between two hydraulic fractures, 

illustrated as the red rectangle in Fig.6-7(a), was selected. The height of the reservoir 

model is half length of hydraulic fractures, and the width is the half hydraulic fractures 
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spacing. The mechanical condition of shale deformation is uniaxial strain. The 

overburden stress is applied at the top boundary and kept constant. The boundary 

conditions of gas flow are: (1) for natural fractures and inorganic pore networks, the 

pressure, which represents the pressure in hydraulic fractures, is applied at the right 

boundary; no flow condition is applied at other boundaries; (2) For the kerogen, no flow 

condition is applied at all boundaries because gas in kerogen is assumed to only flow 

into other two pore systems (natural fractures and inorganic pores networks). The initial 

pressure is P0. Input parameters for shale are listed in Table 6-3. They were collected 

from literatures (Chen et al., 2015; Pan and Connell, 2015; Sone and Zoback, 2013; 

Wang and Reed, 2009). In this study, a time-dependent pressure was applied to the 

hydraulic fracture to simulate the pressure change during production:  

 /
0 1 t td

hyp P p e                                                   (6-36) 

where phy is pressure in the hydraulic fracture, t is time, P0 is the initial pressure of 

reservoir, p is the pressure drop between initial pressure and the final pressure of 

reservoir, td is the characteristic time to control pressure drop. It is noted that this 

pressure behavior, described in Eq. (6-36) and plotted in Fig.6-8, is only hypothetical 

and in reality, the pressure in the fracture is impacted by the reservoir flow behavior as 

well as the well operating conditions. Nevertheless, since this is sensitivity analysis of 

gas production to the key reservoir parameters, using this hydraulic fracture pressure 

curve is appropriate as it is kept the same for all the simulation cases.  

         

(a) Illustration of Shale Reservoir                    (b) Geometry of Numerical Simulation Model 
Fig. 6-7 Simulation model of shale gas flow into hydraulic fractures 
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Fig. 6-8 Curve of pressure at hydraulic fracture boundary 

Table 6-3 Input parameters 

Symbol Value Physical meanings Unit 

E 20 Young’s modulus of Shale GPa 
v 0.3 Poisson’s ratio of Shale - 
μ 1.3×10-5   Viscosity Pa • s 

0na
  4 Initial inorganic pores porosity % 

0f
  0.1 Initial natural fracture porosity % 

0ke
  1 Initial natural kerogen porosity % 

kna0 1×10-21   Initial inorganic pores permeability m2 
kf0 1×10-19   Initial natural fracture permeability m2 
rna 20 Radius of inorganic pores nm 

α 0.5 
tangential momentum accommodation 
coefficient 

- 

Lm 1 Spacing of natural fractures m 
Lke 0.5 Spacing of matrix blocks m 
Dk 1×10-10   Diffusivity in kerogen m/s 
M 0.016 molecular mass kg/mol 
R 8.314 Universal gas constant J/mol/K 
T 350 Temperature K 
P0 40  Initial pressure MPa 
PL 10  Langmuir pressure constant of Methane MPa 
Pover 40 Overburden pressure MPa 
εL 0.0005 Langmuir strain constant of Methane - 
ρs 2500 Shale density kg/m3 
Pa 0.1 Atmosphere pressure MPa 
αf 0.67 Biot coefficient of shale - 

αna 0.67 
Biot coefficient of matrix blocks with inorganic 
poress 

- 

αke 0.67 Biot coefficient of kerogen - 
η 50 Thickness of reservoir m 

λ 30 
Number of stimulated stages by hydraulic 
fracking in whole reservoir 

- 

VL 0.002 Langmuir volume constant of Methane m3/kg 
p  35 Pressure drop of reservoir MPa 

td 1.25×106 Characteristic time of pressure drop 1/s 
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6.5.1  Gas flow sequence 

Evolutions of the pressures in natural fracture, inorganic pores and organic pores at the 

point 0.2m away from hydraulic fracture are shown in Fig.6-9. Initially, pressures in 

these three pore systems are all equal to the initial pressure. When the production 

commences, they start to decline. Due to the difference in flow capacity of different 

pore systems, the pressures decline with different magnitudes. Gas in natural fracture is 

easy to flow into hydraulic fractures and its pressure declines most quickly. Compared 

with natural fractures, the inorganic pore network has a lower flow capacity, so the 

evolution of its pressure lags behind that in natural fractures. Among these three flow 

regimes, the diffusion is the most difficult to occur so its pressure is the highest during 

the production. After 100 days, the pressure in the inorganic pore network is a slightly 

higher than the pressure in natural fracture. It mainly results from the permeability 

variation. During the shale gas production, the natural fracture permeability decreases. 

When it decreases to the extent that the flow capacity of natural fractures is less than 

that of inorganic pore networks, the gas flow in inorganic pore network would be the 

key flow path. In this case, the pressure drop in inorganic pore network would exceed 

that in natural fractures.  

Fig.6-9 also presents the sequential flow process in shale gas flow. This process is 

consistent with the experimental observation obtained by Javadpour et al. (2007): Gas 

flows in natural fractures and inorganic pores occur first (stage A and B in Fig.6-2). The 

gas flow in natural fractures is the faster one and it dominates gas flow in the early stage 

of production. Following that, gas flow in inorganic pore networks dominates 

production; the diffusion and desorption (stage C and D in Fig.6-2) occur lastly. Due to 

this sequential flow process, a wide variation in pressure between these three pore 

systems is created as shown in Fig.6-9. In this case, only using one single pressure to 

calculate permeability evolution is improper because, the single-porosity model (only 

one pressure can be solved) cannot describe the different pressures in different pore 

systems.  

6.5.2  Permeability evolutions 

Permeability has a close relationship with pressures in shale. Fig.6-10 shows the 

evolution of permeability ratio of natural fracture with natural fracture pressure. With 
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depletion of gas, the permeability ratio of natural fracture declines sharply. Fig.6-11 

illustrates the evolutions of apparent permeability ratio, intrinsic permeability ratio and 

correlation coefficient of inorganic pore system. During the gas depletion, the intrinsic 

permeability of inorganic pore system declines like the natural fracture permeability and 

then increases slightly at lower pressure. From Fig.6-9, when inorganic pores pressure 

reaches around 15MPa, the pressure in kerogens starts to decrease. It triggers the 

interaction between kerogens and inorganic pores. This interaction leads to increase of 

the intrinsic permeability of inorganic pore system. The correlation coefficient is mainly 

controlled by gas state and it increases with gas pressure decline. The apparent 

permeability is the resultant of these two (Eq.6-1). For parameters of this study, the 

intrinsic permeability dominates the apparent permeability.  

In the majority of recent studies, the effect of deformation on inorganic pore 

permeability has not been introduced into simulation models. For some simulation 

studies (e.g. Akkutlu and Fathi, 2011; Ding et al., 2014; Javadpour et al., 2007), the 

apparent permeability of inorganic pores is only controlled by correlation coefficient. 

They suggested that the apparent permeability of inorganic pores increases during gas 

production. From Fig.6-11, it can be clearly seen that the significant error would occur 

by this assumption. If the geomechanical effect and the effect of interactions between 

different pores were considered, the apparent permeability could decrease instead of 

increase. For other simulation studies (e.g. Civan et al., 2011), the effect of 

geomechanical deformation on intrinsic permeability was introduced while the effects 

of boundary condition and interactions between different pores on intrinsic permeability 

were ignored. Boundary conditions of rocks strongly affect effective stress so these 

models cannot be used for both experiments and fields whose boundary conditions are 

usually different. In addition, these models usually only consider one flow regime in 

shale (e.g. Raghavan and Chin, 2002; Dong et al., 2010). They fail to consider the effect 

of the coexistence of several flow regimes on intrinsic permeability. The model 

developed in this paper uses the relationship of intrinsic permeability with effective 

strain. The effective strain for different boundary conditions can be calculated by the 

equation of motion for the shale (Eq.(6-3)). The effect of interactions between 

microstructures in shale can be represented by term representing local strain in Eq.(6-30) 

and Eq.(6-31). This intrinsic permeability model is therefore valid under any boundary 
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condition. Furthermore, the permeability models in this paper consider the effect of 

interactions between microstructures in shale due to the mass transfer between different 

microstructures as well as the adsorption-induced strain.  
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Fig. 6-9 Evolution of pressure with time 
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Fig. 6-10 Evolution of permeability ratio of natural fracture with natural fracture pressure 
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Fig. 6-11 Evolution of permeability ratios of inorganic pores with inorganic pores pressure  

6.5.3  Effect of deformation 

The effect of deformation due to variation in effective stress and interactions between 

microstructures on shale gas production is often ignored, and therefore the characteristic 

of permeability variation resulting from the shale deformation cannot be fully 

considered for shale gas production. In this section, the importance of deformation 

effect for shale gas production is investigated. To achieve it, the comparison between 

two simulations was conducted: one is a fully coupled simulation and the other one 

ignores the deformation of shale. All parameters in the two simulation cases are the 

same as shown in Table 6-3. In the simulation without the deformation effect, the 

intrinsic permeabilities for natural fractures and inorganic pore networks are kept 

constant during gas production. For the fully coupled simulation, the changes of the 

intrinsic permeabilities of natural fractures and inorganic pore networks behave like 

those shown in Figs.6-10 and 6-11, respectively.  

In this paper, the gas in inorganic pore networks and natural fractures were both allowed 

to flow into hydraulic fractures. The production rate is the sum of these two flow rates. 

Fig.6-12 (a) shows the evolutions of total production rate, the production rate 

contributed by the gas flow from natural fractures and that contributed by the gas flow 

from inorganic pore networks. Fig.6-12 (b) shows the rates for a case without the 

deformation effect. In the fully coupled simulation, the gas flow from natural fractures 
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dominates the production rate before 20 days. After that, the gas flow from inorganic 

pore networks dominates. For the case without the deformation effect, the gas flow from 

natural fractures always dominates the shale gas production rate. The gas flow rate from 

inorganic pore networks is two orders of magnitude lower than that from natural 

fractures. Even if the porosity of natural fracture is only one fortieth of that of the 

inorganic pore networks, it still provides an efficient flow path network for gas due to 

its large pore size and high permeability. However, if the deformation effect was 

considered, apertures of natural fractures would decrease during shale gas depletion. 

When it declines to the extent that makes its flow capacity less than that of inorganic 

pore networks, the gas flow in inorganic pore networks starts to be the main flow path 

for shale gas production.  

Because of this significant difference in production rate between these two scenarios, 

the recovery efficiencies of shale gas for these two scenarios are also enormously 

different. The recovery efficiency is the ratio of the amount of the produced shale gas to 

the initial gas in place. As shown in Fig.6-13, if the deformation effect was not 

considered, the recovery efficiency is predicted at 75% after 30 years production while 

it is only 29% when the deformation effect was considered. This dramatic difference 

results from the change in apparent permeability due to the shale deformation. From this 

comparison, it is apparent that the deformation would significantly affect shale gas 

production behaviour.  
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(b) Simulation without Deformation
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Fig. 6-12 Illustration of effects of deformation on shale gas production rate 
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Fig. 6-13 Illustration of effects of deformation on shale gas recovery rate 

6.5.4  Importance of natural fracture 

Although the gas flow in the natural fracture near the hydraulic fracture only affects 

production at early production stage, the gas flow in the natural fractures inside 

reservoir plays an important role in the long term gas transport. Fig.6-14 illustrates the 

gas velocity at a point 6m away from the hydraulic fracture. The gas velocity in the 

natural fracture is two orders of magnitudes higher than that in inorganic pores. It 

demonstrates that the natural fracture is the main flow path for shale gas far away from 

hydraulic fractures and it can enhance efficiency of gas transport from reservoir to 

hydraulic fracture. In addition, Fig.6-15 shows the evolutions of recovery efficiencies 
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for the two scenarios: one considers the gas flow in natural fractures and the other does 

not. The recovery efficiency for the scenario with gas flow in natural fracture is 29% 

while that for the other scenario is only 12.3%. The gas flow in natural fracture 

enhances the recovery efficiency over 2 times. Although the natural fracture only 

accounts for a small proportion of flow path in reservoirs (its porosity is only 0.1% 

which is one-fortieth of porosity of inorganic pores), it plays a much more important 

role in gas transport and enhancement of shale gas production.  
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Fig. 6-14 Illustration of difference in gas flow velocity between natural fracture and inorganic pore at 

the point 6m away from the hydraulic fracture  
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Fig. 6-15 Illustration of importance of flow in natural fracture for recovery rate 
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6.5.5  Sensitivity analysis 

In this model, many parameters strongly affect the shale gas production. The analysis of 

their effects on shale gas production is valuable for production designs and 

managements. In this section, effects of the natural fracture permeability (kf), the natural 

fracture porosity ( f ), the intrinsic permeability of inorganic pores (kna), Young’s 

modulus of shale (E) and the ratio of adsorbed-phase gas to total gas (β) were 

investigated. The definition of β is: 
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                                (6-37) 

where mad is the mass of adsorbed-phase gas at the initial condition, mt is the total mass 

of gas in reservoirs at the initial condition, V is the reservoir volume, ρad is the density 

of adsorbed-phase gas in reservoirs, ρt is the total density of gas in reservoirs and it 

contains free-phase gas in kerogen, inorganic pores and natural fractures, and 

adsorbed-phase gas. For simplification, all parameters, except VL, are constant. In this 

case, the value of β is controlled by VL. The value of VL and the corresponding value of 

β are listed in Table 6-4. For the base case, parameters in Table 6-3 were used.  

In the parameter sensitivity analyses, only one parameter is changed at a time while the 

rest are kept constant values same as the base case. Fig.6-16 shows the effect of kf on 

recovery efficiency. If the kf increases 1000 times, the recovery efficiency increases 2.5 

times. Since natural fracture dominates the gas transport inside reservoirs, the higher kf 

means higher flow capacity for gas transport towards hydraulic fractures. Fig.6-17 

shows the effect of f on recovery efficiency. If the f increases 5 times, the recovery 

efficiency increases 2.4 times. The recovery efficiency increases with f  because the 

higher f  provides more flow paths to shale gas production. Fig.6-18 illustrates effect 

of kna on recovery efficiency. If the kna increases 1000 times, the recovery efficiency 

increases 3.2 times. For parameters used in this study, the inorganic pore network 

dominates the production rate so higher kna also means higher flow capacity for shale 

gas production. Fig.6-19 presents effect of E on recovery rate. If the E increases 2.7 
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times, the recovery efficiency increases 2.4 times. Young’s Modulus represents the 

geomechanical effect on shale gas production. The higher E means that the shale is 

stiffer to deform so the adverse impact of deformation on permeability variation reduces 

during gas depletion. In this case, both the gas transport inside reservoirs and production 

rate will be enhanced so the recovery efficiency increases with E. Fig.6- 20 shows the 

effect of the ratio of adsorbed-phase gas (β) on recovery efficiency. It has a negative 

linear relationship with recovery efficiency: increase of β leads to the decrease of 

recovery efficiency. The adsorbed-phase gas is the most difficult proportion to be 

produced because it stores in kerogen with low flow capacity. Its negative relationship 

with recovery efficiency means that the more adsorbed-phase gas in reservoir, the less 

amount of gas can be released from reservoir.  
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Fig. 6-16 Illustration of effect of kf on recovery rate 
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Fig. 6-17 Illustration of effect of natural fracture porosity on recovery rate 
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Fig. 6-18 Illustration of effect of kna on recovery rate 
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Fig. 6-19 Illustration of effect of E on recovery rate 
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Fig. 6-20 Illustration of effect of β on recovery rate 
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Table 6-4 Values of VL and β 

VL( m3/kg) β (%) 

0.002 16 
0.004 28 
0.01 50 

6.6 Conclusion  

In this study, the deformation effect on permeability variation was introduced into the 

multi-scale numerical simulation model for shale gas transport. The main advantages of 

the proposed model are: (1) models of intrinsic permeability are built based on 

poroelastic theory; (2) interactions between different pore systems are considered to 

represent different behavior of permeability changes of different pore systems. Using 

this numerical simulation model, important factors in shale gas production were 

analyzed and the following main conclusions were drawn: 

(1) The deformation effect due to the variation in effective stress and interactions 

between microstructures plays an important role in the evolution of apparent 

permeability. Without the deformation effect, the apparent permeability increases during 

shale reservoir depletion. The deformation effect can significantly reduce the magnitude 

of apparent permeability increase or even make apparent permeability decrease. It 

suggests that analysis conducted by models without deformation effect would 

overestimate shale gas production rate.  

(2) The natural fracture plays a significant role in shale gas transport. Unlike the place 

near hydraulic fracture, the gas velocity in natural fracture is much higher than that in 

inorganic pores. It enhances the efficiency of gas transport from reservoir to hydraulic 

fracture. It suggests that the gas flow in natural fracture should not be ignored in 

analyzing shale gas production and keeping natural fracture open and creation of natural 

fractures are important for shale gas production. 

(3) Natural fracture permeability, natural fracture porosity, inorganic pores permeability 

and Young’s modulus have a positive relation with gas production. However, the 

percentage of adsorbed gas to total gas (β) has a negative relation with recovery rate of 

gas. 





School of Mechanical and Chemical Engineering 
The University of Western Australia 

7-1 
 

Chapter 7 Concluding Remarks 

7.1  Main findings 

This thesis has focused on the numerical study on the matrix-fracture interactions in 

dual porosity media like coal and shale, particularly their effect on the evolution of rock 

permeability. This effort brings together various aspects regarding illustrating how the 

matrix-fracture interactions affect permeability evolutions, developing permeability 

models incorporating the effect of matrix-fracture interactions under various boundary 

conditions, and developing multi-scale numerical simulation models to forecast shale 

gas production.  

The main contributions and the relationship of all the chapters are summarized in 

Chapter 7. The main academic contribution of this study is building the permeability 

model for dual porosity media such as coal and shale. This model involves the new 

concept of internal swelling strain, which enables this model to properly explain the 

experimental observations of permeability evolution at laboratory, and this model also 

considers the impacts of rock deformation, gas adsorption and flow regime on 

permeability evolutions. The main findings of each chapter are summarized below： 

1. Chapter 2 concluded that the failure of common permeability models like PM model 

(Palmer-Mansoori Model) to explain experimental data from stress-controlled 

conditions in laboratory tests results from the three common assumptions which are 

uniaxial strain, constant overburden stress and local pressure equilibrium. The first 

two assumptions are invalid for explaining experimental data because that they are 

different from the boundary conditions in laboratory. The last assumption fails to use 

because the matrix-fracture interactions, including the mass exchange between 

matrix blocks and fractures and gas adsorption, are usually time dependent. 

2. In order to overcome the above three common assumptions, in Chapter 3, a new 

permeability model was built. This model implements the switch of the local strain to 

the coal global strain to represent the impact of matrix-fracture interactions on 

permeability evolutions.  
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3. The important characteristic of matrix-fracture interactions in a dual porosity 

medium is that they could induce the internal swelling strain due to the heterogeneity 

of gas adsorption capacity. In Chapter 4, the concept of internal swelling strain was 

proposed to represent the impact of this important characteristic on permeability. In 

addition, an empirical function was proposed to calculate the internal swelling strain. 

Based on poroelastic constitutive law and this empirical function, semi-analytical 

permeability models for dual porosity media incorporating the impact of internal 

swelling strain under various boundary conditions were proposed. Through 

comparison with experimental data of coal permeability, it was found that the impact 

of internal swelling strain on permeability is dependent on matrix properties. The 

magnitude of this impact decreases faster when the matrix has a higher 

adsorption-induced swelling capacity. 

4. In Chapter 5, with considering the characteristics of gas shale transport, the above 

semi-analytical permeability models for dual porosity medium were extended to the 

pressure-dependent apparent permeability models for shale. Through comparisons 

between experimental data and model results under variable boundary conditions, it 

was found that these models are valid for variable boundary conditions and 

efficiently incorporate the impact of gas adsorption and the gas adsorption plays an 

important role in shale apparent permeability evolution.   

5. In Chapter 6, based on the previous studies, a numerical simulation model for shale 

gas production was finally built to represent the sequential process of shale gas 

transport in real reservoirs. Through the sensitivity analysis, several factors 

significantly affecting shale gas production, such as the shale deformation, the 

existence of natural fractures, natural fracture permeability and porosity, inorganic 

pores permeability and Young’s modulus, were discovered and analyzed. 

There are relationships among all the chapters. Specifically, the main disadvantages of 

current permeability models were identified in Chapter 2 for dual porosity media. The 

disadvantages of those permeability models for dual porosity media were overcome and 

those permeability models were improved in Chapters 3~4. Based on the above 

permeability models, the characteristics of shale gas transport were considered and the 

pressure dependent apparent permeability models for shale were proposed in Chapter 5. 
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Chapter 6 is an application of such apparent permeability model and a multi-scale 

numerical simulation model for shale gas production was built to represent the 

sequential process of shale gas transport in real reservoirs. 

7.2 Recommendations for future work 

In this thesis, the comprehensive study of the effect of matrix-fracture interactions on 

the evolution of permeability has been conducted, nonetheless, further investigations are 

important and still need research efforts in the future as outlined below: 

1. The effect of matrix-fracture interactions on permeability evolution depends on 

matrix properties such as diffusivity and mineral distribution. However, in order 

to correctly represent their effects on permeability, the magnitudes of their 

effects on permeability should be investigated by experiments;   

2. The matrix-fracture interactions affect not only the permeability but also the 

internal stress of rock which is important for microcrack initiation and growth. If 

the microcrack initiates, the rock permeability would significantly increase. How 

the matrix-fracture interactions affect microcracks initiation is not fully 

understood. Further research on this issue could be important, especially for 

areas of CO2 sequestration and CO2-enhanced unconventional gas recovery;    

3. The properties of natural rocks especially shale are heterogeneous, therefore, 

their permeability evolutions are heterogeneous as well. In this case, a certain 

direction may be favorable for unconventional gas production. In order to find 

this direction, the consideration of heterogeneous effect on permeability 

evolutions is required;  

4. In field, the temperature of reservoirs changes during production. This 

temperature change could alter the behaviour of gas adsorption and rock 

deformation. Therefore, the matrix-fracture interactions will be significantly 

affected by temperature change. The thermal effect on matrix-fracture 

interactions requires experimental and theoretical investigation;  
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5. The studies on matrix-fracture interactions are focused on a single gas 

component in this thesis. How multiple gasses interact with matrices and 

fractures, especially how gas components affect the geomechanical deformation 

and permeability, are not fully understood. Further research on this issue could 

be important, especially for the area of CO2-enhanced unconventional gas 

recovery. 
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