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A B S T R A C T   

In a coal reservoir, matrix shrinkage caused by gas desorption is regarded as a significant factor that can in-
fluence natural fracture permeability. It is considered to be a constant and lasting effect throughout coalbed 
methane (CBM) production based on previous investigations. However, experimental measurements of long-term 
permeability change have demonstrated that adsorption-induced strain has a time-dependent effect on perme-
ability evolution. This study presents long-term investigations on permeability evolution of coal reservoir during 
CBM production. A fully coupled two-phase flow model for gas-water is specially proposed. Furthermore, the 
independent impacts of the matrix swelling during gas adsorption are characterized by a strain-rate-based 
permeability model. The competing effect between pressure depletion and desorption shrinkage on the perme-
ability change is evaluated during the process of long-term production. The calculations of the proposed model 
are respectively consistent with experimental and field data and the findings show that matrix shrinkage is the 
most important factor in permeability evolution towards the wellbore. The effect of matrix shrinkage on 
permeability enhancement is significant in the primary stage and vanishes with uniform depressurization in the 
matrix. As a result, matrix shrinkage dominates permeability first, followed by effective stress. A sensitivity 
analysis of mechanical properties and flow properties on permeability evolution was performed and has 
demonstrated that the larger the matrix shrinkage-induced strain is, the higher the permeability enhancement is, 
which can be also enhanced with greater initial permeability and a lower diffusion coefficient of the matrix and 
the impact of the negative strain induced by decreasing pore pressure is solely related to the bulk modulus. The 
range of permeability variation is narrowed when porosity is high, which implies that the influence of matrix 
shrinkage and effective stress on permeability is suppressed. This research will advance the understanding of the 
permeability change during long-term CBM production.   

1. Introduction 

Coalbed methane is an essential unconventional natural gas with 
major deposits across the globe. It is a significant resource globally, 
especially for China, Canada, Australia and India with an increasing 
energy demand. However, coalbed methane production is difficult to 
predict due to the complex geological conditions. The production per-
formance of coalbed methane reserves cannot be projected using 

conventional analytical and numerical techniques. This is due to the 
complicated interaction of single-phase gas diffusion through the 
micropore (matrix) system and two-phase gas and water flow through 
the macropore (fracture) system, which is connected through the 
desorption process (Thakur et al., 2014). 

The production of gas from CBM reservoirs is a typical multiphysics 
process that involves coupling of fluid flow and solid deformation during 
the gas desorption process. The gas-water flow behavior in coal deposit 
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is regulated by several characteristics and processes. However, the 
permeability is a crucial characteristic for the production of gas, in 
another word the geomechanical reaction of the coal and neighbouring 
geology is linked to the change in permeability generated by the 
adsorption-induced swelling strain associated with gas production or 
increased gas content (Connell and Detournay, 2009). The coal reservoir 
is affected by effective stress simultaneous changes, coal matrix swel-
ling/shrinkage, and pore pressure in the fracture throughout the coalbed 
methane process. The permeability in coal may be exponentially higher 
to the respect to influence of the coupling effect. The number of 
permeability models has been expanded to take into consideration the 
dominant factors in the last few decades (Somerton et al., 1975; 
Schwerer et al., 1984; Seidle et al., 1992; Palmer, 2009; Gilman and 
Beckie, 2000; Bertrand et al., 2017, 2019; Liu et al., 2021). These models 
have comprehensively described the change of coal permeability related 
to combined influence of coal matrix shrinkage and effective stress. 
Because the fracture aperture is sensitive to confining pressure, coal 
permeability has an excellent relationship to effective stress (Seidle 
et al., 1992; Pan and Connel, 2012). Some novel approaches have been 
adopted to built permeability model, such as fractal dimension, nuclear 
magnetic resonance (NMR) and geomechanical parameters (Golsanami 
et al., 2020; Zhang et al., 2018; Liu et al., 2020; Wang et al., 2021b). 
Adorption-induced swelling also has a significant impact on the change 
of permeability (Espinoza, 2014). It has been observed that permeability 
increases by over two orders of magnitude due to the opposing effects of 
desorption-induced shrinkage and fracture opening (Palmer and Man-
soori, 1998; Scott et al., 2012). 

Adsorption-induced swelling has recently been studied with a more 
precise approach. Based on the change theory in adsorption surface- 
energy induced, Liu and Harpalani (2013) proposed a new theoretical 
model illustrating the volumetric changes in the matrix. For more 
complicated conditions, the adsorption-induced swelling effect on 
permeability is widely measured experimentally. Among them, Chen 
et al. (2011) conducted a series of experiments to determine the effect of 
adsorption strain on the change in permeability for adsorbing gas flows. 
Hol and Spiers (2012) measured the volumetric response of 
adsorption-induced swelling and elastic compression components 
independently. Previous research confirmed that coal swelling defor-
mation was a heterogeneous process that was dependent on the distri-
bution of coal voids such as fractures. When the coal matrix inflated 
during CO2 adsorption, the cracks were crushed. (Zhou et al., 2020). 

The shrinkage strain as a result of gas adsorption within coal has 
been found to be responsible for the permeability increase during gas 
pressure depletion (Harpalani and Mitra, 2010). Various models have 
been developed to illustrate the permeability of coal. Wei and Zhang 
(2010) have elaborated a geomechanical and fully coupled fluid-flow 
model to describe the effective stress and micro-pore swelling/shrink-
age coupling influence. In the model, the fluid flow process is simulated 
with a triple porosity/dual. With a combined fluid flow, geomechanics, 
and gas adsorption/desorption model, the coupling effects of effective 
stress and matrix swelling/shrinkage approach are simulated. Yet, Qu 
et al. (2014) expanded the notion of matrix swelling alternation from 
local to global swelling subject to complex circumstances where 
numerous processes including heat transfer, transportation of gas and 
deformation of coal, that are taken into account. While, Chen et al. 
(2015) reviewed the controlling mechanisms of permeability evolution 
of coal deposits, by taking into consideration the effective stress, gas 
slippage and coal matrix shrinkage in three mathematical permeability 
change models. Wang et al. (2021a) developed an experimental 
approach to separating the adsorption-induced swelling strain of coal 
matrices and hydrostatic compression. 

It has been observed that the coal matrix swelling caused by 
adsorption leads to both internal fracture compression and bulk swelling 
(Karacan, 2003; Pone et al., 2009). Because the coal bridge connects the 
coal matrix, the total coal matrix swelling induced by adsorption can be 
divided into two distinct parts, one regulates swelling and the other part 

plays a role in the coal block swelling (Liu and Rutqvist, 2010; Zang 
et al., 2015). Liu et al. (2011.) firstly defined this part of strain as “in-
ternal swelling strain” that causes the interactions between matrix 
swelling and fracture deformation. It is commonly assumed that the 
strain contributed to permeability variation is proportional to the 
overall adsorption-induced strain of the matrix (Zang et al., 2015). In all 
previous models, it is deduced a constant strain splitting factor to define 
the ratio of the matrix adsorption strain affecting the facture perme-
ability (Jiang et al., 2020; Qu et al., 2014; Chen et al., 2011; Wang et al., 
2014; Liu et al., 2017b; Li et al., 2020). However, Shi et al. (2020) 
directly measured the evolution of strain of a prismatic coal core 
throughout gas injection. It confirms that the deformations of the coal 
core is nonuniform in space-time during the non-equilibrium condition. 
Wei et al. (2019) conducted a long-term test to measure the influence of 
adsorption strain on the permeability. Experimental results suggest that 
the adsorption strain has a strong effect on the permeability change at 
first, then this impact vanishes with the swelling of whole coal bulk. In 
order to evaluate the ratio of strain acting on fractures, Jiang et al. 
(2020) proposed the notion of differential swelling index (DSI) outlining 
the relation within coal bulk fracture and matrix strain induced by 
adsorption at the equilibrium state. It is found that DSI changes as a 
equilibrium pressure function. Previous studies have suggested a model 
based on the strain gradient to characterize non-uniform deformation 
induced by gas adsorption. All these studies focus on laboratory tests and 
modeling. 

During the primary production of coalbed methane, in-situ coal 
permeability can change significantly as a result to decrease in gas 
pressure and matrix shrinkage-induced by desorption (Gray, 1987). 
These effects have a significant effect on gas and water production. 
Many researchers have analyzed the geo-mechanical impact on 
two-phase flow during coalbed methane (CBM) production (Zhao et al., 
2014; Ma et al., 2017). Through changes in cracks produced by effective 
stress fluctuations and desorption-driven shrinkage, the model analyzes 
changes in two-phase fluid flow characteristics, such as coal porosity, 
permeability, water retention, and relative permeability curves. How-
ever, it is commonly supposed that the gas desorption-induced shrinkage 
leads to permeability increasing continuously. It could result in an 
overestimation of the gas production rate without considering me-
chanical compression. This paper presents a simulation study to inves-
tigate the change of gas permeability for the each period of CBM 
production. The strain-gradient-based model is incorporated into the 
mass balance equation for two-phase flow. The influence of matrix 
shrinkage on permeability is evaluated in the whole process of gas 
production. The competing effect between mechanical compression and 
desorption shrinkage on the permeability change is evaluated. It can 
give new insights into the long-term evolution of permeability of the 
in-situ coal seam during CBM production. 

2. Theoretical model of gas and water flow in coal reservoirs 

CBM production from coal seam deposits is characterized by the 
complexity of interactions between gas flow and solid deformation. The 
schematics of diffusion of the desorbed gas within the matrix and gas- 
water flow along the fracture are shown in Fig. 1 (Aminian and 
Ameri, 2009; Pan and Connell, 2012). The single-phase gas is mainly 
accumulated within the matrix system as an adsorbed phase. The pri-
mary gas production involves a reservoir pressure drop resulting in the 
desorption of gas. The free gas migrates from the matrix to the fracture 
afterwards. Fractures can provide seepage pathways for desorbed gas 
and water. 

CBM migration characteristics are sensitive to change of both pore 
pressure and adsorption strain. According to the assumptions of multi-
layer moisture adsorption, only the first layer of adsorbed particles was 
able to modify the surface energy, as Pan and Connell (2012) developed 
a model to explain the coal swelling strain based on the loss of moisture 
content. Gas production causes pore pressure depletion in fractures at 
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first. It results in a reduction of fracture aperture due to the effective 
stress increase. Thus, the permeability of coal is initially reduced with 
the decrease in pore pressure. Simultaneously, reservoir depletion cau-
ses the desorption of gas and coal matrix shrinkage. Based on previous 
studies, desorption-induced shrinkage strain can be divided into two 
parts (Liu et al., 2011). One part of internal shrinkage strain leads to the 
increase of fracture space and permeability. Coal permeability is ex-
pected to decrease gradually when the entire coal bulk starts to shrink. 
The external effect and internal effect have the opposite affecting on 
fracture permeability. The gas desorption-induced coal shrinkage is both 
gas-pressure- and time-dependent. It means that these two controlling 
factors change with the spreading of pore pressure. The opposing effects 
of effective stress and coal matrix shrinkage during gas production 
demonstrate that variation in coal reservoir permeability is 
non-monotonic. 

2.1. Water-phase flow model 

The mass balance equation is the fundamental equation for the 
description of the movement of fluids. It simply states that total mass in 
any system is always conserved. For liquid water that migrates through 
the coal fracture, the mass balance equation can be written as (Ma et al., 
2017): 

φ
∂Sw

∂t
+∇ ⋅

[

−
kintkr,w

μw
∇(pw)

]

=Q (1)  

where φ is the total porosity, Sw is the effective water saturation; t is 
time; kint is the intrinsic permeability; and kr,w is the relative perme-
ability of water. Here van Genuchten retention model is used to deter-
mine the hydraulic properties; μw is fluid’s dynamic viscosity; pw is water 
pressure; and Q is the flow source or sink. 

2.2. Gas-phase flow model 

The free gas is presumed to flow within the fracture, and the 
adsorbed gas is stored within the matrix (Wu et al., 2010). For the free 
gas in coal fractures, the total mass flow equation is: 

φ
∂(1 − Sw)

∂t
+∇ ⋅

[

−
kintkr,g

μg
∇
(
pg
)
]

= − Qd (2)  

where kr,g is the relative gas permeability; μgis the dynamic viscosity of 
gas; pg is the pressure of gas within the fractures; and Qd is the source 
from desorbed gas. 

The Langmuir adsorption theory is used to calculate the amount of 
adsorbed gas in coal matrix. Theoretically, it is applicable to systems 
where adsorbed molecules form no more than a monolayer on the sur-
face, each site for adsorption is equivalent in terms of adsorption energy 

and there are no interactions between adjacent adsorbed molecules. If 
the gas flow is a slow process, its flow rate can be calculated by a 
diffusion law. Advection is neglected because of the extremely low 
permeability of the ultratight matrix (Liu and Emami-Meybodi, 2021). 
The total mass flux is conceived as the sum of free phase diffusive and 
sorbed phase diffusive flux (Aljaberi et al., 2021). And the diffusion 
supplies methane to the fracture system (Wang et al., 2012). The gas 
mass balance equation in the matrix can be defined as: 

∂
∂t

(

(1 − φ)ρsρka
Lapm

pm + Lb

)

+

(

− Dm
M
RT

∇pm

)

=Qd (3)  

where ρs is the density of coal; ρka is the density of gas at atmospheric 
pressure; La represents the Langmuir volume constant; Lb represents the 
Langmuir pressure; Dm is the diffusion coefficient; and pm is the pressure 
of gas in the matrix. The contribution of diffusive flux is domain in the 
total flux at low pressure (Aljaberi et al., 2021). The total diffusive flux is 
a direct function of total porosity. The contribution of adsorped phas 
diffusive flux is high when total porosity is low (Liu and 
Emami-Meybodi, 2021). The adsorbed gas flow from the matrix to 
fractures can be considered as one form of diffusion of gas along the 
nanopores between two systems (Pan and Connell, 2015): 

Qd = aDm
(
ρf − ρm

)
(4)  

where a is a shape factor, ρm is the density of gas in the matrix, and ρf is 
the density of gas in the fracture. 

2.3. Geo-mechanical model 

During the process of CBM production, the decline of reservoir 
pressure leads to a continuous interaction between interstitial fluid flow 
and fracture deformation. The inertial force is neglected for a pseudo- 
static deformation process (Wang et al., 2012). It is generally sup-
posed that the fracture deformation is a response to the change of 
effective stress, confining stress and desorption shrinkage. Coal seam is 
treated as a linear elastic, continuous, homogeneous and isotropic 
porous media. The deformation of coal seam and natural gas flow pro-
cess within both cleats and coal matrix are all pseudo-static. The 
constitutive equations and equilibrium equation combination can yield 
the Navier-type equation for the isotropic, homogeneous, and elastic 
medium based on the effective stress concept (Wu et al., 2010) and 
which can be written as: 

Gui,kk +
G

1 − 2v
uk,ik − δpm,i − βpg,i − KεL

Lb

(pm + Lb)
2pm,i + fi = 0 (5)  

where ui is the displacement component in the i-direction; G is the shear 
modulus; ν is the Possion’s ratio; δ and β are the Biot coefficients; K is the 
bulk modulus; εL is a constant defining the volumetric strain at infinite 

Fig. 1. Illustration of a coupled two-phase flow during CBM production.  
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pore pressure; and fi is the component of body force in the i-direction. 

2.4. A strain-rate-based permeability model 

Previous studies on permeability have either been short-term studies 
or have not covered enough impact factors. This paper adopts a strain- 
gradient-based model considering the complex influence of 
desorption-induced shrinkage on long-term permeability evolution 
instead of understanding the long-term development of coal perme-
ability under the influence of various processes caused by gas adsorption 
and which is critical for CO2 sequestration efficiency (Wei, 2019b). The 
pore pressure gradient in the coal matrix changes with time from initial 
equilibrium state to final equilibrium state during gas production. The 
non-uniform strain gradient results in that local shrinking widens the 
fracture aperture. This impact on fracture permeability vanishes once 
the coal matrix swelling achieves uniformity. The time-dependent model 
is written as (Wei, 2019b): 

kint

k0
=

(

1 +
α
φ

(

Δ
(

εf + γ
∂
∂t

(

−
Δpm

Km
+ Δεs

))

−
pg

Ks

))3

(6)  

where k0 is the initial permeability; α is the Biot coefficient; εf is the 
strain component of the fracture induced by the confining stress; γ is a 
characteristic time factor; Km is the matrix bulk modulus; Δεs is the gas 
adsorption-induced volumetrical matrix strain increment and Ks is the 
fracture bulk modulus. 

The new model can incorporate the variational effect of adsorption 
strain on permeability. The changes in strain associated with adsorption 
happen continually over time. It has the maximum impact on perme-
ability when the matrix deformation is non-uniform. It vanishes at the 
pressure equilibrium state. In order to validate the permeability model, 
the experimental data is compared to the model prediction, as shown in 
Fig. 2. The experimental data are from a long-term coal permeability 
measurement throughout gas injection (Wei et al., 2019). Both injection 
pressure and confining stress are kept constant for nearly 90 days. The 
permeability is measured based on the pulse decay technique periodi-
cally. It is clear that calculation of the strain-gradient-based perme-
ability model is consistent with experimental data, which ensures the 
viability of the new proposed model. The permeability increases rapidly 
in response to the gas injection at first. This shows that effective stress 
within the fracture is a critical element in limiting permeability at the 
start. Then permeability decreases slowly as a result of the matrix 
nonuniform deformation. It could be explained by the strain gradient 
near the fracture wall induced by adsorption swelling, which narrows 
the fracture space at this stage. The matrix swelling strain becomes 
homogeneous as the gas spreads over the area. The internal permeability 
effect fades with time. Finally, because to the coal bulk swelling, the 
permeability improves. At this point, the external influence increases 

permeability. It is evident the adsorption strain has opposite effects on 
permeability at different stages. The comparison confirms that the new 
model can characterize the long-term effect of adsorption strain on 
permeability evolution precisely. 

The gas was injected into coal sample in Fig. 3 that is an opposite 
process of gas production. However, the influence mechanism of frac-
ture deformation on permeability is same. The strain-rate-based 
permeability model can capture the effect of adsorption strain on 
permeability. Therefore, this model can used to explain the permeability 
evolution in process of gas production. 

3. Model verification versus field data 

In this section, field data in region PZ and region SZ are used for 
historical matching. CBM production data, including the gas and water 
production ratio, are collected from two vertical wells. These two re-
gions are in the south of Shanxi Province, and this is a vital area for CBM 
exploitation and development in China. The basin contains approxi-
mately 15 % of China’s entire CBM reservoirs. Region PZ and SZ are 
situated in the south of Qinshui Basin, which strikes NNE-SSW and is 
characterized as a complex syncline basin. The bearing stratum in the 
area include Permian Taiyuan and Shanxi Formations in the lower 
Pennsylvanian. It is composed of coal, shale, fine-grained sandstone, and 
several carbonates with approximately 150m of thickness. The form of 
coal is anthracite, which is described as is hard and brittle with high 
fixed-carbon content. 

3.1. Historical matching with field data in region PZ 

Considering geometry symmetry, a quarter of the reservoir is chosen 
for analysis. The 2D plain reservoir geometry model has dimensions of 
1000 m × 1000 m. The production wellbore is on the lower left corner. 
The pressure in wellbore is set as the actual value of bottomhole pres-
sure. The constant confining stress condition is applied to the boundaries 
for simulating the CBM reservoir condition. The no-flow assumption is 
also used at the boundaries. The isotropic initial stress and initial pore 
pressure of the reservoir are set according to the actual values of the 
reservoir, respectively. The flow and mechanics parameters adopted for 
the simulation are shown in Table 1. 

The mass balance equation (Eqs. (1)–(3)) and constitutive equation 
(Eq. (5)) are combined in the solution procedure to couple the gas flow 
and coal deformation in the model. The values of permeability vary with 
pressure depletion according to the model (Eq. (6)) used in the calcu-
lation. The variation of permeability is affected by both effective stress 
and matrix shrinkage strain. For the conventional models, fully-coupled 
relation is not considered. One typical permeability model is pore- 
pressure-based. The increase in effective stress decreases the pore 
pressure, therefore decreasing the fracture permeability. Under this 
circumstance, Eq. (6) can be expressed as: 

Fig. 2. Comparison between experimental data and model prediction (Wei, 
2019a; Wei, 2019b). Fig. 3. Historical matching for region PZ.  

M. Wei et al.                                                                                                                                                                                                                                     



Journal of Petroleum Science and Engineering 208 (2022) 109378

5

kint

k0
=

(

1 +
α
φ

(

Δεf −
pg

Ks

))3

(7) 

The matrix adsorption-induced strain impact on permeability is 
considered in another model. It is assumed that matrix shrinkage strain 
continuously increases the permeability. The model can be written as: 

kint

k0
=

(

1 +
α
φ

(

Δ
(

εf +

(

−
Δpm

Km
+ Δεs

))

−
pg

Ks

))3

(8) 

Fig. 3 shows the historical matching using each of the conventional 
models (Eqs. (6)–(8)). The gas rate and cumulative gas obtained by Eq. 
(6) are consistent of field data. Daily gas production increases for the 
first four years, and then it continuously drops. The average gas rate is at 
a very high level of 7000 m3/d. It indicates that this block is significant 
with high gas content and a beneficial development condition for 
achieving high production. Comparing with predicted cumulative gas 
from conventional models, there is a large deviation from actual data. 
For the pore pressure-based model, the prediction value is lower. It 

could be due to the neglect of the effect of matrix shrinkage. The pre-
dicted cumulative gas with Eq. (8) shows a trend of linear growth. At 
last, the model result is three times higher than the actual value. This 
high-production can attribute to the high permeability induced by ma-
trix shrinkage. 

The pore pressure spatial distributions and saturation of water are 
plotted in Fig. 4. It can be observed that the gas production results in the 
largest decrease of pore pressure closed to the wellbore. It also leads to a 
decrease in water saturation during water production. For region PZ, the 
initial water saturation of the coal reservoir is low. Therefore, the 
descending zone of water saturation is relatively small. 

Reservoir pressure generally decreases with gas and water produc-
tion. It increases the effective stress and causes coal matrix shrinkage. To 
investigate the effective stress and matrix shrinkage-induced strain 
impact on the change of coal permeability, three tests were carried out 
as displayed in Fig. 10. The solid lines represent the combined effective 
stress and coal matrix shrinkage influences on coal permeability as 
defined in Eq. (6). The dashed lines present the variation of the pore 
pressure-induced permeability change as defined in Eq. (7). It shows that 
the changes of effective stress caused by pore pressure result in the 
decrease of permeability near-wellbore area. However, the initial 
permeability is lower than that of the permeability incorporated with 
the matrix shrinkage influence. It indicates that matrix shrinkage- 
induced strain has an opposite consequence for the permeability 
change. It also confirms that the matrix shrinkage have an effect in the 
permeability evolution near the wellbore. 

It shows the permeability ratio generally tends to rise in the first 
2000 days in Fig. 4. Then it falls slightly for the last 1000 days. The 
variation of permeability is shown in Fig. 6 for two monitor points. Point 
A and point B are respectively located 70.7 m and 282.8 m diagonal 
distance away from the wellbore as shown in Fig. 4(b). It is shown that 
the permeability changes with time. The matrix shrinkage-induced 
permeability change is presented in brown and yellow lines. It can 
also be expressed by Eq. (6) with constant pore pressure. It is simplified 
into a permeability model ignoring the deformation due to the change of 
pore pressure. At first, the matrix shrinkage occurs at the internal frac-
ture walls of the coal. The fracture volume rises inducing the enhance-
ment of permeability. When the permeability reaches a turning point, it 
drops for the following days. It is because the fracture is compressed by 
external confining stress when matrix shrinkage is uniform. It indicates 
that compaction between coal matrixs become the dominant factor in 
reducing coal permeability. At last, it returns to the initial value, which 

Table 1 
Parameters used in the model for two cases.  

Parameters Value (Region 
PZ) 

Value (Region 
SZ) 

Notes 

Bulk modulus, K 15 GPa 12 GPa Measured 
Bulk modulus of matrix, Km 20 GPa 17 GPa Measured 
Bulk modulus of fracture, Ks 1 GPa 0.7 GPa Fitting 
Shear modulus, G 4 GPa 3 GPa Measured 
Langmuir volume, La 0.0418 m3/kg 0.0318 m3/kg Fitting 
Langmuir pressure, Lb 2.48 MPa 3.8 MPa Fitting 
Langmuir volumetric strain, 

εL 

0.0218 0.0188 Measured 

Porosity of coal bulk, φ 0.04 0.04 Measured 
Initial permeability of the 

fracture, k0 

2 × 10− 15 m2 1.4 × 10− 16 

m2 
Measured 

Diffusion coefficient, Dm 1 × 10− 9 m2/s 1 × 10− 9 m2/s Measured 
Characteristic time factor, γ  1 × 106 s 1 × 106 s [Wei et al., 

2019b] 
Coal density, ρs  1350 kg/m3 1350 kg/m3 Measured 
Initial water saturation 0.5 0.8 Fitting 
Coal seam thickness 3.4 m 6 m Reservior 

condition 
Initial reservoir pressure 4 MPa 3.41 MPa Reservior 

condition 
Confining stress 6 MPa 6 MPa Reservior 

condition  

Fig. 4. Spatial distributions of the pore pressure and water saturation after 3000 days of production.  
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implies the disappearance of the matrix strain-gradient. The changes in 
permeability caused by pore pressure variation are presented in scarlet 
and red lines for the two points, respectively. On the contrary, perme-
ability drops proportionally with the pore pressure drawndown. The 
purple lines represent the combined effective stress and coal matrix 
shrinkage influences. It is observed the permeability maintains above 
the baseline for a long term after a fast rise at first. Then it declines and 
moves close to the scarlet and red lines. For the last 7000 days, the 
permeability is nearly unchanged. It exhibits two stages where the 
permeability is controlled by the coal matrix shrinkage firstly and 
effective stress lastly. It is evident that the variation range for point A is 
wider due to the decline of pore pressure is faster and severer near the 
wellbore. 

3.2. Historical matching with field data in region SZ 

The production data of region SZ are matched with the proposed 
model’s results as shown in Fig. 7. Simulated curves of cumulative water 
and gas are in accordance with the in-situ data. The pressure of the 
bottom hole is one of the important factors that control gas production. 
Reducing the bottom hole pressure can lead to a fast increase in gas 
production. It should be noted that water production is relatively high. 
And the cumulative gas is only 1/60 of region PZ. The coal reservoir is 
rich in water, which causes a high water production and an extremely 

low gas rate. 
As noted above, the depletion of pore pressure is low due to low gas 

production. In this case, it would induce the change of permeability over 
a long term. Fig. 8 shows the permeability evolution for monitor point A 
during a long period of gas production. The matrix shrinkage causes a 
fast increase in permeability for the first 4000 days. Then, it drops 
slightly for the last 6000 days. However, it is still three times greater 
than the initial value at last. Hence, the combined effects lead to a higher 
permeability ratio persistently. It will take an extremely long time to 
reach the final state. This indicates that both effective stress and coal 
matrix shrinkage control the variation of permeability throughout the 
full production cycle of the well for this case. 

4. Discussion 

Coal is an example of a dual porosity/permeability system, with a 
porous matrix surrounded by fractures. Because of its critical impor-
tance in the effective extraction of coal seam gas, coal permeability has 
received a great deal of attention. It is generally believed the perme-
ability of coal can be described as a relation of elastic matrix strain, 
effective stress, and adsorption strain within the fracture system (Liu 
et al., 2011). The change of effective stress is correlated to the pore 
pressure variation or external confining pressure. The directional frac-
ture strain induced by effective-stress is governed by the generalized 
Hooke constitutive model (Wu et al., 2010). For the condition of a 
constant stress-controlled boundary, the effective stress can be directly 
obtained according to the Terzaghi’s principle. The matrix strain is 
produced by a pore pressure change in the matrix block. 
Adorption-induced matrix deformation plays a major role in the whole 
deformation. The fracture strain induced by coal matrix shrinkage and 

Fig. 5. Permeability evolution during gas production for two perme-
ability models. 

Fig. 6. Impacts of matrix shrinkage and effective stress on permeability evo-
lution for region PZ. 

Fig. 7. Historical matching for region SZ.  

Fig. 8. Impacts of matrix shrinkage and effective stress on permeability evo-
lution for region SZ. 
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effective stress is plotted in the yellow bar and orange bar, respectively, 
as shown in Fig. 9. It reveals the fracture strain and permeability ratio 
variation during the CBM depletion. The decrease of pore pressure in-
duces the negative strain that results in closure of the fracture. Note that 
the negative value stands for compression strain. On the contrary, ma-
trix shrinkage widens the fracture aperture. Due to the decrease in pore 
pressure, the positive strain rises firstly, and then drops to zero. It con-
firms that the coal matrix shrinkage impact on permeability is 
time-dependent. The variation of matrix shrinkage-induced fracture 
strain is not included in conventional permeability models. We believe it 
is the reason for the failure of gas production prediction by previous 
models. 

As discussed above, fracture permeability is under a combined in-
fluence, which is controlled by the physical parameters of the proposed 
model. A sensitivity analysis was performed to study the influence of 
mechanical properties and flow properties on the evolution of coal 
permeability. Distinct values of parameters were assigned in the simu-
lation model, respectively. The variation ranges of permeability during 
the full production process for different cases are shown in Fig. 10. The 
variation of permeability is displayed by a candlestick chart. It indicates 
the initial, high, low, and final values of permeability for each case. The 
dominant factors for the shape of permeability curves are discussed 
below. 

The sensitivity analysis shows that Langmuir volumetric strain is the 
most influential parameter. The lowest and highest values of perme-
ability are both higher with a larger Langmuir strain constant. The 
permeability could reach two orders of magnitude greater than the 
initial value when Langmuir volumetric strain is ten times greater. The 
entire range of permeability is enhanced by a greater matrix shrinkage 
strain. The permeability is also enhanced when the initial permeability 
is greater. In this case, the fast pressure depletion leads to rapid 
desorption of methane in the matrix. Thus, a substantial desorption 
strain is caused by the strongest influences of shrinkage on the fracture 
aperture change, which results in a considerable permeability increase. 
This section of the matrix strain leads to the change of fracture perme-
ability only before the uniform shrinkage of the matrix block. If gas 
desorption from the matrix to fractures is faster, the shrinkage occurs in 
whole the matrix in a short time. It would weaken the matrix shrinkage 
influence on the enhancement of permeability. Therefore, the bottom of 
the permeability value is much lower with a higher diffusion coefficient. 

The reciprocal bulk modulus can also be called compressibility, 
which is the capacity of resistance to compression. The bulk modulus of 
fractures can have a significant impact on fracture strain under external 
compression. The fracture compressibility reduces as a result of the in-
crease in the modulus. The higher the bulk modulus is, the less the strain 
of fractures induced by effective stress will be. Thus, the impact of 
negative strain caused by decreasing pore pressure on permeability is 
smaller. The fracture permeability is higher with a greater bulk 
modulus. The effect of porosity on permeability is also evaluated. The 

porosity can be described as the ratio of the volume of void space to total 
coal block volume. It is assumed that only connected pores are included 
in the permeability model. Therefore, fracture volume is closely related 
to porosity. It can be seen that the range of permeability variation is 
narrowed when porosity is higher, which implies that both impacts of 
effective stress and matrix shrinkage are sensitive to porosity. The pro-
portion of external deformation from effective stress and matrix 
shrinkage in fracture space is comparatively small when the porosity is 
great. Thus, larger porosity suppresses the impact of effective stress and 
matrix shrinkage on coal permeability. 

5. Conclusions 

In this study, a model of fully-coupled two-phase flow is proposed. 
The influence of coal matrix deformation on fracture permeability is 
incorporated in a model of strain-rate-based. The effect of the variation 
of adsorption/desorption-induced matrix swelling/shrinkage on frac-
tures is defined as a time-dependent strain in this model. The model- 
predicated permeability evolution is consistent with long-term experi-
mental data, which ensures the viability of the new proposed model. 

The proposed model is also verified with field data from two CBM 
exploitation regions. Comparison of conventional permeability models’ 
prediction with real field data illustrates the failure of prediction 
without considering the effect of matrix shrinkage variation. The 
competing effect between pressure depletion and desorption shrinkage 
on the permeability change is evaluated during CBM depletion. The 
changes in effective stress induced by pore pressure cause a decrease of 
permeability during CBM depletion. However, the permeability is much 
higher than the initial permeability if it is incorporated with the effect of 
matrix shrinkage. The matrix shrinkage influence on coal permeability 
vanishes when depressurization in the matrix is uniform. It demon-
strates that matrix shrinkage contributes to the evolution of perme-
ability near the wellbore. It can also be determined the coal permeability 
is controlled by matrix shrinkage firstly and effective stress lastly. 

A sensitivity analysis of mechanical properties and flow properties 
on permeability evolution was performed. Among the parameters, the 
Langmuir volumetric strain constant is the most influential parameter. 
The entire range of permeability is enhanced by a greater matrix 
shrinkage-induced strain. The permeability can also be enhanced if the 
coal has greater initial permeability and lower matrix diffusion coeffi-
cient. The higher the bulk modulus, the lesser will be the impact of 
negative strain induced by pore pressure depletion on permeability. The 
high bulk modulus increases the matrix shrinkage impact on the 
permeability. The porosity of coal determines the sensitivity of fracture 
permeability to the external strain. Thus, the greater porosity could 
suppress the impact of effective stress and matrix shrinkage on perme-
ability. Overall, this study demonstrates the matrix shrinkage influence 
on CBM production. This research will advance the understanding of the 
permeability change during long-term CBM production. 

Fig. 9. Change of the fracture strain and permeability ratio with pore pressure.  

Fig. 10. Effects of reservoir properties on the permeability variation.  
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