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A B S T R A C T   

CO2 interaction causes complex mechanical deformations and flow modifications in coal, depending on the 
spatial disposition of the fracture-matrix system. Sorption-induced matrix swelling reduces the local fracture 
aperture and correspondingly the fracture permeability, consequently influencing gas flow throughout the seam. 
Since these modifications are highly -heterogeneous and -localized, an explicitly-represented geometric model is 
essential for the accurate modelling of the fully-coupled process. In this study, the CO2 flow – coal deformation 
process is implemented in a numerical model at the scale of coal constituents (i.e. matrix blocks and cleats), 
through the inclusion of a spatially distributed 3D – discrete fracture matrix (DFM) network. Fracture geometry is 
generated from a stochastically simplified 2D fracture network obtained from micro-CT imaging. The approach is 
initially validated against experimental results from a single-fractured coal specimen and the analysis extended 
to the complex fracture geometry. The spatial and temporal evolutions of fracture/matrix pressure, adsorbed 
mass of CO2, adsorption-induced swelling, alterations in local fracture aperture and permeability, and contact 
modelling at fully fracture closure are specifically analysed with comparison against no-swelling behaviour. 
Results indicate that the high-permeability fracture pathways provide initial easy access for the CO2 to diffuse 
into the coal matrix, causing sorption-induced matrix swelling. Although the individual matrix blocks exhibit a 
slight shrinkage immediately upon injection of high fluid pressures within the fractures, sorption-induced 
swelling rapidly overcomes this, resulting in an overall volume expansion at full pressure equilibration. This 
is turn causes a significant reduction in fracture aperture and permeability. The magnitude of the local fracture 
aperture reduction depends on the swelling behaviour of the bounding matrix, that leads to essentially full- 
closure of small fractures, causing significant localized flow modifications to further CO2 injection in the vi-
cinity of the particular fractures. The contact modelling approach identifies the timing and locations of fully- 
closing fractures in the complex geometry, where butt cleats exhibiting initial small apertures are prone to 
fully-close, compared to larger aperture face cleats that retain flow.   

1. Introduction 

High growth in population coupled with rapid industrialization have 
increased annual rate of global primary energy consumption by 2.9%, 
comprising the fastest growth rate since 2010. Consequently, global CO2 
emissions from fossil fuel combustion was elevated by 1–1.5% in 2019, 
with concomitant impacts on environment and health.1,2 Numerous 
measures address this issue, specifically focusing on minimising levels of 
atmospheric CO2 and impacts on global temperatures. Among a number 

of viable options, CO2 geo-sequestration in deep coal seams has been 
identified as a promising solution - coal serves as a sorptive reservoir for 
the CO2 with significant worldwide capacity, longevity and security. 
Besides, the greater adsorption potential of CO2 to coal, relative to 
methane, allows CO2 flooding to concomitantly boost the sweep effi-
ciency of native methane, enhancing coalbed methane (CBM) produc-
tion and further offsetting the cost of CO2 storage. This, in turn increases 
the contribution of natural gas to total energy consumption, with a 
significant increment of 4.7% apparent in 2019, representing one of the 
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strongest growth-rates in utilization in over 30 years.1,2 

Coal is an extremely complex and heterogeneous material. This is 
due to its unique process of formation – coalification, and in particular 
due to the complex geometry of the resulting natural cleat system.3 In-
jection of large quantities of CO2 into coal reservoirs triggers complex 
coal-CO2 interactions, triggering a complex hydro-mechanical response, 
in particular, that due to adsorption-induced swelling. The combined 
roles of the fracture network, ambient stress and gas pressure contribute 
to the fully-coupled response to gas transport, adsorption and the 
consequent swelling, that make the analysis rather complex.4,5 For 
instance, the permeability, that generally governs gas transport within 
the coal reservoir is mediated by cleat aperture.6 Thus, any change in 
cleat aperture, driven either by effective stresses or sorption-induced 
swelling, will modify the coal permeability and ultimately impact gas 
transport throughout the seam.7 

Changes in the gas flow behaviour and the subsequent reduction in 
CO2 injectivity due to swelling-induced permeability alteration are 
investigated by previous studies – by conducting experiments at both 
laboratory- and field-scales and by developing numerical and analytical 
models representing specific reservoir conditions.8–12 For instance, a 
substantial drop in CO2 injectivity into the seam was observed in the 
Fruitland Coal Fairway CO2 sequestration project, with a reported drop 
from an initial 7.08 × 104 m3/day to 1.42 × 104 m3/day after about one 
year.9 This observed reduction in CO2 injectivity substantially hinders 
the efficiency of sequestration projects. Laboratory-scale tri-axial ex-
periments replicating in-situ stress conditions also reveal large perme-
ability reductions with increasing injection pressures, especially beyond 
the critical point of CO2 (i.e. 31.1 ◦C and 7.38 MPa).8,10 Based on 
theoretical and empirical approaches, several permeability evolution 
models (e.g. Robertson-Christiansen,13 Palmer-Mansoori,14 Seid-
le-Huitt,15 Cui-Bustin16 and Shi-Durucan17) have been developed to 
account for the dynamic evolution of coal permeability. However, these 
models are either single- or multi-continuum models or analytical for-
mulations, which are derived from a scalar porosity variable. Thus, these 
often fail to address the spatial and temporal variation of fracture 
permeability in a typical coal reservoir with a complex fracture network. 
Recognizing the dominant impact of the fracture network on CO2 flow in 
fractured coals has prompted the development of discrete fracture ma-
trix (DFM) models, in which fractures are explicitly and discretely rep-
resented in the geometric model. Initial approaches assumed the matrix 
to be impermeable and that fluid flow was restricted to the fracture 
network.18 Later DFM models accommodated flow in the matrix to 
investigate the effect of free and adsorbed gas on gas production in 
fractured reservoirs including cleat-scale models.19 For instance, Ber-
trand et al.20 recently developed a cleat-scale DFM model to simulate the 
evolution of coal permeability due to adsorption-induced strain. 

In this study, the fully-coupled process of CO2 flow – coal deforma-
tion is implemented in a numerical model at the scale of coal constitu-
ents (i.e. matrix blocks and cleats). The spatial and temporal variation of 
fracture permeability is specifically analysed by including a spatially 
distributed 3D – discrete fracture matrix (DFM) network, stochastically 
generated from a reference micro-CT image. Since the fracture network 
is explicitly represented in the geometric model, the fracture perme-
ability is directly determined as a function of local fracture aperture – 
defining the local evolution of permeability. A model containing a single 
fracture is initially developed and validated against experimental ob-
servations of permeability evolution to confirm the reliability of the 
model. The simulation is then extended to DFMs of realistic complexity 
and large spatial extent. Finally, a comparison between the effect of 
swelling and no-swelling behaviour on CO2 flow is presented to high-
light the significance of CO2 adsorption-induced swelling on the modi-
fication of flow in coal. 

2. Discrete fracture matrix (DFM) modelling approach 

Since single- or multi-continuum models provide no geometric 

distinction between fracture and matrix domains, they fail to evaluate 
spatial or localized alterations of influential parameters in a complex 
fracture geometry. In contrast, the DFM modelling approach treats 
fractures, matrix and interfaces as separate geometric objects. This is 
essential in modelling complex coal reservoirs, since each feature should 
be explicitly represented due to their dominating impact on the fully- 
coupled process.21 Although DFM modelling is conceptually simpler 
than continuum modelling, as it avoids the application of transfer 
functions by explicitly meshing each domain, special care should be 
taken when defining the geometry to reduce the excessive computa-
tional cost. In the context of DFM modelling, unlike mixed-dimensional 
or hybrid approaches, equidimensional representation of fractures ne-
cessitates a very fine mesh to avoid large aspect ratios of the individual 
cells. Since the current study incorporates the interaction of multiple 
physical fields, including stress- and time-dependent aperture variation, 
hydro-mechanical coupling and contact modelling, that interact through 
both contact interfaces of the fracture surface, an equidimensional DFM 
modelling approach is appropriate, irrespective of the significant 
computational burden. Hence, in the current study, we adopt an equi-
dimensional DFM modelling approach, in which the complete problem 
is decomposed into a set of three problems – one for each sub-domain, 
linked through a transmission conditions.22 Further, the local fracture 
aperture is calculated directly from the deformed geometry, as the dis-
tance between the two bounding surfaces of the fracture, and combined 
with the hydro-mechanical model to simulate the fully-coupled process. 

3. Theoretical approach for the hydro-mechanical model 

A typical coal structure consists of an orthogonal cleat system, 
including face cleats and butt cleats, with the coal matrix resident- 
between (see Fig. 1 (a)). The cleat network governs the coal perme-
ability, while the intact coal matrix blocks control the diffusion and 
adsorption of CO2, and act as the potential reservoir for gas storage.23,24 

In our theoretical approach, the coal structure is conceptualized as a 
bundle of matchsticks representing individual coal matrix blocks, in 
which the void spaces between adjacent matrix boundaries form the 
fracture network (see Fig. 1 (b)).25 The fully-coupled process includes 
CO2 flow through the fractures, diffusion through the coal matrix, 
adsorption to potential adsorption sites and the accommodation of 
adsorption-induced matrix swelling that alters fracture aperture and 
effective stress and subsequently changes fracture permeability. Imple-
menting this process in a complex DFM model requires a number of 
theoretical considerations together with defined –stress and 
–displacement conditions for fracture and matrix domains at relevant 
boundaries. 

In summary, the fully-coupled process adopted in the current study 
can be segregated as follows: 1) CO2 flow through the fractures conforms 
to Darcy’s law and CO2 diffusion through the coal matrix is represented 
by Fick’s second law with stress-invariant diffusion coefficient, 2) CO2 
adsorption and matrix swelling are defined by a Langmuir-type model, 
3) coal deformation is coupled to the flow equations through effective 
stresses and adsorption-induced swelling, 4) fracture permeability is 
defined as a function of fracture aperture and is calculated locally from 
the deformed geometry in each solution step, 5) effects of fracture fluid 
pressure and fracture stiffness are included at fracture-matrix interface 
boundaries, 6) contact models and frictional interfaces are defined, 
where the two fracture surfaces contact and 7) stress and displacement 
boundary conditions are applied to represent in-situ reservoir conditions. 
The following sub-sections describe the complete hydro-mechanical 
approach in detail, in which the derivations are based on the assump-
tions that: 1) the coal matrix is an elastic, homogeneous and isotopic 
continuum, 2) the gas contained within the fractures and pores is ideal, 
and 3) the system is isothermal. 
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3.1. Gas-transport system 

Gas transport in coal consists of: 1) longitudinal free gas flow in the 
fracture domain (Ωf ) – that occurs along the fractures, 2) diffusion 
through the matrix domain (Ωm) – that accounts for the free and 
adsorbed gas and 3) transverse flow across the domain interfaces (Γm,f1 

and Γm,f2 ) – that represents gas transfer between fracture and the matrix 
at fracture-matrix interface boundaries (see Fig. 2 (a)). 

3.1.1. Gas flow in fractures 
The governing equation for gas transport in the fractures is expressed 

as; 

∂
(
φf ρg,f

)

∂t
+∇

(
ρg,f qL

)
=Qs [1]  

where, φf is the fracture porosity, ρg,f is the density of gas in fractures, qL 
is the longitudinal flow along the fracture and Qs is the source/sink term. 

As specified by the equation of state (EOS), the density of gas in the 
fractures is proportional to the gas pressure and is defined as, 

ρg,f =
Mg

RT
pf [2]  

where, Mg is the molar mass of gas, R is the universal gas constant, T is 
the temperature and pf is the gas pressure in the fracture domain. 

The longitudinal gas flow along the fractures is defined by Darcy’s 

law as,27 

qL = −
kf

μ∇pf [3]  

where, kf is the fracture permeability and μ is the dynamic viscosity of 
the gas. 

Under the assumption that a particular fracture can be defined as 
conducting flow between two closely-spaced parallel plates formed by 
adjacent matrix walls and neglecting the fracture roughness, the fracture 
permeability can be defined as a function of fracture aperture as28; 

kf =
b
12

2

[4]  

where, b is the fracture aperture. 
In the governing equation for gas transport within fractures, the 

permeability is a function of the local fracture aperture that varies with 
the effective stress and the adsorption-induced swelling deformation of 
the bounding coal matrix. Hence, the fracture flow is coupled to the 
mechanical deformation. 

3.1.2. Gas flow in the matrix 
Gas flow within the matrix is established from mass conservation 

with Fick’s second law defining the rate of transport. Assuming that the 
temporal derivative of the gas content is equal to the spatial gradient of 
the mass flux,29 then, 

Fig. 1. a) 3D-reconstructed coal segment from Micro-CT imaging, indicating the orthogonal fracture network and the coal matrix blocks,26 and b) the conceptual 
reservoir model represented as a bundle of matchsticks separated by fractures. 

Fig. 2. a) The flow model within the fracture and matrix domains, indicating both longitudinal and transverse flows and the corresponding pressure terms, and b) 
Definition of the mechanical system of the fractured medium as analogous to a linear spring-closure system. 
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∂m
∂t

+∇.J = 0 [5]  

where, m is the total gas content and J is the total mass flux. 
The total gas content consists of a free-phase gas and an adsorbed- 

phase gas – that can be expressed in terms of a Langmuir-type model, 
regardless of the heterogeneity of the adsorption sites in the coal.30 

Thus, the total gas content is expressed as, 

m=
Mg

RT
φmpm + (1 − φm)

MgPa

RT
ρc

VLpm

pm + PL
[6]  

where, φm is the matrix porosity, pm is the matrix pore pressure, Pa is the 
atmospheric pressure, ρc is the density of coal, and VL and PL are the 
Langmuir sorption constant and Langmuir pressure constant, respec-
tively. 

Since the combination of coupled processes and the equidimensional 
modelling approach are both highly complex, we adopt a stress- 
invariant constant diffusion coefficient to represent gas diffusion in 
the coal matrix. This has proven reasonably accurate for coal.23 Hence, 
the governing equation for gas flow, that accounts for both free- and 
adsorbed-gas phases can be defined as, 
[

φm+(1− φm)Paρc
VLPL

(pm+PL)
2

]
∂pm

∂t
+

(

pm − Paρc
VLp

p+PL

)
∂φm

∂t
− ∇

(
Dg∇pm

)
=0

[7]  

where, Dgis the gas diffusion coefficient. 
The diffusion coefficient may be obtained by fitting observations of 

pressure or gas mass with an appropriate analytical diffusivity model.23 

Moreover, the porosity, φm, is dependent on the adsorption-induced 
strain, thus the gas flow in the matrix is also coupled with the me-
chanical deformation. 

3.1.3. Gas transfer between fracture and matrix 
In the equidimensional DFM modelling, gas transmission between 

the sub-domains (i.e. Ωf and Ωm) accommodating transverse flow be-
tween fracture and the matrix are resolved as flux and pressure conti-
nuity across the fracture-matrix interface boundaries (i.e. Γm,f1 and Γm,f2 ) 
(see Fig. 2 (a))22; 

qT,f .n= qT,m.n on Γm,f1 and Γm,f2 [8]  

pf = pm on Γm,f1 and Γm,f2 [9]  

where, n is the unit normal vector and qT,i is the transverse flow (i = f ,
m). 

3.2. Mechanical system 

3.2.1. Coal matrix deformation 
The relationship linking infinitesimal strains to displacements for the 

elastic, homogeneous and isotopic coal matrix is defined as, 

εij =
1
2
(
ui,j + uj,i

)
[10]  

where, εij and ui are the component of the total-strain tensor and the 
component of displacement, respectively. 

Mechanical equilibrium is expressed as, 

σij,j + fi = 0 [11]  

where, σij and fi are the component of the total-stress tensor and the 
component of body force, respectively. 

The CO2 interaction-induced mechanical deformation in the coal 
matrix is defined by a Navier-type equation for linear poro-elastic 
media, in which the adsorption-induced strain (εs) and the matrix 
pore pressure (pm) are included as additional body forces. Since, εs is 

assumed to produce isotropic normal strains only, it is treated analo-
gously to thermal expansion.14 For a system that contains a single gas 
phase, the swelling strain, εs, can be expressed by a Langmuir-type 
model,13,16,31 and is defined as; 

εs = εL
pm

pm + PL
[12]  

where, εL is the Langmuir volumetric strain constant. 
Hence, the extended constitutive relation for the coal matrix defor-

mation is given as, 

εij =
1

2G
σij −

(
1

6G
−

1
9K

)

σkkδij +
α

3K
pmδij +

εs

3
δij [13]  

where α is the Biot’s coefficient, σkk = σ11 + σ22 + σ33 and δij is the 
Kronecker delta, and G and K are the shear and bulk moduli of coal, 
defined as, 

G=
E

2(1 + υ) [14]  

K =
E

3(1 − 2υ)) [15]  

where, E and υ are the Young’s modulus and the Poisson’s ratio of the 
coal matrix, respectively. 

Combining Eqs. (10), (11) and (13) yields the Navier-type governing 
equation for coal matrix deformation, 

Gui,kk +
G

1 − 2υuk,ki − αpm,i − Kεs,i + fi = 0 [16]  

that is coupled with the gas-transport system through matrix pore 
pressure. 

3.2.2. Stresses on fracture-matrix interfaces and contact modelling with 
friction 

The deforming fracture closes as a linear function of applied normal 
stress.32 The fracture fluid pressure acts as a surface pressure on the 
fracture-matrix interface, modulating the fracture aperture through 
effective stress (see Fig. 2 (b)). Hence, both effects from fracture stiffness 
and fracture fluid pressure are applied as surface normal pressures on 
the fracture-matrix interfaces. It should be noted that the fracture stiff-
ness can be best represented as a hyperbolic function with respect to 
fracture aperture. However, due to the large complexity of the geometric 
model and the fully-coupled process, a constant normal fracture stiffness 
is assumed in the current study. The relationship between the normal 
stress and the fracture closure can be expressed as,20 

σn = σ0 + Δpf + KnΔb [17]  

where, σn is the normal total stress, σ0 is the initial total stress, 
Δpf (= pf − P0) is the change in gas pressure within the fracture, Kn is the 
normal fracture stiffness and Δb(= b0 − b) is the fracture closure. P0 and 
b0 are the initial pore pressure and the initial fracture aperture, 
respectively. 

Contact pairs with frictional interfaces are defined at fracture-matrix 
interfaces, where the fracture surfaces are likely to contact due to full 
closure. The interface behaviour, where normal contact forces develop 
with fracture closure, is modelled with a no penetration rule using a 
penalty algorithm,33 in order to avoid fracture inter-penetration. This 
method is more convenient, as the results are directly computed from 
the penalty stiffness and displacements, thus, no extra degrees of 
freedom are required to separately determine the contact pressure and 
the friction traction vector. The frictional interface is defined by a 
Coulomb friction model, in which the tangential stress required for 
sliding is expressed as,34 
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τ =F σ′

n [18]  

where, τ is the tangential stress, F is the coefficient of friction and σ′

n is 
the effective stress normal to the fracture surface. 

The fully-coupled hydro-mechanical system described in this section 
is implemented in COMSOL Multiphysics software, validated and 
interpreted as a DFM geometric model, as explained in the following 
sections. 

4. Model validation 

The model is first validated against permeability results obtained 
from a lab-scale experimental study, conducted under in-situ stress 
conditions, on a single-fracture within coal, before extending the solu-
tion to a realistic fractured geometry (see Section 5). 

4.1. Model geometry and simulation procedure 

The geometry for validation follows experimental details for flow 
along a longitudinally fractured core.35 The CO2 permeability experi-
ment was conducted on a 38 mm in diameter × 76 mm in length cy-
lindrical coal sample with an artificially induced-single fracture along its 
longitudinal axis. Fig. 3 (a) and (b) illustrate a plan view and a typical 
micro-CT cross-sectional image of the single-fractured coal sample, 
respectively. Accordingly, the DFM geometric model was defined with a 
single, longitudinal fracture with a constant fracture aperture of 1 mm, 
as shown in Fig. 3 (c). The required coal properties and the model pa-
rameters are obtained from the experimental study35 and supplementary 
sources36–39 as listed in Table 1. The fracture permeability was measured 
directly from the geometry and the fracture representing open pore 
space assumes a porosity of unity. In the experiment: 1) a confining 
pressure of 20 MPa was first applied to the sample to simulate in situ 
tri-axial stress conditions with, 2) a CO2 injection pressure of 10 MPa 

then applied as a piecewise function to the base of the sample to simulate 
the gradual injection of CO2 (from atmospheric pressure to 10 MPa, 
within 1 h). The model simulation was run until full pressure equili-
bration with the temporal evolution of average permeability calculated 
according to Eq. (4) and compared with the experimental results. 

4.2. Modelling results 

We compare experimental observations against calculations of the 

Fig. 3. a) Coal specimen in a rubber jacket containing a single longitudinal fracture, b) A typical CT scan of the fractured specimen, indicating fracture aperture 
(modified after Siriwardane et al.35) and c) The DFM geometric model utilized for the validation. 

Table 1 
Parameters used for validation.  

Parameter Value 

Coal density (ρc) (kg/m3)  1440 

Matrix porosity (φm)  0.0075 
Fracture porosity (φf )  1 
Poisson’s ratio (υ)  0.339 
Young’s modulus (E) (MPa) 3713 
Normal fracture stiffness (Kn) (GPa/m) 60 
Coefficient of friction (F) 0.6 

Langmuir sorption constant (VL) (m3/kg)  0.0477 

Langmuir pressure constant (PL) (MPa)  8.44 
Langmuir volumetric strain constant (εL)  0.029 

Gas diffusion coefficient (Dg) (m2/s)  3.76 × 10− 10 

Biot’s coefficient (α)  0.6 
Temperature (T) (⁰C)  25 
Molar mass of CO2 (Mg) (g/mol)  44.01 
Density of CO2 at STP (ρCO2

) (g/ml) 0.00196 
Dynamic viscosity (μ) (Pa.s)  1.84 × 10− 5 

Initial pore pressure (P0) (MPa)  0.101325 
Universal gas constant (R) (J/mol.K)  8.314  
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permeability ratio to validate the model. Fig. 4 illustrates the variation 
of permeability ratio with CO2 interaction time. The direct comparison 
between simulation and experimental results indicate that the model is 
capable of successfully capturing the sense and magnitude of the 
permeability reduction and the variation of permeability ratio with CO2 
interaction time. It is apparent that a large permeability reduction oc-
curs at the beginning of the injection and gradually reduces in rate of 
permeability reduction with increasing time. A 97.1% modelled reduc-
tion is observed after only ~27.5% of the total duration of the simula-
tion, similar to the experimental observations. This is due to the 
immediate inception of matrix swelling with CO2 injection,40 rapidly 
closing fractures and consequently reducing the fracture permeability. 
Hence, the validation confirms the reliability of implementing the 
fully-coupled hydro-mechanical process in an equidimensional DFM 
model. We then extend this analysis to a complex fracture geometry. 

4.3. Simulation of a complex DFM model 

The validated simulation procedure is then applied to a complex 
DFM model, that represents a typical coal cleat network. Although the 
validation was completed on a model containing a single large fracture, 
the same modelling approach and the theoretical background are 
adopted in representing the complex DFM model - in order to confirm 
the reliability and the accuracy of the modelling results. 

4.4. Model geometry and simulation procedure 

A typical coal structure consists of an intricate orthogonal network of 
face and butt cleats. Face cleats are the most prominent cleat type that 
are persistent, widely-spread and laterally extensive. Conversely, butt 
cleats are formed after the extensive face cleats and terminate where 
they abut face cleats3,41 (see Fig. 1 (a)). The complex spatial disposition 
of the cleat network induces a large heterogeneity within the coal seam, 
that requires the application of complex DFM modelling. Fig. 5 (a) shows 
a micro-CT image that illustrates the complex cleat system of a typical 
bituminous coal sample.26 The cleat system itself is highly-disordered 
and complex, and thus difficult to represent in a 3D-DFM geometric 
model that incorporates the fully-coupled physical interactions, due to 
the excessive required computational burden. One possible way of cir-
cumventing this issue is to stochastically generate a simplified DFM 
model, while preserving the key attributes of the cleat structure, con-
nectivity and aperture distribution.42–44 Since many studies simply 

generate DFM models stochastically, only by considering statistical de-
scriptions of the fracture network, they often disregard the original 
connectivity of face cleats and butt cleats. Such models are rendered 
incapable of accurately representing the actual coal cleat system. A 
novel method that overcomes this issue is by integrating fracture me-
chanics into a probabilistic framework.26 This procedure mimics the 
natural cleat formation process to reproduce cleat network patterns (i.e. 
generating the face cleats first, followed by the butt cleats), thus is able 
to preserve the main structural and topological attributes of the cleat 
network. Fig. 5 (b) shows a stochastically reconstructed DFM model 
extracted from Jing et al.,26 that was used in the current study to develop 
the 3D-DFM geometric model. 

The simplified fracture network shown in Fig. 5 (b) was used to 
generate an equidimensional DFM model by separating the fracture and 
matrix domains and defining the fracture-matrix interfaces while still 
preserving the local fracture aperture distribution and fracture connec-
tivity. To define more realistic boundary conditions, the coal mass was 
modelled in three-dimensions by extruding the 2D geometry. The frac-
tures were generated as smooth and straight fractures and the sharp 
edges at interconnections were minimized to the fullest extent to reduce 
the geometric and meshing complexity, and subsequently the compu-
tational intricacy and burden. The generated 3D-geometry was then re- 
scaled to represent a lab-scale coal specimen with the final dimensions of 
76 mm × 82 mm × 5 mm and with fracture aperture ranging from 0.2 
mm to 1 mm (see Fig. 5 (c)). The meshed geometry is the next important 
step that controls the fidelity of the model in representing the fracture 
geometry, solution accuracy and computational burden. Fig. 6 (a) shows 
the meshed-model, in which a finer mesh is adopted toward matrix- 
fracture interfaces (i.e. fractures) to improve the accuracy and a com-
bination of element types were used to generate the complete mesh. The 
mesh comprises 20717 tetrahedral elements, 11897 triangular elements, 
2610 edge elements and 406 vertex elements, with the maximum 
element size limited to 7.2 mm. 

A gas diffusion coefficient (Dg) of 6.58 × 10− 11 m2/s, temperature 
(T) of 40 ◦C, matrix porosity (φm) of 0.0237, Langmuir volumetric strain 
constant (εL) of 0.0256 and normal fracture stiffness (Kn) of 5 GPa/m 
were used in the simulation with other mechanical and hydraulic 
properties similar to those given in Table 1. Boundary displacement 
conditions were applied to the model including constrained displace-
ments in all directions at the base and constrained displacements in the 
x- and y-directions at the side walls to mimic in-situ reservoir condi-
tions.20,33 For the boundary stress conditions, an overburden stress (Pb,v) 
of 15 MPa was applied at the top surface and a horizontal stress (Pb,h) of 
12 MPa was assigned to the side walls to replicate an extensional tec-
tonic regime33 (see Fig. 6 (a)). A CO2 injection pressure was applied to 
one side of the model as a piecewise incremented function. The simu-
lation was run until full pressure equilibrium with temporal and spatial 
analyses completed by considering five points of interest, distributed 
throughout the geometry as shown in Fig. 6 (b). 

4.5. Modelling results 

The temporal and spatial analyses are conducted in terms of the 
evolution of fracture and matrix pressures, adsorbed mass of CO2, matrix 
volumetric swelling, fracture aperture and permeability, and contact 
pressures within the model. Moreover, the results are compared with the 
case of absent swelling (no-swelling behaviour), in order to emphasize 
the significance of CO2-induced coal matrix swelling on the overall flow 
behaviour. 

4.5.1. Pore pressure evolution 
Fig. 7 shows the evolution of the pressure distribution throughout 

the coal mass at different times. This clearly exhibits the rapid flow of 
CO2 through the fracture network, due to its high permeability, 
compared to the slow diffusion into the coal matrix. The injected CO2 

Fig. 4. Variation of permeability ratio with CO2 interaction time: Modelling 
results fitted to experimental data from Siriwardane et al.35 
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first flows through the high-permeability fractures then diffuses into the 
coal matrix from the fracture-matrix interfaces. The colour bar displays 
the CO2 pore pressure values, ranging from atmospheric pressure at the 
beginning of the simulation to 10 MPa at full pressure equilibrium. Since 
the geometry represents a lab-scale sample, it takes only a minute time 
to fully penetrate the major interconnected fractures in the network to 
equilibrium pressure. This is clearly shown in Fig. 8 (a), illustrating the 
evolution of fracture pressure with time at three points of interest in the 
fracture domain. It is notable that all three points follow a similar trend 

in pressure development without exhibiting any difference over this 
specific time scale, irrespective of their spatial disposition in the fracture 
domain. This is because the fractures are open (porosity of unity) and the 
fracture permeability is calculated from the parallel-plate law (see Eq. 
(4)), which in turn yields a high fracture permeability. This would be 
different if the initial fracture permeability is low, possibly due to the 
presence of granular infill. In that case, the fracture permeability would 
be better defined in terms of an effective diameter of the filling grains 
representing the pore throat diameter,45 which may then defined as a 

Fig. 5. a) Original micro-CT image, illustrating the complex fracture network, b) Stochastically simplified and reconstructed DFM model (extracted from Jing 
et al.26), and c) Extruded and re-scaled 3D-geometric model used for the simulation. 

Fig. 6. a) Geometric model, indicating the meshing, boundary pressures and the location of CO2 injection, and b) Plan view of the geometry, indicating the points of 
interest used to analyse spatial variations in simulation variables. 

Fig. 7. Temporal and spatial variation of CO2 pore pressure development in the coal mass.  
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function of the initial fracture permeability and change in the local 
fracture aperture.46,47 

In contrast, since the matrix domain exhibits a delayed-pore pressure 
development due to its low diffusivity, it is possible to clearly differen-
tiate the spatial signatures of pressure evolution in the matrix domain, 
within the defined time frame. For instance, as shown in Fig. 8 (b), the 
pressure development at point 02 is more rapid at the beginning than 
point 01. This is because, although point 02 is further away from the CO2 
injection point, it is closer to an interface with a high-permeability 
fracture – that provides a rapid pathway for the CO2 to reach that 
point. Conversely, point 01 is located in the centre of a coal matrix block, 
that hinders rapid access for the CO2, delaying pressure development 
(see Fig. 6 (b)). However, this temporal variation also depends on the 
diffusive properties (i.e. gas diffusion coefficient (Dg)) of the coal matrix 
– thus should be precisely determined through an experimental analysis. 

Overall, this spatial analysis emphasizes the importance of the existing 
fracture network on the complex pore pressure development within the 
coal mass, that can only be resolved through a DFM modelling approach. 

4.5.2. Adsorbed mass of CO2 and evolution of matrix swelling 
Measurements defining the adsorbed mass of CO2 and matrix 

swelling are vital in the context of CO2 geo-sequestration, as they control 
the amount of CO2 that can be effectively stored in a certain coal 
reservoir – this then governs the efficiency and the long-term feasibility 
of the project. The total adsorbed mass depends on the adsorption po-
tential and the available adsorption sites within the coal matrix blocks. 
The adsorptive mass is controlled by the sorption response with rates 
controlled by diffusion coefficient and block size – larger diffusion co-
efficients and smaller block sizes/fracture spacing promote more rapid 
sorption. Since the complex DFM model consists of several coal matrix 

Fig. 8. Variation of a) Fracture pressure and b) Matrix pressure with CO2 interaction time.  

Fig. 9. a) Variation of the adsorbed mass of CO2 in a selected coal matrix block with CO2 interaction time and with average CO2 pore pressure and, b) Variation of the 
volumetric strain of a selected coal matrix block with CO2 interaction time and with average CO2 pore pressure. Note that the strain results are plotted together for 
cases both with- and without-swelling, for direct comparison. 
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blocks with different shapes and sizes, we selected single matrix blocks 
to comprehensively analyse the adsorbed amount and the volumetric 
swelling (highlighted in Fig. 9). The adsorbed amount of CO2 in a 
particular coal matrix block at time t (ma(t)) is quantified through the 
volume integration of the selected matrix block, as.23,48 

ma(t) =

∫∫∫ ⃒
⃒
⃒
⃒(1 − φm)

MgPa

RT
ρc

VLpm

pm + PL

⃒
⃒
⃒
⃒

t
[19] 

Fig. 9 (a) illustrates the variation of the adsorbed amount of CO2 in 
the selected matrix block with CO2 interaction time and with the 
average pore pressure. It is apparent that the adsorbed mass initially 
increases rapidly but gradually asymptotes to a constant with increasing 
interaction time, as the matrix block reaches pressure equilibrium. 
Moreover, the adsorbed mass shows a near-linear increment with the 
average pore pressure. This is since sorption is linearly related to pres-
sure in the early stages of Langmuir sorption. This deviates from the 
linear trend near pressure equilibrium at higher relative pressures as all 
the available adsorption sites are occupied. 

Fig. 9 (b) shows the variation in volumetric strain of the selected coal 
matrix block with CO2 interaction time and for an average pore pressure, 
in which the results are compared with the no-swelling behaviour – that 
represents the response to a non-sorbing gas (e.g. He or N2). The initial 
volumetric strain of the matrix block is slightly negative, implying 
shrinkage, due to the compression driven by the applied fracture fluid 
pressure on the fracture-matrix interfaces. The rapid fluid pressure 
permeation through the high-permeability fracture domain creates an 
additional surface pressure on all matrix boundaries, causing universal 
shrinkage at the beginning of injection. However, this is gradually 
overcome by the diffusion and adsorption-induced swelling of the coal 
matrix, resulting in an overall volume expansion at the full pressure 
equilibrium. The final sorption-induced swelling is significantly larger 
than the initial surface pressure-induced shrinkage (see Fig. 9 (b)). In the 
absence of swelling behaviour, the volumetric strain begins negative 
with the initial injection then rebounds to near null as the pressure 
equilibrates. This is a consequence of initial compaction of the block as 
the fracture pressure applies a large effective stress on the block, that 
ultimately dissipates as fluid permeates the block and the effective 
stresses between block and fracture equilibrate. The differences in 
strains for sorbing and non-sorbing gases clearly distinguishes the im-
pacts of a highly-reactive gas (i.e. CO2) with that of a relatively non- 
reactive gas like N2. Further, it is apparent that the volumetric strain 
caused by the adsorption is significantly faster than the accumulation of 
matrix pressure shown in Fig. 8 (b). This may be related to the rapid 
adsorption of CO2 and the consequent swelling that occurs during coal- 
CO2 interaction. In fact, CO2 adsorbs rapidly on to the coal matrix during 
CO2 injection,40 causing immediate coal matrix swelling, as soon as the 
interaction takes place. This in turn may possibly induce large swelling 
strains in coal even at relatively low pore pressures. 

The sorption-induced volumetric swelling or the volume expansion 
of individual matrix blocks can significantly affect the local fracture 
aperture and subsequently the flow behaviour, which is further dis-
cussed in the following section. In our theoretical approach, the adsor-
bed mass of CO2 and the matrix swelling are modulated by Langmuir- 
type equations, where the two phenomena are dependent on the Lang-
muir sorption constant (VL) and the Langmuir volumetric strain constant 
(εL), respectively. Hence, the values of the two parameters should be 
precisely determined experimentally for any given coal rank, before 
incorporating them in the fully-coupled hydro-mechanical model, as the 
coupled process is controlled by the two parameters. 

4.5.3. Evolution of fracture aperture and fracture permeability variation 
Fracture permeability, defined as a function of fracture aperture is an 

important parameter that governs gas flow behaviour in fractured res-
ervoirs. The fracture aperture in the coal reservoir is stress-dependent 
and varies with a change in both the effective stress and the 

magnitude of sorption-induced swelling. A major advantage of DFM 
modelling is that the spatial and localized changes in fracture aperture 
can be efficiently evaluated, as the fracture network is defined explicitly 
in the geometric model. 

Fig. 10 shows the fracture network comprising both face and butt 
cleats, representative of the cleat system of a typical coal reservoir. The 
local fracture aperture is measured directly from the geometry, as the 
distance between the bounding matrix walls. The fracture network 
consists of fractures with the apertures ranging from 0.2 mm to 1 mm, 
whereas the apertures of the face cleats are greater than 0.5 mm in the 
original geometry (see Fig. 10 (a)). A direct comparison between the 
original and the fully-CO2-interacted fracture network implies that ap-
ertures of both face and butt cleats have been reduced significantly 
following CO2 exposure, due to the adsorption-induced swelling of the 
adjacent matrix blocks. In fact, some fractures are near-completely 
closed due to their initial very low fracture aperture and the swelling 
behaviour of the bounding matrix (see Fig. 10 (b)). It should be noted 
that, since the displacements of the basal boundaries are constrained at 
all directions, fracture apertures at this basal plane remain constant 
throughout the injection. Fig. 11 shows the temporal variation of local 
fracture aperture at three points of interest in the fracture domain (see 
Fig. 6 (b)), including one near fully-closed fracture (i.e. point 04). Again, 
the fractures dilate slightly as the injection pressure is applied and 
immediately/rapidly permeates the fracture network. This is congruent 
with the volumetric swelling results, in which the matrix blocks show a 
slight shrinkage at the beginning, causing this slight increase in aperture 
(see Fig. 9 (b)). Importantly, since we adopt a no-penetration rule for the 
contact modelling, the separation between fracture walls remains zero at 
full-closure, without being negative, since no inter-penetration between 
the two bounding matrix walls is allowed during the swelling defor-
mation. This is an accurate representation of real response. Furthermore, 
the dotted-lines of Fig. 11 indicate the fracture aperture variation in 
absent-swelling, where the final deformations are small, by comparison 
with the case for swelling. 

In single- or multi-continuum modelling and analytical approaches, 
the variations of fracture aperture or permeability with the pore pres-
sure increment are often analysed without accommodating details of the 
spatial geometry and heterogeneity. However, in a fractured reservoir, 
the local fracture aperture and permeability are critically dependent on 
the deformation of the coal matrix in the vicinity of the fracture, rather 
than on the overall reservoir behaviour. This factor is explicitly 
accommodated in DFM approaches where variation in the aperture of 
three fractures of interest are plotted against the average pore pressure 
developed in the bounding coal matrix (see Fig. 12). It is apparent that 
the fracture aperture reduces significantly with increasing average pore 
pressure in the bounding coal matrix, due to matrix swelling. Crucially, 
the magnitude of local aperture reduction depends on the shape, size 
and the swelling potential of bounding matrix block, thus they vary from 
fracture to fracture. For instance, the fracture apertures are reduced by 
66%, 99% and 75% at points 3, 4 and 5, respectively. This clearly 
demonstrates that the hydro-mechanical behaviour of fractured reser-
voirs is highly-localized, and that accurate representation of this 
behaviour relies upon explicit descriptions of fracture geometry. 

Fig. 13 shows the temporal variation of fracture permeability ratio at 
three points of interest in the fracture domain, both with- and without- 
swelling behaviour. Since fracture permeability is defined as a function 
of local fracture aperture, the evolution of permeability follows a similar 
trend to that for aperture variation. Permeability reduces significantly 
with CO2 interaction, due to adsorption-induced swelling. This is 
consistent with prior results obtained by Bertrand et al.,20 in which they 
have used the multi-dimensional DFM modelling approach to analyse 
the permeability variation of CO2-interacted fractured coal. In fact, they 
have observed a similar trend in permeability reduction with CO2 
interaction time, which is caused by the change in effective stress and 
the adsorption-induced swelling. The early-time permeability change is 
detailed in the zoomed-in inset of Fig. 13, which highlights the slight 
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permeability increase due to the initial injection – caused by the fluid 
pressure applied on the bounding walls of the fracture and compression 
of the matrix. The permeability of some fractures (i.e. at point 04) re-
duces to almost zero, due to near full-closure of the respective fracture. 
Such changes in permeability of the fracture network will result in large 
changes in both permeability and especially in permeability anisotropy. 
These changes will significantly impact flow behaviour in the coal seam 
to further CO2 injection phases, ultimately hindering CO2 injectivity and 
therefore the feasibility of the sequestration projects. 

4.5.4. Evolution of fracture contact pressures 
Depending on the initial fracture aperture and the swelling defor-

mation of the bounding matrix, some fractures may fully close at 
maximum pressures – resulting in significant contact pressures. The 
fracture walls are defined as frictional interfaces and the contact pairs 
retained separated by a no-penetration (see Sections 3.2.2 and 5.2.3). 
The magnitude of the contact pressure depends competitively on the 
boundary pressure, fracture fluid pressure and swelling-induced stress. 
Fig. 14 illustrates the locations and the magnitudes of the resulting 
contact pressures, that directly indicates the locations of the near fully- 

closed fractures in the complex geometry. Noticeably, the butt cleats 
preferentially close to zero apertures over the face cleats. The lack of 
closure of fractures at the base of the model domain is merely an artefact 
of the full displacement restraint boundary condition applied on that 
boundary. Fig. 15 shows the temporal variation of the maximum normal 
contact pressure on a selected fracture. Initially, the contact pressure 
remains small (zero) until the two surfaces contact, and then increases 
continuously with further swelling of the bounding matrix, until the 
system reaches pressure and swelling equilibria within the matrix. The 
point of initiation and the magnitude of the evolving contact pressures 
varies spatially, depending on the local hydro-mechanical properties of 
the fractures and matrix. Further, one should pay special attention when 
selecting the boundary conditions, including displacement and stress 
conditions, as they can largely affect the overall mechanical deformation 
of the model and therefore the entire CO2 flow behaviour. The most 
appropriate and realistic boundary conditions should be defined to 
accurately model the entire process. 

Overall, the current DFM model of a representative coal mass with a 
complex fracture network suggests that CO2 interaction-induced hydro- 
mechanical response is highly sensitive to fracture geometry and con-
nectivity – in addition to the manifestation of complex physical- 

Fig. 10. Spatial variation of fracture aperture: a) Before CO2 injection (at 0 s) and, b) After full pressure equilibration (at 150000 s).  

Fig. 11. Temporal variation of fracture aperture both with- and 
without-swelling. 

Fig. 12. Variation of fracture aperture with average pore pressure in the 
bounding coal matrix. 
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couplings and feedbacks. The use of an equidimensional DFM modelling 
approach accommodates realistic fully-coupled processes by further 
including the development of contact forces and frictional forces on the 
fracture walls as the fractures fully close. Furthermore, since fracture 
permeability is defined as a function of local fracture aperture, where 
the aperture is measured from the deformed geometry at each solution 
step, it provides an accurate path to the time-dependent solution. The 
use of micro-CT images to constrain the key attributes of real fracture 
networks in coal, including fracture apertures, interconnectivity, and 
the structure of face and butt cleats provides a more accurate approach 
to model the realistic flow behaviour in fractured coal. Note that the 
computational burden for direct equidimensional DFM modelling of the 
micro-structure at reservoir scale would be prohibitive. However, the 
stochastically-developed lab-scale geometric model presented in the 

current study is useful in understanding key characteristics and controls 
of a representative elementary volume and presents a strong foundation 
for explicit DFM modelling of the hydro-mechanical behaviour of CO2- 
interactions in coal. 

5. Conclusions 

An equidimensional DFM modelling approach is adopted to model 
the fully-coupled CO2 flow – deformation process in a representative 
elementary volume of a fractured coal mass. The evolution of fracture/ 
matrix pressures, adsorbed mass of CO2, adsorption-induced volumetric 
swelling, change in local fracture aperture and permeability and 
development of contact stresses are specifically analysed through an 
explicit geometric model. The following conclusions are made, based on 
the simulation results: 

The geometry and connectivity of the natural cleat system exerts a 
first-order control on CO2 flow behaviour in coal, in which CO2 flow 

Fig. 13. Temporal variation of fracture permeability ratio both with- and 
without-swelling. 

Fig. 14. Spatial variation of normal contact pressure: a) Before CO2 injection (at 0 s) and, b) After full pressure equilibration (at 150000 s), indicating the locations of 
fully-closed fractures. 

Fig. 15. Variation of maximum contact pressure with CO2 interaction time 
within a fully-closed fracture. 
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through a connected fracture network provides rapid pathways for CO2 
migration through the reservoir and thereby to coal matrix blocks. The 
distribution of fracture network affects the temporal and spatial rates of 
saturation of the corresponding coal matrix blocks. The highly- 
permeable fracture network percolates near immediately, compared to 
the low rate of diffusive transport into the matrix blocks. Hence, pres-
sure development in the near-fracture regions of the matrix material is 
relatively rapid, compared to their interior. Individual matrix blocks 
exhibit a slight shrinkage in early-time due to the fracture fluid pressure 
applied to the matrix boundaries. This initial shrinkage is countered as 
adsorption-induced volumetric swelling dominates in later-time, 
resulting in a net volume expansion at full pressure equilibration. The 
fully-coupled simulation affirms that CO2 adsorption-induced swelling 
of the coal matrix dominates the response and reduced rates of CO2 
injection into the interior of the reservoir. This results as the volume 
expansion of the matrix blocks reduces the local fracture aperture and 
therefore the fracture permeability. As introduced in this study, the real- 
time evaluation of fracture aperture and consequent fracture perme-
ability is important when simulating the fully-coupled time-dependent 
process. Furthermore, depending on the initial fracture aperture and the 
swelling behaviour of the bounding matrix, some fractures may near- 
fully close, drastically reducing local permeability and significantly 
increasing permeability anisotropy. These factors will significantly 
impact CO2 injectivity. Specifically, this equidimensional DFM model-
ling approach, incorporating robust accommodation of fracture contact 
mechanics identifies the locations of full fracture closure during CO2 
injection – these closing fractures are preferentially butt cleats - due to 
their originally smaller fracture apertures. Overall, the results suggest 
that the CO2 interaction-induced flow modifications in a fractured coal 
reservoir is a highly-complex and localized process and is thus best 
resolved through fully-coupled DFM modelling. 
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