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A B S T R A C T

Geomechanical and multiphase flow characteristics are essential in recovering oil from naturally fractured rocks 
during hydrocarbon production because of changes in pore pressure and tension within the rock. It is a well- 
established fact that the geomechanical and multiphase flow characteristics of fractured rocks are interdepen-
dent on each other. Evaluation of these characteristics, for hydrocarbons displaced by water in fractured rocks 
under external stress loading, is severely lacking in published literature. This study aims to develop a novel 
numerical framework for a fully coupled model of fractured rocks, taking into consideration the pore pressure 
and porous media discontinuity at the fracture-matrix interface, along with an expanded Darcy’s equation. The 
fully coupled Finite Element Method (FEM) and Computational Fluid Dynamics (CFD) model developed in this 
study is shown to accurately predict geomechanical and multiphase flow behaviour at the fracture-matrix 
interface. The results show that as external stress loading on the fractured rock increases, the porosity and 
permeability of the rock matrix decrease, capillary pressure at the fracture-matrix interface decreases, and the 
relative permeability curves shift to the right, indicating a water-soaked fracture-matrix interface. The findings of 
this study can be used to develop innovative strategies for enhanced oil recovery from fractured rocks.

1. Introduction

Multiphase flow in fractured tight rocks presents a complex chal-
lenge for petroleum reservoir engineers due to the difficulty in under-
standing the flow behaviour at the fracture-matrix interface. Fractured 
tight rocks are characterised by low-permeability matrix rock with 
interconnected fractures that act as fluid conduits. The interaction be-
tween the matrix and fracture systems controls the flow behaviour, 
which the presence of multiple phases such as oil, gas, and water can 
further complicate. Although fractures in the tight rocks have decreased 
relative volumes, they nonetheless function as highly conductive flow 
media. The fractures of the tight rocks will dominate and regulate the 
single or two-phase flow because of their high permeability.

In practice, pressure and stress are dispersed non-uniformly in a tight 
rock, and fractures in the tight rocks cause compaction and decom-
paction [1]. Fracture apertures in the fractured tight rocks during single 
and multiphase flow have an impact on the pressure and fluid dispersion 
due to their high conductivity [2,3]. The coupled geomechanics and 
transient multiphase characterisations are a significant occurrence. It 

will yield a more substantial understanding of the spatiotemporal fluc-
tuations of fluid flow behaviour in a porous media and effective stress 
continuously [4,5]. The flow exchange predictions are highly predom-
inant at the fracture-matrix interface in recovering fluid from the frac-
tured tight rocks [6,7]. The fracture-matrix interface is crucial in 
determining the flow behaviour in fractured tight rocks. This interface is 
often characterised by a complex network of more minor fractures and 
pores that affect the reservoir’s fluid flow and transport properties [8,9]. 
The flow behaviour at the fracture-matrix interface is affected by a wide 
range of factors, such as fracture spacing, fracture aperture, matrix 
permeability, and the wettability of the rock surface. Multiphase flows 
in matrix rocks will complicate modelling fluid flow patterns and 
effective stress in a fractured tight rock [10,11]. In many practical sit-
uations, such as improved oil recovery and CO2 storage, and where 
multiphase flow interaction occurs (i.e., between oil, water, and gas 
contact), multiphase flow behaviour is crucial and complicated with 
fractures in a fractured tight rock [12,13]. In order to optimise time and 
resources, alternative methodologies have been adopted in various 
studies, incorporating Darcy’s approaches. These approaches entail 
modelling the mechanics of fluids and solids within porous mediums 
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through averaged quantities, utilizing Darcy’s law, pore-network 
models, or Biot theory [14,15]. One such strategy involves employing 
the Beavers-Joseph (BJ) boundary condition to link fluid flow in 
solid-free domains (modelled via the Navier-Stokes equations) with that 
in microporous domains (modelled via Darcy’s law), primarily for 
single-phase flow and static porous media [16,17]. Recent research has 
expanded upon this BJ approach, enabling multiphase flow in solid-free 
domains [18] or incorporating poroelasticity effects within porous me-
diums [19]. Nonetheless, as far as our current knowledge extends, 
techniques capable of simultaneously coupling solid mechanics with 
multiphase flow across both solid-free and porous domains are severely 
limited in the published literature. Thus, there is a strong demand to 
develop reliable and well-structured numerical modelling to examine 
those, as mentioned earlier, complex multiphase and geomechanical 
processes in fractured rock.

The dual porosity/permeability model and the Discrete Fracture 
Model (DFM) are extensively used for characterising fractured rocks [20,
21]. The first dual-continuum method evolved as the dual-porosity 
model for single-phase systems [22,23]. An orthorhombic continuum 
of fractures separates the rectilinear matrix prisms in this concept (i.e., 
the sugar-cube model). The reservoir is discretised into the matrix and 
fracture domains for dual-porosity simulation [24]. As a result, fracture 
and matrix pressures and saturations are present at every point in the 
reservoir. According to a dual-porosity model, the rock matrix is a fluid 
reservoir, and flow only occurs in fractures. Injection and production 
wells, presumptively finished in the fracture domain, have a flow route 
provided by interconnected fractures. The exchange term that links each 
fracture cell to its equivalent matrix cell in a grid block forms the 
connection between the matrix and fracture domains in the 
dual-porosity model. In order to mimic fluid flow in naturally fractured 
rocks, Kazemi et al. [25] and Rossen [26] expanded the Warren and Root 
approach to multiphase flow and created dual-porosity simulators. Since 
then, numerous simulators for field-scale naturally fractured rock sim-
ulations have incorporated the dual-porosity technique.

When these suppositions are considered, the dual-porosity model is a 
crude depiction of a geologically complicated reservoir. As a result, 
much work has gone into making the dual-porosity model more accu-
rate. The MINC (multiple interacting continua) method, the subdomain 
method [27,28], and the pseudo capillary pressure and relative 
permeability techniques [29] are a few significant advancements. 
Furthermore, dual-permeability models have been created using the 
same methodology as dual-porosity models but with matrix-to-matrix 
flow [30,31].

Natural fractures differ significantly in height, length, aperture, 
spacing, and network connectivity, according to studies on outcrop 
characterisation [32]. This highlights a significant discrepancy between 
reality and the uniformity implied by dual-porosity and permeability 
model assumptions. In order to decrease the number of non-physical 
abstractions present in dual-continuum models, discrete-fracture 
models (DFMs) have been created [33,34]. To explicitly portray a 

fracture network, most DFMs rely on unstructured grids. DFMs have 
various benefits over dual-porosity and permeability versions. As they 
can model a realistic fracture system geometry, they explicitly consider 
how individual fractures affect fluid flow. The fracture model is easily 
adaptable and updatable since they are not too bound by grid-defined 
fracture geometry limitations. Additionally, because it directly de-
pends on the shape of the fracture, the specification of the exchange 
between matrix and fracture is simpler. However, a drawback of DFMs is 
that they frequently result in discrete systems of equations with 
complicated structures and challenges in numerical solutions. None-
theless, improvements in numerical solution techniques and the efficacy 
of our new methodologies have reduced this drawback. After coupling 
the geomechanical process, these models demonstrated a higher ability 
to represent the development of fluid flow distributions in natural and 
hydraulic fractures of the same intensity. Similarly, the fluid mass ex-
change from the rock matrix to the fracture depends on the rock 
permeability at the fracture and matrix interface. As a result, the DFM 
model was employed in this study to investigate the displacement of a 
viscous oil by water in a porous medium with fractures.

Many scholars who worked on multiphase fluid flow in porous media 
with geomechanics created a fully connected multiphase flow and 
geomechanics solution for heterogeneous media [35,36]. The numerical 
results were found to agree well with the analytical results. The devel-
oped simulator’s synthetic application in a tight gas reservoir with gas 
and water saturation was investigated [37]. It was investigated that 
water saturation increases with the pore space of the rock as it deforms. 
Shen et al. [38] presented a finite difference method for modelling a 
fully coupled multiphase fluid flow and geomechanical processes. The 
technique was successfully applied to the tight gas reservoir with hy-
draulic fractures. It was also investigated that variations in pore pressure 
and temperature characteristics are essential in well-stimulation 
modelling. Cui et al. [39] used fully coupled two-phase flow and poro-
mechanics modelling in COMSOL Multiphysics® to examine the influ-
ence of the geomechanical process on coal bed methane recovery. 
Changes in porosity, permeability, water retention, and the relative 
permeability curve were specifically examined as a function of effective 
stress and induced shrinkage. It was concluded that disregarding geo-
mechanical effects during fluid flows in the CBM reservoir will result in 
excess or under-prediction of the production rate. Therefore, in the 
current work, we have incorporated geomechanics into our mathemat-
ical model for displacing a viscous oil by water at the fracture-matrix 
interface.

The geomechanical model is solved separately in the one-way 
coupling system, and the reservoir properties are periodically updated. 
Information is solely exchanged in one direction, from a geomechanical 
model to a fluid flow model, as the name suggests. This idea is expanded 
upon by two-way coupling, and the geomechanical implementation is 
additionally updated using the information from the fluid flow model. 
Frequency and data interchange are key factors in the effectiveness of 
one and two-way coupling methods. The iterative coupling scheme 

Nomenclature

D Diameter (cm)
L Length (cm)
h Fracture aperture (μm)
σ Applied stress (MPa)
d Displacement (μm)
S Saturation (− )
φ Porosity (− )
k Permeability (mD)
Kr Relative permeability (− )
Ψ Source term (− )

μ Dynamic viscosity (Pa.s)
η Darcy velocity (m/s)
ρ Density (kg/m3)
εvol Volumetric strain (− )
Kd Drained bulk modulus (MPa)
P Pore pressure (Pa)
e Void ratio (− )
ν Poisson’s ratio (− )
λB Biot-Willis coefficient (− )
M Biot modulus (MPa)
Pc Capillary pressure (kPa)
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tackles some of the challenges that various coupling techniques 
encounter face, such as convergence and numerical stability. These 
models’ output might not be accurate, necessitating using concurrent 
(geomechanics and flow) modelling such as a fully coupled model. Fig. 1
depicts how distinct numerical coupling schemes work.

The current work focuses on developing a novel and comprehensive 
modelling framework that bridges the gap between geomechanics and 
multiphase flow at the fracture-matrix interface in fractured rocks. The 
fully coupled model developed in his study takes into account the pore 
pressure in the rock matrix and also accurately models the porous media 
discontinuity at the fracture-matrix interface. By considering these two 
critical aspects, the fully coupled model can capture the complex and 
dynamic interactions that govern the behaviour of fractured rocks and 
multiphase flow at the fracture-matrix interface.

2. Fully coupled model development

According to Darcy’s law, the infused fluid is expected to flow both 
within the matrix and from the injection well to the production well. 
Equation (1) provides the overall mass conservation equation for the 
rock matrix’s two-phase (viscous oil and water) flow [41]: 

∂
∂t
(
φ Sβ ρβ

)
+∇.

(
ρβ ηβ

)
+Ψβ =0 (1) 

where β represents a phase, φ is the porosity, S is the saturation, ρ is the 
density (kg/m3), η is the Darcy velocity (m/s) and Ψ is the source term. 
The Darcy velocity can be expressed as: 

ηβ = −
ka Krβ

μβ

(
∇Pβ − ρβ g∇D

)
(2) 

where ka is the absolute permeability (mD), Kr is the relative perme-
ability, P is the pore pressure (Pa), g is the gravitational acceleration (m/ 
s2), and D is the diameter of the core region (m). Similarly, the source 
term (Ψ) can be written as: 

Ψ β = ρβ αB

(
∂εvol

∂t

)

(3) 

where αB is the Biot coefficient and εvol is the volumetric strain. In the 
present study, the effects of gravity are ignored and thus, the pressure 
gradient acts as the only driving force for the transport of oil within the 
core and fracture regions. The Biot modulus (M) and the Biot coefficient 
(αB) can be written as: 

∂
∂t
(
φ Sβ ρβ

)
=

1
M

∂
(
Sβ ρβ pβ

)

∂t
(4) 

1
M

=
φ
kf

+ (αB − φ)
1 − φ

Kd
(5) 

where kf is the fracture permeability (mD) and Kd is the drained bulk 
modulus (MPa). Substituting equations (2)–(5) into equation (1), the 
governing mass conservation equation can be used for the fully coupled 
scheme can be expressed as: 
(

φ
kf

+(αB − φ)
1 − φ

Kd

) ∂
(
Sβρβpβ

)

∂t
− ∇.

(

−
kaKrβ ρβ

μβ

(
∇Pβ

− ρβg∇D
)
)

= ρβαB

(
∂εvol

∂t

)

(6) 

where εvol is the volumetric strain.
The saturation (S), capillary pressure (Pc), and relative permeability 

(Kr) at the fracture-matrix interface are then calculated based on the 
Brooks and Corey method [42].

Based on the modified multiphase flow governing equations pre-
sented here, the poroelastic relationship between stress, strain, and pore 
pressure needs to be modified. This relationship can be written as: 

σ = σʹ − αB Pβ I (7) 

where σ and σʹ are total and effective stress (MPa) respectively, and I is 
the second-order identity tensor. The volumetric strain in equation (6)
can then be expressed as: 

εvol =
1
2

[
(∇d)2

+∇d
]

εij =
1
2

(
∂di

∂xj
+

∂dj

∂xi

)

(8) 

where d is the displacement (cm). The force equilibrium (or solid 
deformation) can be represented by: 

∇.σ +
(
ρβ φ+ ρβ

)
g= 0 (9) 

Porosity is conventionally obtained through physical testing such as 
saturation tests [43]. As the core undergoes compaction, its porosity (φ) 
changes due to the volumetric strain (εvol), resulting in geometric vari-
ations in the pore spaces, while the solid regions remain intact. The 
porosity of the sample can be obtained through constitutive models, 
such as [44]: 

φ=
e

1 + ei
=

ei − (1 + ei) εvol

1 + [ei − (1 + ei) εvol]
(10) 

As the rock undergoes compression, the ability of multiphase flow 
through it changes. The permeability of the rock matrix (kmat) can be 
expressed as [45]: 

kmat = ki− mat

{

1 ±
1
2

[
9(1 − ν2)

2

(π Δσ
E

)2
]1/3

}2

(11) 

where ki− mat is the initial rock matrix permeability (mD) and E is 
Young’s modulus (GPa) of the rock matrix. The positive sign refers to 
dilatational loading, and the negative signal corresponds to the 
compressional loading [46].

Under stress loading, the permeability of the fracture region also 
changes [47]. Zhang et al. [48] provide a relationship between the 
fracture permeability (kf ) and stress-induced fracture aperture change, 
which can be expressed as: 

kf = ki− f

(

1 +
Δh
hi

)3

(12) 

where ki− f is the initial fracture permeability (D) and Δh is the change in 

Fig. 1. Geomechanics and fluid flow coupling schemes [40].
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the fracture aperture (μm) after the application of stress i.e. Δh = h i– h.
The Brooks and Corey method models the contact between the rock 

matrix and the fracture zone [42]. According to this method, the fluid 
saturation (S), of the phases can be expressed as: 

So =
(Sio − Sro)

(1 − Sro − Srw)
(13) 

Sw =
(Siw − Srw)

(1 − Sro − Srw)
(14) 

where the subscripts i and r represent initial and residual respectively.
The Brooks and Corey method is used to compute the capillary 

pressure as a function of water saturation at the fracture matrix inter-
face, which can be expressed as: 

Pc=Pec Sw
− 1/λp (15) 

where Pec is the entry capillary pressure (Pa) and λp is the pore size 
distribution index.

The relative permeability is computed as a function of the water 
saturation and pore size distribution index (λp) using the Brooks and 
Corey method, as expressed below: 

Krw = Sw
(3+2/λp) (16) 

Fig. 2. The fully coupled scheme.
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Kro =(1 − Sw)
2
(

1 − Sw
(1+2/λp)

)
(17) 

2.1. Numerical solution strategy

This work studies coupled geomechanics and transient two-phase 
fluid flow in naturally fractured rocks using COMSOL Multiphysics 
6.0, with both the core and fracture zones modelled as porous media. 
Poroelastic and multiphase modules, i.e., coupled modules for Darcy’s 
law, solid mechanics, and phase transportation, have been used. A 
fracture in a porous material is modelled in the solid mechanic’s module 
as a thin elastic layer border element with varying fracture properties. 
As a result, the integrated fracture boundary condition was applied to 
the fractures in Darcy’s law module. The integrated fracture boundary 
condition provides a more realistic and accurate model for analysing 
fractures in solid materials and is an important tool in fractured rocks. 
The flow chart representing the implementation of the fully coupled 
scheme is shown in Fig. 2.

Variations in the petrophysical and geomechanical properties (i.e., 
equations (10)–(12)) are explicitly considered dynamic local variables. 
At each time step’s convergence, the generated strain in the rock matrix 
and fracture is used to update porosity values (equation (10)); the 
updated porosity values are then used to compute the elastic modulus 
spatially (equation (10)). The volumetric strain affects the permeability 
of the rock matrix (equation (11)). On the other hand, the fractures’ 
permeability is determined by the stresses (equation (12)). These 
updated values are input in the part that defines the property after each 
time step (t + Δt).

The Backward Differentiation Formula (BDF) solver is an implicit 
solver that applies one to five backward differentiation formulas 
depending on the accuracy level. One to five backward differentiation 
formulas refer to numerical methods used for solving ordinary differ-
ential equations (ODEs) or partial differential equations (PDEs) [49]. 
Lower-order techniques can provide significant dampening. The Back-
ward Euler method substantially muffles any high frequencies [50]. 
Notwithstanding the damping in Backward Euler, a solution with steep 
gradients may finally yield a reasonably smooth solution. Variable order 
is thus employed in COMSOL’s BDF implementation. In other words, 
high demand will be employed wherever possible, and a lower order will 
be automatically picked to achieve stability. A low-order technique is 
used for attenuating oscillations or instabilities in the numerical solution 
of a dynamic [51]. As a result, the implicit BDF was applied for time-step 
discretisation. The Newton nonlinear technique was used with the 
MUMPS (Multifrontal Massively Parallel Direct Solver) to solve the 

nonlinear system of equations with a pivoting perturbation of 12 - 10. A 
mapped quadrilateral mesh is used because it provides better accuracy 
and convergence rates for many problems, especially those involving 
anisotropic materials or complex geometries; it allows for easy imple-
mentation of boundary conditions and has a lower computational cost 
than unstructured meshes, which is based on transfinite interpolation.

3. Numerical modelling of fractured rocks

3.1. Geometry and meshing of the tight rock

Fig. 3 displays the 2D geometry of the discrete fracture matrix model 
(DFM) for the naturally fractured rock. The geometric model is based on 
Clashach Core Flooding experiments [45,52], and thus, the core’s 
diameter (D) and length (L) are 3.79 cm and 7.54 cm, respectively. The 
initial aperture size (h) of the rectangular fracture in the center of the 
core sample is 130 μm [40]. The 2D geometric model has been selected 
for analysis in this study, instead of a 3D model, because the 2D model 
can accurately mimic the geomechanical and multiphase flow behaviour 
within the fractured rocks, while significantly reducing the computa-
tional expense. Moreover, as the flow through the fractured rock is ex-
pected to be laminar, considering a 2D geometric approach is reasonable 
in the absence of Reynold stresses.

A structured quadrilateral mesh has been generated in the flow 
domain in order to reduce numerical errors and enhance prediction 

Fig. 3. 2D Geometry of fractured rock.

Fig. 4. Mesh within the fractured rock.
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accuracy [11]. With regards to mesh sizing, 80 elements are specified in 
the radial direction (excluding the aperture), while 100 elements are 
specified in the axial direction of the fractured rock sample. To accu-
rately capture the complex geomechanical and multiphase flow behav-
iour within the fracture region, 5 mesh elements have been in the 
cross-section. The resulting mesh comprises 0.85 × 104 elements and 
is shown in Fig. 4.

In order to ascertain that the numerically predicted results presented 
in this study are independent of the mesh sizing used, five other meshes 
were also generated and tested for cumulative discharge of oil (Qc), the 
same parameter that has been used later on for validating the numerical 
model of this study against the published experimental data. The range 
of the total number of mesh elements in these meshes is 0.5 × 104 – 1.6 
× 104. The results for the mesh independence tests are shown in Fig. 5. It 
can be seen that as the number of elements increases from 0.5 × 104 to 
0.85 × 104, the cumulative oil discharge increases, while between 0.85 
× 104 and 1.6 × 104, there is negligible difference in the cumulative oil 
discrage. Thus, the mesh shown in Fig. 4, having a total number of 0.85 
× 104 elements, has been chosen for further analyses in this study.

3.2. Material properties

This study focuses on porous medium modelling with a single frac-
ture zone using a fully coupled scheme, taking into consideration the 
pore pressure within the rock matrix. Porosity, matrix permeability, 
fracture aperture, and fracture permeability have been considered as 
functions of pore pressure and the generated stresses in the porous 
media. The petrophysical properties, fracture aperture, and fracture 
permeability have been observed under different stress loadings, 
ranging from 6.9 MPa to 17.2 MPa, as shown in Fig. 6. This range of 

external stress loading has been considered to be the most realistic in 
real-world scenarios [45]. The corresponding petrophysical, fluid, 
fracture, and geomechanical parameters have been reported in Table 1.

3.3. Initial and boundary conditions

Before applying applied stress and water injection for oil recovery, it 
is presumed that the rock core sample contains 80 % oil and 20 % water. 
Particularly in fractured tight rocks, the macroscopic saturation of 
different phases is commonly discontinuous where the porous zones 
with higher and lower permeability meet. Most published studies do not 
consider this porous media discontinuity when simulating multiphase 
flow in fractured rocks [53,54]. In the present study, the Porous Media 
Discontinuity boundary condition has been employed, where the 
fracture-matrix contact is subjected to the following conditions: 

Pl
cβ

(
Sl

β

)
=

⎧
⎪⎨

⎪⎩

Pl
ec,β if Ph

cβ

(
Sh

β

)
≤ Pl

ec,β

Ph
cβ

(
Sh

β

)
if Ph

cβ

(
Sh

β

)
> Pl

ec,β

(18) 

where the superscript h indicates the boundary’s high permeability and 
the superscript l indicates the barrier’s low permeability side. Suppose, 
the capillary pressure on the high permeability side is smaller than the 
entrance capillary pressure on the low permeability side. In this case, the 
saturation of the phase on the low permeability side is equal to zero (or 
residual saturation).

Fig. 5. Mesh independence test results.

Fig. 6. 2D model of fractured rock under different stress loading.

Table 1 
Reservoir rock, fluid, fracture, and geomechanical properties [45,52].

Parameters Value

Pore Volume; PV 
(
cm3) 6.62

Pore Size Distribution Index; λp (− ) 0.674
Entry Capillary Pressure; Pec (Pa) 345
Matrix Permeability; kmat (mD) 315
Matrix Porosity (− ) 0.154
Fracture Permeability; kf (D) 310
Oil viscosity (Pa.s) 0.001
Oil density 

(
kg /m3) 850

Young’s Modulus (Pa) 40 × 109

Poisson’s Ratio (− ) 0.14
Rock density 

(
kg /m3) 2500

Fig. 7. Validation of the numerical model w.r.t. the experimental data.

H.K. Hawez et al.                                                                                                                                                                                                                               Unconventional Resources 4 (2024) 100105 

6 



4. Results and discussions

4.1. Validation of the numerical model

The fully coupled numerical model, taking into consideration the 
pore pressure and porous media discontinuity, has been validated 
against the Clashach Core flooding experimental data [52]. The cumu-
lative outflow results from the full coupling-based numerical model 
were contrasted with the single-phase flow experimental flooding data 
because the experimental data was unavailable. The cumulative 
discharge of oil (Qc) is calculated using the differential pressure (ΔP) 
applied across the sample reservoir. The outcomes of the numerical 
model validation are shown in Fig. 7. It can be seen that the differential 
pressure increases, so do the numerically predicted and empirically 
measured Qc values. The two Qc curves match well with an average 
difference of 4.2 %. Thus, the fully coupled model developed in the 
present study, considering the 2D geometric model, pore pressure, and 
porous media discontinuity, is capable of accurately mimicking 
real-world geomechanical and multiphase flow behaviour within frac-
tured rocks.

4.2. Stress-dependent fracture properties

4.2.1. Fracture aperture
The variations in fracture aperture (h) with respect to external stress 

loading (σ) is shown in Fig. 8. Under no stress loading, the fracture 
aperture was 130 μm. It can be seen in the figure that as the rock matrix 

is subjected to 6.9 MPa of external stress, the fracture aperture decreases 
to 126.3 μm (0.87 % decrease). This decrease in the fracture aperture is 
due to the vertical displacement of the fracture under the action of 
externally applied loading, which is expected in real-world scenarios. As 
the stress loading increases to 9 MPa, the fracture aperture decreases to 
125.2 μm, representing a further 0.87 % decrease. The same trend is 
observed for higher stress loading values considered in the present 
study, till the fracture aperture reduced to 121.1 μm, which is 6.8 % less 
than under no external loading. The figure shows that the fracture 
aperture decreases linearly with increasing stress loading until the 
fracture is completely closed.

4.2.2. Fracture permeability
Stress-induced fracture permeability (kf ), based on equation (12)

that provides the mathematical basis for its dependency on the fracture 
aperture, is depicted in Fig. 9. It can be seen that as stress loading in-
creases, the fracture permeability decreases linearly (the same trend 
observed in case of fracture aperture). Under the application of a 6.9 
MPa load, the fracture permeability is 285 D, which decreases to 277 D 
(a 2.6 % drop) when the external load increases to 9 MPa. The fracture 
permeability decreases by 2.4 %, 2.6 %, 2.4 %, and 2.5 %, respectively, 
when stress loading increases to 11 MPa, 13.1 MPa, 15.2 MPa, and 17.2 
MPa respectively. As observed by Cao et al. [55], an increase in external 
loading contracts the fracture aperture, resulting in a lower available 
flow area in the fracture, thus decreasing the ability for the flow to take 
place. In the present study though, the accuracy of predicting the frac-
ture permeability has been significantly enhanced by considering the 
pore pressure and the porous media discontinuity between the fracture 
and rock matrix zones, enabling the reservoir engineers to make more 
accurate estimations on the enhanced oil recovery from such reservoirs.

4.3. Stress-dependent petrophysical properties

4.3.1. Porosity
Application of external stress loading is expected to not only reduce 

the fracture aperture, and thus its permeability, but also compact the 
rock matrix, resulting in lower porosity (φ) and permeability (kmat) in 
the porous zone as well [56]. In order to fully capture this effect, the 
matrix porosity variations under the action of externally applied stress 
loading have been shown in Fig. 10. It can be seen in the figure that as 
stress loading increases, the porosity decreases linearly. As summarised 
in Table 1, under no external load, the matrix porosity is 15.4 %. When 
subjected to a 6.9 MPa load, the rock matrix’s porosity reduces to 15.386 
%, which is a negligible change in the matrix porosity. Further 
increasing the load to 9 MPa results in a matrix porosity of 15.383 %. 
Under an external load of 17.2 MPa (highest load considered), the ma-
trix porosity reduces to 15.37 %, which is 0.2 % lower than under no 

Fig. 8. Fracture aperture variations w.r.t stress loading.

Fig. 9. Variations in fracture permeability w.r.t stress loading.

Fig. 10. Porosity variations w.r.t stress loading.
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load conditions. Although for the same range of external stress loading, 
the fracture aperture decreases by 6.8 %, there is a very small change in 
the matrix porosity, and the reason for this is the stiffness of the rock 
matrix region, which is quite high compared to the stiffness of the 
fracture zone.

Although very small, a reduction in the matrix porosity leads to the 
deformation of the core sample, which alters the matrix pore network 
and pore volume. It is important to note that the impact of pore fluid 
compression or expansion is explicitly considered in the constitutive 
model developed in this study. Understanding the relationship between 
stress loading and matrix porosity is crucial in predicting porous mate-
rials’ behaviour under stress and designing effective reservoir manage-
ment strategies. The results presented in this study are crucial to 
advancing our understanding of the intricate relationships that exist 
between porosity, fluid flow, and stress in porous media, which lead to 
building reliable reservoir engineering techniques and further 
enhancing oil recovery from fractured reservoirs.

4.3.2. Matrix permeability
The variations in matrix permeability (kmat) as a function of stress 

loading (σ) are shown in Fig. 11. As expected, a linear decrease in matrix 
permeability is observed when the stress loading on the rock matrix 
increases. Under no-load conditions, the matrix permeability is 315 mD, 
which decreases to 311.8 mD under a stress loading of 6.9 MPa (1 % 

decrease). As stress loading further increases to 9 MPa, the matrix 
permeability decreases to 311.2 mD (0.20 % decrease). Thus, the 
application of stress loading, leading to compaction of the rock matrix, 
results in lower matrix permeability. Under a stress loading of 17.2 MPa, 
the matrix permeability is 309.1 mD, which is 1.87 % lower than under 
no-load condition.

4.3.3. Water and oil saturation
Injecting water in fractured reservoirs is one of the most common 

methods for enhanced oil recovery. When water is injected into frac-
tured rocks, it pushes the oil out of the rock matrix. Thus, oil is being 
replaced by water in the rock. In order to better understand the dy-
namics of this phenomenon, especially when the rock is subjected to 
external load, water saturation (Sw) variations at the fracture-matrix 
interface, for different injected water volumes (Vw) values are shown 
in Fig. 12. It is evident from the figure that as water is injected into the 
fractured zone, its saturation increases. The same trend has been 
observed at different stress loading values considered in the present 
study. However, this increase in water saturation, as both injected water 
volume and external stress loading increases, is non-linear. Initially, 
between inkected water volume of 0.1 and 0.4, water saturation rises 
sharply, followed by a rather gradual increase. It is reasonable to expect 
that water saturation would increase as the injected water volume in-
creases, as more water would be pumped into the fracture-matrix area. 
However, there is a limit to how much water can be held up in the pore 
volumes. Thus, after the initial sudden increase in water saturation, a 
further increase is more gradual. However, the increase in water satu-
ration due to stress loading indicates the importance of external loading 
on the rock matrix for enhanced oil recovery.

As water is injected into the rock matrix, oil is pushed out, as shown 
in Fig. 13. For all stress loading values, it can be seen that oil saturation 
(So) reduces non-linearly as injected water volume increases. For stress 
loading of 6.9 MPa, as 10 % of water (by volume) is injected into the 
rock, the oil saturation is 44 %, however, increasing the injected water 
volume to 70 %, the oil saturation drops to 29 %. At the same time, for 
an external stress of 17.2 MPa and injected water volume of 70 %, the oil 
saturation is 24 %. Thus, by increasing the stress loading from 6.9 MPa 
to 17.2 MPa, an additional 5 % of oil is recovered from the fractured 
rock.

The spatial variations in oil saturation for various injected water 
values, during stress loading of 6.9 MPa and 17.2 MPa respectively, are 
shown in Figs. 14 and 15. Oil saturation fluctuations are displayed over 
the whole flow domain rather than only at the fracture-matrix interface. 
In the figure, water is injected from the left. As water is injected into the 
confined reservoir model, oil is seen to be displaced by it and retrieved at 

Fig. 11. Matrix permeability variations w.r.t stress loading.

Fig. 12. Variations in water saturation at the fracture-matrix interface for 
different water volume injection and stress loading.

Fig. 13. Variations in oil saturation at the fracture-matrix interface for 
different water volume injection and stress loading.
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Fig. 14. Variations in oil saturation at stress loading of 6.9 MPa and for injected water volume of (a) 10 % (b) 20 % (c) 30 % (d) 40 % (e) 50 % (f) 70 %.

Fig. 15. Variations in oil saturation at stress loading of 17.2 MPa and for injected water volume of (a) 10 % (b) 20 % (c) 30 % (d) 40 % (e) 50 % (f) 70 %.

Fig. 16. Capillary pressure variations w.r.t water volume injection.

Fig. 17. Capillary pressure variations w.r.t. stress loading at Vw = 0.1.
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the flow domain’s exit (right boundary). In terms of how stress loading 
affects oil recovery, it is evident that as stress loading increases, so does 
the amount of oil recovered at the exit. This is because when the stress 
loading increases, the fracture aperture decreases, and the overall vol-
ume of the fracture region decreases, which causes oil to be pushed out 
of the reservoir.

4.3.4. Capillary pressure
One of the most important flow parameters in the context of reser-

voir engineering is the capillary pressure (Pc). Variations of the capillary 
pressure with respect to the injected water volume are shown in Fig. 16. 
Capillary pressure has been plotted against the volume of injected water 
because it is a function of water saturation (Sw). The figure shows a 
nonlinear reduction in capillary pressure as the volume of injected water 
increases. This is because as water continues to flow into the fractured 
rocks, water saturation rises, causing a drop in the capillary pressure. 
Furthermore, it can be seen in Fig. 17 that as the stress loading increases, 
the capillary pressure decreases. This is because the fracture aperture 
decreases with an increase in external loading, resulting in lower 
capillary pressure. The published experimental data shows a similar 
pattern, showing an increase in water saturation with externally applied 
stress [57]. Therefore, it is evident that as the stress loading increases, 
the capillary pressure decreases almost linearly. These observations 
suggest that stress loading is crucial in controlling the fluid flow 
behaviour in fractured rock systems. The reduction in capillary pressure 
with stress loading also highlights the potential for enhancing fluid flow 
through fractured rocks by applying stress.

4.3.5. Relative permeability
Apart from the capillary pressure, the other crucial flow parameter in 

reservoir modelling is its relative permeability. The variations in relative 
permeabilities of water (Krw) and oil (Kro) at the fracture-matrix inter-
face, under various stress-loading conditions, is shown in Fig. 18. It can 
be clearly seen in the figure that as the water saturation increases, the 
relative permeability of the oil decreases nonlinearly. Similarly, as water 
saturation increases, the oil relative permeability decreases. Relative 
permeability varies as applied stress varies. Water saturation also varies 
as the external loading varies. Thus, the relative permeability depends 
on both the stress loading and water saturation. It can be further 
observed that higher external stress loading results in higher water 
relative permeability and lower oil relative permeability. Lian et al. [57] 
observed a similar trend and reported that with an increase in external 

stress loading, the saturation of the wetting phase (water) increases, 
while the water relative permeability curves shift to the right. This in-
dicates that the rock becomes increasingly water-wet as external stress 
increases.

5. Conclusions

A fully coupled numerical model for accurate estimation of enhanced 
oil recovery from fractured hydrocarbon reservoirs has been developed 
in this study by coupling Finite Element Method (FEM) and Computa-
tional Fluid Dynamics (CFD). Effects of externally applied stress loading 
on geomechanical and multiphase flow parameters of the rock matrix 
have been analysed using the well-validated fully-coupled numerical 
model. The results indicate that as applied stress loading on the rock 
matrix increases, its porosity and permeability decrease. Similarly, 
under the application of external loading, the fracture aperture de-
creases, which is consistent with real-world observations. The contri-
bution of the intact rock to the determined strain and conductivity of the 
fractured core is found to be low due to minimal pore strain and low 
permeability. The capillary at the fracture-matrix interface has been 
observed to decrease due to increase in stress loading. This indicates that 
as stress loading increases, the fracture-matrix interface become water- 
wet, and the relative permeability curves shift toward the right. These 
results provide valuable insights into multiphase flow behaviour in 
naturally fractured rocks under externally applied stress and emphasize 
the importance of understanding these phenomena in various geological 
and engineering applications.
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