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Recently, hydrocarbon production from unconventional oil and gas resources has 
emerged. The most common unconventional oil and gas resources are found in shale 
formations. These shale formations are well-known for being stress-sensitive. Usually, 
traditional tools are used to model and study production from such formations. 
However, conventional modeling techniques denote rock deformation using constant 
rock compressibility. Such an approach is useful for studying conventional hydrocarbon 
resources where formation stress sensitivity is insignificant. However, when it comes to 
modeling stress-sensitive formations such as shale formations, it is important to include 
the rock deformation and its effects on the overall fluid flow in porous media. To 
consider the rock deformation in the fluid flow model, the coupling of fluid flow with the 
geomechanics model has to be used. This study utilizes a fully coupled fluid flow with a 
geomechanics model. In addition, shale formations are also known to have an ultra-low 
matrix permeability, and production usually results from hydraulic fractures that act as 
flow conduits. Consequently, the effect of matrix permeability on hydrocarbon 
production is rarely studied. This study focuses on the effect of matrix permeability on 
the production performance of a single horizontal well in Barnett Shale. It also focuses 
on the effect of matrix permeability on production performance when the geomechanics 
effects are coupled with the fluid flow model and decoupled. The results show that the 
higher the matrix permeability, the better the production performance of the well. The 
results also show that the higher the matrix permeability, the higher the estimated 
cumulative production difference between the two models (when the geomechanics 
effects are coupled and decoupled).  
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1. Introduction 
 

Hydrocarbon remains the primary energy source for most of the world's energy needs [1-3]. 
Hydrocarbon can be gas or oil; its source can be conventional and unconventional [4-6]. Conventional 
hydrocarbon formations are usually sandstone or carbonate reservoirs, and the hydrocarbon is 
usually trapped with a cap rock (e.g., shale formation). Conventional oil and gas reservoirs have 
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relatively high porosity and permeability that can make hydrocarbon extraction achieved using 
traditional drilling and production methods [7]. The unconventional hydrocarbon resources are 
usually found in tight sandstone or shale formations. Those formations are well known for having 
extremely low permeability, which makes hydrocarbon extraction challenging [8-10]. However, with 
the development of technology, such as long horizontal wells and multistage hydraulic fracturing, 
production from such formations became viable [11-14]. As a result, production from unconventional 
hydrocarbon resources, especially shale formations, increased notably in recent years [15-18]. 

Reservoir simulators are used to numerically study the fluid flow in the reservoir for many 
purposes, including optimizing reservoir management and production performance. However, the 
conventional reservoir simulators currently used for such studies utilize constant rock compressibility 
to denote rock deformation. This assumption can be valid for consolidated rocks that do not deform 
or have an insignificant deformation due to changes in the reservoir pore pressure, which is the case 
with conventional reservoirs. However, unconventional reservoirs such as shale are well known for 
being stress sensitive [19,20]. This means that the change in the reservoir pore pressure might lead 
to rock deformation, affecting the fluid flow in the reservoir. For example, the reservoir pore pressure 
is reduced due to fluid production. The reduction in the reservoir pore pressure increases the 
effective stress. The increment in the effective stress would lead to rock compaction, which will 
eventually reduce the permeability. The permeability reduction will change the fluid flow in the 
reservoir. Consequently, coupling fluid flow with geomechanics in reservoir simulators should be 
considered for more accurate modeling. 

The coupling of geomechanics with fluid flow in porous media can be achieved by applying 
consolidation theories in reservoir rocks. Terzaghi [21,22] was the first to introduce the idea of 
effective stress in consolidation, which provided a framework for fluid and rock interaction. In 
addition, Biot's theory of poroelasticity is the most widely used theory to explain the poromechanical 
interaction [23-25]. Biot's theory is a mathematical model describing the deformation of a porous 
medium saturated with fluid. Greetsma [26] was the first to present a unified treatment of rock 
mechanics in petroleum production engineering. Geomechanics coupling with the fluid flow is 
important in any numerical modeling affected by poroelasticity, such as CO2 or H2 underground 
storage [27-29]. 

The fluid flow coupling with geomechanics has gained significant attention lately. The effect of 
mechanical rock properties and hydraulic fracture geometry on fluid flow has been studied 
extensively [19,30-38]. However, when using such a numerical approach, the effect of the reservoir 
matrix petrophysical parameters is under-investigated. As a result, this paper aims to study the effect 
of reservoir matrix permeability on the production performance of a gas-producing horizontal well 
completed with multistage hydraulic fracturing. In addition, this paper aims to show the difference 
between the cases when the geomechanics effects are coupled with the reservoir simulator and 
when it is decoupled. 
 
2. Methodology  
 

The present study utilizes a model that fully couples the fluid flow in porous media with 
geomechanics. The fluid flow model is governed by mass balance (i.e., continuity equation) and 
assumes a single-phase fluid flow that follows the Darcy low throughout the domain. In addition, the 
geomechanical deformation is governed by the equilibrium equation. The coupled model assumes 
the system is isothermal; hence, the temperature will not influence the flow in the model.  

 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 107, Issue 2 (2023) 208-224 

19 
 

2.1 Governing Equations 
 

For a transient flow, the continuity equation for a single-phase gas flow that considers the rock 
deformation rate is given 

 

( ) ( )( ). gs sg g g gρ ρ v v ρ q
t
 


+ + =


           (1) 

 

where ϕ is the porosity, ρg is the gas density, gsv  is the gas interstitial velocity, sv is the deformation 

rate of the solid phase (rock) due to flow in porous media, and qg is the sink/source term. On the 
right-hand side of Eq. (1), the first term is the accumulation, and the second is the fluxes. The left-
hand side of Eq. (1) is the sink/source term.  

Based on Biot and Willis [23] and Geertsma [26] consolidation theory, the coupling between bulk 
volume and pore volume can be described through the porosity time derivative 
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where b is Biot's coefficient, Ks is the solid grain stiffness (the solid grain bulk modulus), P is the pore 
pressure, ɛv is the volumetric strain. 

Using the chain rule, the time derivative of the fluid density is expressed by 
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where cg is the gas compressibility. 

In the continuity Eq. (1), assuming viscous flow and Darcy flow [19], Darcy's law is used in the 
calculation of the gas flux term [39]. Darcy's law can be described through the gas interstitial velocity 
as 
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where k is the second-order permeability tensor, µg is the gas viscosity and g   is the gravitational 

acceleration vector. In this study, the permeability is assumed to be isotropic as a result a single 
permeability value is used. 

The deformation rate of the solid phase (rock) due to flow in porous media is equal to the 
displacement time derivative 
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where  u  is the solid displacement. 
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Using small strain approximation, the volumetric strain ɛv is given by 
 

.v u =                (6) 
 
Substituting Eq. (2), (3), (4), (5), and (6) to Eq. (1), and assuming infinitesimal deformation, Eq. (1) 

becomes 
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Dividing by the gas density term and rearranging 
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Eq. (8) is the governing equation of the model's pressure diffusion (continuity equation) 

governing the mass balance. Usually, conventional reservoir simulators approximate the velocity field 
using the multipoint flux approximation (MPFA) method, in which the velocity field can be 
approximated using the pressure difference between the connected cells. However, the model used 
in this study treats the velocity as a primary variable, which leads to higher local accuracy of the 
velocity field [32,40]. Eq. (4) is the velocity governing equation, which governs the flow in the porous 
media in the model used in this study. 

The equation that governs the rock deformation assuming linear elasticity can be expressed by 
the Equilibrium equation 

 

. 0σ b g + =              (9) 

 
where σ is the stress tensor, ρb is the bulk density. 

The bulk density is given by 
 

( )1b g m   = + −                        (10) 

 
where ρm is the rock matrix density. 

Following the typical geomechanics convention, the compressive stresses are denoted as positive 
[41,42], thus the stress tensor is expressed by 

 

( )0 0σ σ σ' I bb P P g= − + − +                      (11) 

 
where σ0 is the initial stress tensor, σ' is the effective stress, P0 is the initial total pressure and I is the 
second rank identity tensor. 

For isotropic material, the effective stress is given by 
 

2σ' IvG = +                        (12) 
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where ɛ is the strain tensor, G is the shear modulus and λ is the first Lame parameter. 
The shear modulus and first Lame parameter are given in Eq. (13) and (14), respectively 
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where E is Young's modulus and v is Poisson's ratio. 

The strain is related to the solid displacement using the expression 
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Eq. (11) is the governing equation for the geomechanical deformation. 

Eq. (8), (4) and (11) are the three governing equations that solve for the pore pressure P, gas 

velocity gv , and rock displacement  u . 

 
2.2 Numerical Approach 
 

The three governing equations solve for three unknowns: pore pressure Ph, gas velocity  
hv , and 

solid displacement  hu . These three variables are interpolated using the mixed finite element scheme. 
The function spaces used to solve the three governing equations are the Discontinuous Galerkin (DG), 
the Rviart-Thomas (RT), and the Continuous Galerkin (CG) for the pressure diffusion equation, the 
gas velocity equation, and the solid displacement equation, respectively. The combination of finite 
element types for these function spaces has been selected because their solution has shown to be 
stable [32,43-46].  

The governing equations' weak form was derived using the traditional Galerkin method. Three 

test functions were used to derive the weak form equations: Pt, tV , and tU . Multiplying Eq. (8), (4), 

and (11) by the test functions Pt, tV , and tU , respectively, integrating over the domain Ω and 
rearranging results into the final weak form of the governing equations 

 
1, 11, 1, 1

1,

1, 1
1,.

n m nn m n m n
n m v v

g t t
Ω Ω

s

n m
n m

g t g t
Ω Ω

b P P
c P dΩ b P dΩ

K t t

v P dΩ q P dΩ

 


+ ++ + +
+

+ +
+

  −− −
+ + 

  

+  =

 

 

                 (16) 

 
1, 1

1, 1 1,

1,
. . .

k

n mg n m n BC
g t t t tgn mΩ Ω Γ Ω

v V dΩ P V dΩ P n V dΓ gV dΩ



+ +

+ + +

+
=  − +                   (17) 

 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

1, 1 1, 1

0

1, 1 1, 1,

0

. 2 . . . .

. . . . . . .

σ

t

n m n m

t t t
Ω Ω Ω

n m n m n BC
t tbt t

Ω Ω Ω Γ

ε U dΩ Gε u ε U dΩ u λ U dΩ

b P U dΩ b P U dΩ ρ g U dΩ n U dΓ

+ + + +

+ + + +

− −  

+  −  + =

  

   

              (18) 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 107, Issue 2 (2023) 208-224 

22 
 

where the superscripts n and n+1 are the previous time step and the current time step, respectively, 
the superscripts m and m+1 are the previous Picard iteration and the current Picard iteration, 
respectively, Pn+1, BC is the stipulated pressure boundary condition, and t n+1, BC is the stipulated 
traction boundary condition. 

As a result of gas production, the pore pressure is reduced, thus altering the effective stress, 
which leads to rock deformation. Consequently, the porosity and permeability are altered [47-51]. 
When the solid displacement and pore pressure solutions are obtained, the porosity is updated using 
Biot and Willis [23] and Geertsma [26] consolidation theory. Similarly, the permeability is updated 
using the exponential porosity-dependent permeability developed by Davies and Davies [52]. 

The initial conditions for the three unknowns are as below 
 

0 iP P=                          (19) 

 

0 0v =                          (20) 
 

0 0u =                          (21) 
 

where P0 is the pore pressure initial condition, Pi is the initial pore pressure, 0v  is the initial gas 

velocity, and 0u is the initial rock displacement. The flow rate and the rock displacement are assumed 
to be zero at the beginning of the simulation. The six boundaries shown in Figure 1 are no flow 
boundaries. In addition, the vertical stress Sv is applied at the top boundary as a constant traction t 
and the other five boundaries are fixed with zero displacements. The sink/source term is defined 
using the Peaceman equation [53]. The wells are constrained by a constant bottomhole pressure in 
the sink/source term. It is important to note that the pressure and traction boundary conditions are 
applied as Neumann boundary conditions, while the total velocity and displacement boundary 
conditions are applied as Dirichlet boundary conditions. Figure 1 shows the model schematics used 
in this study. It shows a single well in the middle of the domain with six discrete hydraulic fractures 
and a stimulated rock volume (SRV) that numerically represents the enhanced permeability caused 
by the propagation of the fissures around the hydraulic fractures. 

 

 
Fig. 1. Schematic of the model dimensions that highlights the SRV, the fractures 
and the well 

 
The time derivative is discretized with a backward Euler scheme. The Picard iterations are 

employed to handle the model's non-linearity (e.g., porosity and permeability). FEniCS Project is used 
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to solve the system of the partial differential equations of the fluid flow coupling with geomechanics 
[54]. FEniCS Project is an open-source Finite Element library with high-level Python and C++ 
interfaces. FEniCS Project uses several advances in automated finite element methodologies, 
including but not limited to DOLFIN [55], FIAT [56], FFC [57], and UFL [58]. PETSc is the default linear 
algebra backend for FEniCS Project [59]. For the model used in this study, the weak form equations 
were coded in Unified Form Language (UFL), while the rest of the model dependencies were coded 
using Python. The code used in this study is an extension of the code provided in [46]. FEniCS Project 
can automatically handle mesh generation, function spaces, and finite element assembly and 
solution. One of the features that the FEniCS Project offers is the use of internal MPI commands that 
allow for parallel computation [60]. Consequently, the code, including the Picard iterations, can be 
run in multiple processors, which helps in reducing the computation time significantly. 

Eq. (16) through (18) are solved monolithically in a mixed finite element scheme. This approach 
avoids numerical dispersion and unphysical oscillations in the pressure and displacement solutions 
[44]. Although the monolithic approach (fully coupling) complicates the numerical method by solving 
long equations, this method can achieve high solution stability and convergence compared to the 
staggered model (sequential coupling) [61-63]. Additionally, FEniCS Project can automatically handle 
the complications produced by the monolithic approach [46]. The validation of the numerical method 
used in this study against Terzaghi's one dimensional consolidation theoretical solution has been 
shown in a previous work of ours [64]. 

 

2.3 Data 
 

This study uses data from Barnett Shale to construct the reservoir model. The input used in this 
study is based on fluid, reservoir, and production data that are available from the literature; Song et 
al., [65] and Gou et al., [32]. The geomechanics data for the model is based on data from Vermylen 
[66], Yu and Sepehrnoori [67], and Zoback [42]. The detailed model data are presented in Table 1. 
Figure 1 shows the model dimensions of the multistage discrete hydraulic fractures that are used to 
investigate the performance of the horizontal well. Data in Table 1 is used to match the production 
history, as shown in Figure 2. 

 
Table 1 
Fluid, reservoir, and rock parameters for history matching 
Parameter(s) Value(s) Unit 

Initial reservoir pressure 26.9 (3901.5) MPa (Psi) 
Bottom hole pressure 3.4 (493.13) MPa (Psi) 
Gas Viscosity 2.01×10-5 (0.02) Pa.s (cP) 
Matrix permeability 9.87×10 -19 (1) m2 (µD) 
Permeability of SRV 4.93×10-17 (50) m2 (µD) 
Matrix porosity 15 % 
Porosity of SRV  6.5 % 
Fracture conductivity 1.35×10-15 (4.5) m2-m (md-ft) 
Fracture half-length 46 (151) m (ft) 
Fracture Spacing 73 (239.5) m (ft) 
Fracture stages 6 - 
Rock matrix density 2.58 ×103 (161.1) Kg/m3 (Ib/ft3) 
Biot's coefficient 1 - 
Young's modulus 40 (5.8 ×106) GPa (Psi) 
Poisson's ratio 0.25 - 
Vertical Stress 44 (6381.6) MPa (Psi) 
Maximum horizontal stress 29 (4206) MPa (Psi) 
Minimum horizontal stress 28 (4061) MPa (Psi) 
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3. Results and Discussion  
3.1 History Matching 

 
In Figure 2, the y-axis represents the gas flow rate at reservoir conditions, while the x-axis 

represents the production time. Figure 2 shows the history-matching results; the circles represent 
the data gathered from a gas-producing well in Barnett Shale [65]. The numerical results when the 
geomechanical effects were decoupled from the reservoir simulators and constant rock 
compressibility was used instead are represented by the dotted line. At the same time, the numerical 
results when the geomechanical effects were coupled with the reservoir simulator are represented 
by the solid line. The production data gathered from the field seem noisy due to unknown production 
conditions. However, the field data exhibits a clear production profile because a constant bottomhole 
pressure was used throughout the simulation. The numerical models (coupled and decoupled) match 
the production profile of the filed production data. While the decoupled numerical model appears to 
overestimate the production flow rate compared to the field production data, the coupled numerical 
model matches the field production data more accurately. The numerical analysis is carried out 
accordingly since the history matching has been achieved. 

 

 
Fig. 2. History matching of the numerical model (coupled and 
decoupled) with the field data 

 
3.2 Production History  

 
Figure 3(a) shows a comparison of the reservoir production flow rate between the coupled (solid 

line) and the decoupled (dotted line) cases. In Figure 3(a), the x-axis represents the time, and the y-
axis represents the reservoir production flow rate. After achieving history matching with field data, 
the production was extended to 5.1 years, as shown in Figure 3(a). The flow rate resulting from the 
coupled and the decoupled numerical cases appears to be the same in the first 6 months of 
production. However, after 6 months of production, there seems to be a slight difference between 
the coupled and the decoupled cases in the production profile. This difference is due to the 
consideration of rock deformation in the coupled case. As mentioned in the former sections, the pore 
pressure is reduced due to production, increasing the effective stress [42,68]. The increment in the 
effective stress results in rock compaction, thus reducing the porosity and permeability. This 
reduction in porosity and permeability is reflected by the slight reduction in the flow rate when the 
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geomechanical effects were coupled. In Figure 3(a), the difference in flow rate between the coupled 
and the decoupled cases does not seem significant.  

Figure 3(b) shows the cumulative production (Np) for 5.1 years for the coupled and the decoupled 
cases. In Figure 3(b), the x-axis represents the time, while the y-axis represents the cumulative 
production. While the difference in production flow rate was insignificant, as shown in Figure 3(a), 
the cumulative production estimation resulting from the coupled and the decoupled cases seem to 
be more notable, as shown in Figure 3(b). When the geomechanical effects were decoupled, the 
reservoir simulator overestimated the cumulative production by 7.9% compared to when the 
geomechanical effects were coupled. 

 

 
 

Fig. 3. (a) Flow rate for the coupled vs. decoupled cases, (b) a comparison of the cumulative 
production between the coupled and the decoupled cases, and (c) a comparison of the pore 
pressure along the third fracture between the coupled and the decoupled cases 

 
Figure 3(c) shows the pore pressure along the third fracture along a 1-dimensional line extended 

in the y direction. The pressure depletion along the third and fourth fractures seems higher than the 
other fractures, as shown in Figure 4. As a result, the third fracture was chosen for data collection to 
investigate the pore pressure depletion differences between the coupled and the decoupled cases. 
In Figure 3(c), the pore pressure for the coupled and the decoupled cases are the same along the 
third fracture. However, there appears to be a slight difference in the middle of the domain, where 
the well is placed. The pore pressure depletion in the coupled case is higher than that of the 
decoupled case. It is expected that due to the lower flow rate in the coupled case, the pore pressure 
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would be higher than that of the decoupled case, as shown in Figure 3(a) and 3(b); however, the pore 
pressure profile shows the opposite behavior. This was a direct result of the rock deformation in the 
coupled case, which reduced the porosity and permeability, resulting in a rapid depletion of the pore 
pressure. 

Figure 4(a) and 4(a*) show a planer top view of the pore pressure contour after 5.1 years of 
production for the decoupled and coupled numerical cases, respectively. The pressure contours 
shown in Figure 4(a) and 4(a*) are cropped from the original model shown in Figure 1 because 
significant pore pressure depletion occurred mostly within the SRV area, as also shown in Figure 3(c). 
Both coupled and decoupled cases show the pore pressure depletion propagation in the domain in a 
ripple effect manner. Notably, the pore pressure reduction along the six fractures seems more 
prominent than the rest of the SRV area and the reservoir matrix. Generally, the pore pressure 
contours show a more significant pore pressure depletion when the geomechanical effects were 
coupled with the reservoir simulator. 
 

 
Fig. 4. Pore pressure contour for (a) the decoupled case and (a*) the coupled case 

 
3.3 Sensitivity Analysis  

 
After the production profile for the decoupled and coupled base cases was shown, this section 

aimed to show the sensitivity analysis. The sensitivity analysis carried out in this study investigates 
the matrix permeability. The varied parameters used for the sensitivity analysis are within the range 
of the typical shale rock parameters [69,70]. The aim is to study the differences in production 
estimation performance between the decoupled and the coupled cases. Table 2 shows the varied 
parameters used in this study. 
 

Table 1 
Fluid, reservoir, and rock parameters for history matching 

 
 

 
 

Figure 5 shows the sensitivity analysis for the matrix permeability. It shows the cumulative 
production volume comparison between the coupled and decoupled cases for low and high matrix 
permeabilities, as shown in Figure 5(a) and 5(b). In Figure 5(a) and 5(b), the x-axis represents the 

Parameter  Base case k m2 (µD) 

k m2 (µD) 9.87×10-19 (1.0) 9.87×10-20 (0.1) 
1.88×10-18 (1.9) 
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time, while the y-axis represents the cumulative gas production volume. Figure 5 also shows the pore 
pressure along the third fracture at the end of simulation time (5.1 years) comparison between the 
coupled and decoupled cases for low and high matrix permeabilities, as shown in Figures 5(c) and 
5(d), respectively. In Figure 5(c) and 5(d), the x-axis represents the distance along the y-axis, while 
the y-axis represents the pore pressure at the end of simulation time (5.1 years).  

In Figure 5(a), the solid lines represent the base cases for the coupled and decoupled simulations, 
similar to those shown in Figure 3(b). The dotted lines represent the varied matrix permeability at 
0.1 µD. Figure 5(a) shows that the horizontal well production performance was affected adversely as 
the matrix permeability is reduced. Figure 5(a) also shows that as the matrix permeability was 
reduced, the difference between the coupled and the decoupled cases was about half of the base 
cases. However, the decoupled cases of the low matrix permeability still overestimate the gas 
cumulative production volume. Figure 5(c) shows the pore pressure along the third fracture, 
corresponding to the case shown in Figure 5(a). In Figure 5(c), the solid lines represent the base cases 
for the coupled and decoupled cases, while the dotted lines represent the varied matrix permeability 
at 0.1 µD. Figure 5(c), 6(a), and 6(a*) show that as the matrix permeability was reduced, the extension 
of the pore pressure reduction from the SRV was less than that of the base cases. Figure 5(c) also 
shows that the pore pressure at the center of the fracture (at the well) is lower in the low permeability 
case compared to the base case in both the coupled and the decoupled cases. In addition, the 
difference in pore pressure estimation at the center of the third fracture between the coupled and 
decoupled cases for the low matrix permeability is about half that of the base cases. Results from 
Figure 5(a) and 5(c) show that the difference between coupled and decoupled cases is also reduced 
as the matrix permeability is reduced. 

Similar to Figure 5(a) and 3(b), the solid lines in Figure 5(b) represent the gas cumulative 
production volume for the coupled and decoupled base cases. In Figure 5(b), the dotted lines 
represent the coupled and decoupled cases at the matrix permeability of 1.9 µD, which is the high 
permeability case. The estimated gas cumulative production volume is higher than the base cases for 
both the coupled and decoupled cases at high matrix permeability, as shown in Figure 5(b). In Figure 
5(b), the decoupled case overestimates the gas cumulative production volume, which is the same 
trend as in Figure 5(a) and 3(b). In addition, the difference between the coupled and the decoupled 
cases in the high matrix permeability scenario is higher than that of the base cases. Figure 5(d) shows 
the pore pressure along the third fracture for the case corresponding to the one shown in Figure 5(b). 
It appears that as the matrix permeability is increased, the pore pressure reduction extends away 
from the SRV further than that of the base cases, as shown in Figure 5(d), 6(b), and 6(b*). Figure 5(d) 
also shows that at the center of the third fracture, the pore pressure at the high permeability case 
was higher than that of the base case at the end of the simulation time (5.1 years). In addition, the 
difference between the pore pressure at the center of the third fracture between the coupled and 
the decoupled cases at high matrix permeability is higher than that of the base cases. This shows that 
as the matrix permeability gets higher, the decoupled model seems to further overestimate the gas 
cumulative production volume compared to the lower matrix permeability. 
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Fig. 5. Matrix permeability sensitivity analysis comparison between coupled and 
decoupled cases for (a) cumulative production for the low permeability, (b) cumulative 
production for the high permeability, (c) the pore pressure along the third fracture for 
the low permeability case, (d) the pore pressure along the third fracture for the high 
permeability case 

 
Figure 6 shows the pore pressure contours of the sensitivity analysis carried out in this study. 

Figure 6(a) and 6(b) show the pore pressure contours of the decoupled low and high matrix 
permeability cases, respectively. Figure 6(a*) and 6(b*) show the pore pressure contours of the 
coupled low and high permeability cases, respectively. Figure 6 shows that at low matrix 
permeability, the pore pressure reduction extension beyond the SRV is limited, as shown in Figure 
6(a) and 6(a*). Inversely, at high matrix permeability, the pore pressure contours in Figures 6(b) and 
6(b*), the pore pressure reduction extends beyond the SRV. This explains the increased gas 
cumulative production volume at the high matrix permeability cases. From Figure 6, it can also be 
noted that the pore pressure reduction inside the SRV is greater at the low matrix permeability cases, 
as shown in Figure 6(a) and 6(a*). Consequently, the gas was greatly depleted in the SRV when the 
matrix permeability was low.  

In Figure 6, for both the low and high matrix permeability cases, the pore pressure contours show 
that the pore pressure reduction in coupled cases is greater than that of the decoupled cases. The 
reason for that is the consideration of the rock deformation in the coupled cases. According to Biot's 
theory, the effective stress increases as the pore pressure reduces [22-24]. The increment in the 
effective stress alters the porosity, affecting the permeability. Consequently, the pore pressure 
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contours show that the pore pressure reduction in the coupled cases seems slightly higher than that 
of decoupled cases. The permeability reduction due to rock deformation led to this greater reduction 
in the pore pressure in the coupled cases, resulting in a less gas cumulative production volume 
estimation. 

 

 
Fig. 6. Pressure contours of matrix permeability sensitivity analysis for (a) the low permeability 
decoupled case and (a*) the low permeability coupled case, (b) the high permeability decoupled 
case, and (b*) the high permeability coupled case 

 
4. Conclusions 
 

The utilization of conventional modeling techniques to numerically study hydrocarbon extraction 
from unconventional resources can lead to inaccurate production estimations. The unconventional 
hydrocarbon resources are commonly found in shale rock formations. The shale rock formations are 
well-known for being stress-sensitive. The conventional modeling techniques use a constant value to 
denote rock deformation. However, for stress-sensitive formation, the mechanical parameters of the 
rock must be considered for modeling the hydrocarbon extraction from unconventional resources. 
This paper used a fully coupled fluid flow with a geomechanics model to study hydrocarbon 
production from Barnett Shale. Usually, when such an approach is utilized to study the hydrocarbon 
production from shale formations, the petrophysical properties, such as the matrix permeability, are 
rarely studied. This paper studied the effect of matrix permeability on the production performance 
of a single horizontal well when the geomechanics effect was coupled and decoupled with the fluid 
flow model. This study showed the difference in production estimation between the cases when the 
geomechanics effect was coupled with the fluid flow model and decoupled. The summary of findings 
from this study is as follows: 
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i. When the matrix permeability was increased, the gas cumulative production volume 
estimation also increased in the coupled and decoupled cases. In addition, low matrix 
permeability led to a greater pore pressure reduction in the Stimulated Rock Volume (SRV). 

ii. The decoupled model cases overestimated the gas cumulative production volume for both 
the high and low matrix permeabilities. 

iii. At low matrix permeability, the difference between the gas cumulative production volume 
between the coupled and decoupled cases was greatly reduced compared to the base case. 
This means that the decoupled model estimation of the gas cumulative production volume at 
lower matrix permeability was closer to that of the coupled model. 

iv. At high matrix permeability, the estimated gas cumulative production volume increased 
compared to the base cases. In addition, as the matrix permeability increased, the estimation 
difference between the coupled and decoupled cases in gas cumulative production volume 
also increased. 

v. In stress-sensitive formations such as shale formation, although most production occurs 
through hydraulic fractures, the matrix permeability still influences production. The 
conventional modeling technique's overestimation of the cumulative production increases as 
the matrix permeability increases. 
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