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Abstract
Heat extraction from geothermal reservoir by circulating cold water into a hot rock requires an amount of fluid pressure, 
which is capable of inducing fault opening. Although stress change promotes the potential of fault failure and reactivation, 
the rate at which fluid pressurization within the fault zone generates variations in pore pressure as fault geometry changes 
during geothermal energy production have not been thoroughly addressed to include the effects of joint orientation. This study 
examines how different fault/joint models result in different tendency of injection-induced shear failure, and how this could 
influence the production rate. Here, a numerical simulation method is adopted to investigate the thermo-hydro-mechanical 
(THM) response of the various fault/joint models during production in a geothermal reservoir. The results indicate that pore 
pressure evolution has a direct relationship with the evolution of production rate for the three joint models examined, and 
the stress sensitivity of the individual fault/joint model also produced an effect on the production rate. Changing the posi-
tion of the injection well revealed that the magnitude of shear failure on the fault plane could be controlled by the hydraulic 
diffusivity of fluid pressure, and the production rate is also influenced by the magnitude of stress change at the injection 
and production wells. Overall, the location of the injection well along with the fault damage zone significantly influenced 
the resulting production rate, but a more dominating factor is the joint orientation with respect to the maximum principal 
stress direction. Thus, the rate of thermal drawdown is affected by pore pressure elevation and stress change while the fault 
permeability and the production rate are enhanced when the joint’s frictional resistance is low.

Keywords Production rate evolution · Joint orientation · Stress state · Pressure drawdown · Frictional resistance

Introduction

A major setback in developing enhanced geothermal sys-
tems, shale gas, and tight hydrocarbon reservoir is the under-
standing of fracture network and possibilities of enhancing 
permeability of the fractured reservoir (Eshiet and Sheng 
2017). Hence, knowledge of the variations in these prop-
erties is fundamental in characterising fractured reservoirs 

because they possess a direct correlation with the magnitude 
of fracture opening and production rate (Men et al. 2018). 
The poroelastic effect caused by pressure build-up varies 
as the injection condition changes; consequently, when 
injecting into a low-permeable fault and fluid pressure is 
induced, the hydraulic diffusivity of the fluid pressure would 
be dependent on several factors such as the position of the 
injector, and the velocity of fluid transmission (Vilarrasa 
et al. 2016; Eyinla et al. 2020, 2021a; Eyinla 2021; Eyinla 
and Oladunjoye 2021). However, the joint direction has been 
described as one of the factors which influences the instabil-
ity of a fault and determines the fault reactivation potential 
and the rate of stress change during fault loading (Streit and 
Hillis 2004; Eyinla and Oladunjoye 2021).

Computational approach provides an insight into the 
mechanics of deformational sequence in fault under stress, 
and thus impacts on the permeability (Lavrov 2017). 
Operationally, fluid injection is a process adopted for opti-
mizing recovery in tight reservoir, especially in enhanced 
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geothermal systems, and it has improved drastically in the 
past decades. It has also positively impacted the economics 
of shale plays and other conventional reservoirs. The process 
of injecting a large volume of water into geothermal reser-
voirs increases the pore pressure and the potential of fault 
failure (Hubert and Rubey 1959; Cappa and Rutqvist 2011; 
Ellsworth 2013; Levandowski et al. 2018; Scholz 2019). 
From previous studies (e.g., Altmann et al. 2010; Cho et al. 
2013; Taheri-Shakib et al. 2015; Cao et al. 2019), numeri-
cal simulation has become a standard method to study the 
behaviour of fault during injection, thus, stress and pressure 
build-up can be related to the fluid flow response, which 
could afford a better correlation with the production rate. 
Additionally, reports of Cho et al. 2013 described the pres-
sure-sensitivity nature of fractured media, and how stress 
change influences fault permeability enhancement. However, 
since the tendency and magnitude of fault compaction/dila-
tion is stress-motivated (Cappa et al. 2018), understanding 
the rate of change in stress distribution as the orientation 
of fault/joint varies can enhance the understanding of the 
relationship with corresponding permeability evolution and 
production rate.

Generally, rocks contain different geomechanical proper-
ties which change as the pore pressure changes (Eyinla and 
Oladunjoye 2019; Eyinla et al., 2021b). However, disconti-
nuities also play an inevitable role in the overall mechani-
cal and elastoplastic behaviour. The most significant types 
of discontinuities in rocks include faults, fractures, weak 
planes/joints, shear zones, planes of foliation, bedding 
planes, and planes of cleavage (Eshiet and Sheng, 2017). 
Their properties are complex, and several investigations 
have been carried out to assess some of their behavioural 
characteristics in the matrix (Brown, 1987; Fairhurst, 2013; 
Eshiet and Sheng, 2017; Ghosh et al., 2018). The work of 
Jacquey et al. (2015) explored various stimulation strate-
gies to examine the impact of stimulation direction relative 
to the orientation of a pre-existing fracture network, with 
emphasis on the magnitude and lifespan of thermal recovery 
rates. In this situation, the variation in stress distribution 
was considered as a function of the injector position and the 
pressure build-up as the injection rate increases. To improve 
the production of geothermal energy, a sufficient amount of 
fracture pathway must be created, and this is only possible 
when fluid pressure is capable of inducing fault slip and 
shear deformation.

The behaviour of flow-reducing properties of rocks and 
overall controlling mechanism is well known through sev-
eral methods including analytical, numerical (coupled flow 
models) or combined effects of reservoir properties includ-
ing stress, pressure and fluid flow (Samaniego and Villalo-
bos, 2003; Lei et al., 2007). Nevertheless, understanding 
the evolution of stress-dependent permeability in geothermal 
reservoir is of great interest because of the nature of the tight 

matrix and the fractures, which are more susceptible to stress 
changes (Zhang et al. 2018). Thus, the study of the varia-
tion in local stress adjacent to the wellbore and the effective 
stress acting normal to fracture in order to identify the initia-
tion and propagation direction of the induced fracture would 
give insight into the permeability evolution, which influ-
ences production forecasting (Taheri-Shakib et al. 2015). 
When assessing the impact of fracture-controlled perme-
ability reduction during production, the pressure-dependent 
permeability of natural fracture is often correlated with the 
production performance of the reservoir (Cho et al. 2013). 
Therefore, since the pressure distribution in the fault zone 
has been related to the fault properties and the hydraulic 
diffusivity (Rudnicki and Rice 2006; Schoenball et al. 2010; 
Manga et al. 2012), the energy production is partly depend-
ent on the response of fault to the injection processes. The 
likelihood of hydraulic fracture intersecting natural fracture 
is a function of orientation, thus, the connection between 
the newly created fractures and pre-existing natural fractures 
enable adequate conclusion on why some reservoirs exhibit 
more complex behaviour.

Undoubtedly, simulating the THM interaction during cold 
fluid injection in enhanced geothermal reservoirs is crucial 
in evaluating the fault reactivation potential and induced 
seismicity (Cappa and Rutqvist, 2011). However, earlier 
studies by Eyinla and Oladunjoye (2021) clearly described 
that the frictional equilibrium of pre-existing fault is altered 
in a diversified range as stress redistribution in the vicinity 
of the fault changes, and it concluded that: (1) the effec-
tive stress in the fault zone must respond to loading before 
any fault failure can occur, (2) there is a direct connection 
between permeability changes and effective stress changes 
in the fault zone, (3) fluid pressure diffusion is lower at the 
upper part of the matrix whereas downward migration is 
higher, and (4) lower fault angles generally favour early 
onset of fault slips but the absolute effect of fault configura-
tions is further modulated by the directions of associated 
joints. From these observations, this present study aims at 
investigating the influence of joint orientations on the pro-
duction response in enhanced geothermal systems using the 
THM model in FLAC3D.

Theory and methodology

The flow capacity of a reservoir is connected to its perfor-
mance, and the fractures are the principal source of flow 
capacity (Cho et al. 2013). Thus, the existence of fractures in 
a reservoir are studied and characterized based on their dis-
tribution, aperture, length, orientation and spacing and weak 
planes connection to the fault plane. These characteristics 
determine the conductivity of the fractures, the distribution 
of pressure during injection, and the function of the effective 
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stress change. However, the mechanical response of a porous 
fractured reservoir to injection under temperature, stress and 
strain promotes changes in void volumes which results in per-
meability change (Rutqvist et al. 2002). Notably, production 
optimization during recovery processes would be achieved 
when the properties, which influence changes in pressure 
build-up and stress changes, are considered. One of the fac-
tors to consider in this situation is the fault/joint orientation, 
as the stress-dependent permeability and pressure-dependent 
permeability of the fault is related to the joint’s orientation 
with respect to the fault plane and the direction of maximum 
principal stress. Additionally, pore pressure diffusion is highly 
sensitive to fracture networks and fault spatial arrangement 
(Prabhakaran et al. 2017).

From reports, the orientation angle of natural fracture to 
the normal stress is a determinant of the resulting hydrau-
lic fracture pattern during hydraulic fracturing and dictates 
the permeability evolution during the cold injection. Con-
sequently, simulating with certain fracture orientations may 
result in complicated hydraulic fractures (Fairhurst 2013) or 
low magnitude of fault slip yielding no significant permeabil-
ity enhancement. Injection temperature and geometry of the 
fault (dip angle) hugely play an essential role in determin-
ing the permeability evolution and fault reactivation poten-
tial considering all dynamic feedbacks, where high-dip angle 
fractures/fault have been reported to show earlier slip than low 
dip angle fracture (Jacquey et al. 2015).

A distinct peculiarity of numerical approach is the ability 
of the designed model to produce the permeability evolution 
of fault in terms of frictional strength and resistance, geared 
by the fault’s initial stability and the elastic properties. In 
order to estimate slip tendency along with a pre-existing fault 
plane, it is essential that the fault geometry is known, in terms 
of dip angle and dip azimuth, because the shear and effec-
tive stresses acting on a particular fault plane vary with dips 
(Kinoshita et al. 2019). For instance, if the angle between the 
fault plane and the maximum principal stress direction is large, 
it is expected that there would be higher shear and effective 
stress, consequently, a slip is more likely to occur. The instabil-
ity of fault is controlled by the orientations of principal stress 
relative to the natural fault planes (Streit and Hillis 2004). It 
is thus assumed that failure may occur on the most critically 
oriented plane. However, the state of maximum and minimum 
compressive principal effective stresses is such that the fault 
is said to be initially stable but near a state of failure (Rutqvist 
and Oldenburg 2007). In this study, the Coulomb stress ratio 
(η) is adopted. It defines the ratio of shear stress magnitude 
( � ) to effective normal stress magnitude ( �′

n
 ) acting on a fault 

plane (Biot 1941; Byerlee 1978) as:

(1)� = �∕�
�

n

When a fault plane is subjected to a threshold level of 
stress during injection, a slip would occur depending on the 
frictional resistance of the fault and the ratio of shear to 
(effective) normal stress acting on that surface. While the 
static friction coefficient ( �

s
 ) has been defined (Cappa and 

Rutqvist 2011) using the friction angle (ϕ) as μ
s
= tan ϕ, a 

slip can occur on the surface when the Coulomb stress ratio 
is greater than or equal to the frictional resistance to sliding 
(Hanks and Kanamori 1979).

Notably, one of the key roles of joints during injection 
is that it influences the frictional resistance of fractures and 
serves as a drive to improving permeability enhancement, 
and then impacts the production rate of the reservoir. How-
ever, a major influence of the shear strength is the cohesive 
strength and the frictional angle which is not only being 
affected by the dilation properties but also controlled by the 
roughness of the joint (Eshiet and Sheng 2017).

In this study, an internal fault friction angle of 28° is 
used, therefore, the corresponding coefficient of friction ( μ

s
 ) 

would be 0.53 (Eq. 2), which means, for a slip to occur the 
critical peak friction value must be greater than or equal 
to 0.53 (i.e., η = τ∕σ

n
≥ μ

s
 ). However, the commonly used 

relationship describing fault slip in the failure analysis of 
a fault with a specified orientation is given (Cappa and 
Rutqvist, 2011) as:

And the effective stress is expressed as:

where c is the cohesion, �
n
 is the total normal stress, and P 

is the fluid pressure.

Model description

Fracture systems in rock masses are usually complex which 
increases the rate of uncertainty in their quantification and 
analysis (Lak et al. 2017). To reduce the uncertainties, this 
study considers numerical simulation of fracture system for 
production prediction under varying patterns of disconti-
nuities. Thus, the simulations for this study were conducted 
using the coupled thermo-hydro-mechanical simulator 
TOUGHREACT-FLAC3D, which links the TOUGHREACT 
multiphase flow with the FLAC3D geomechanical simulator 
(Itasca 2009). The coupled thermal-hydrologic-mechanical 
simulator considers analysis of mass and energy transport 
in fractured media (Pruess et al. 1999; Taron et al. 2009; 
Taron et al. 2009). The elastoplastic behaviour of the fault 
in FLAC3D which occurs as a ubiquitous fractured media 
impressively represent an anisotropic mechanical behaviour. 
A coupled hydromechanical fault model can be developed 

(2)τ = c + μ
s
�

�

n

(3)�
�
n
= �

n
− P
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within the framework of TOUGH–FLAC by utilizing exist-
ing capabilities within TOUGH2 and FLAC3D codes, 
and by developing specially designed coupling modules 
for faults. The fault is modelled as a ubiquitous fractured 
media, which accounts for the presence of an orientation 
of weak planes in a Mohr–Coulomb model (Cappa and 
Rutqvist 2011). However, this ubiquitous fault-joint model 
can assume distinct orientations, and their influence on the 
injection process in terms of permeability enhancement and 
magnitude of injection-induced seismicity have been fully 
discussed in previous reports by Eyinla et al. (2021a), and 
Eyinla and Oladunjoye (2021).

This study presents a simple homogenous reservoir model 
geometry with spatial dimension of 600 m × 15 m × 600 m 
(x, y, z), with a normal fault of length 424 m and width 2 m 
dipping NE at an angle 45°. Table 1 presents the assumed 
material properties used to populate the matrix and fault 

zones during simulation. These are derived from previ-
ously published data by Eyinla (2021). Figure 1 serves as 
a schematic representation of the 45° fault angle, showing 
the assumed associated joints and their directions of dip. 
Fault is oriented at an angle 45° while the corresponding 
planes of weakness (associated joints) are chosen to be 135°, 
50°, and 30°. The injection well is located at the base of 
the fault and the withdrawal wells at the top as shown in 
the model description. The initial temperature of the res-
ervoir is assumed uniform at 180 °C. This temperature set-
ting attempts to mimic the average temperature condition 
reported by Ledingham et al. (2019) for the United Downs 
Geothermal field. 

Under normal fault kinematics, the model indicates that 
the vertical stress is greater than the horizontal stress; the 
maximum principal stress is set at 45.5 MPa (z-direction) 
while the minimum is 27.3 MPa (x-direction). The model 

Table 1  Material properties 
adopted for the numerical 
simulation

Parameter (unit) Rock matrix Fault damage zone Fault core

Bulk modulus (GPa) 15 1.5 1.5
Poisson’s ratio 0.22 0.22 0.22
Porosity 0.01 0.30 0.30
Initial permeability  (m2) 1 × 10−16 1 × 10−14 1 × 10−15

Rock density (kg/m3) 2700 2700 2700
Heat capacity of fluid (J/kg K) 4.26 × 105 4.26 × 105 4.26 × 105

Cohesion (MPa) 3 0 0
Dilation angle (°) 0 5 5
Non-linear stiffness – 0.218 0.218
Maximum aperture (m) – 1.52 × 10−4 1.47 × 10−4

Residual aperture (m) – 3.03 × 10−5 2.95 × 10−5

Joint cohesion MPa – 0 0
Matrix friction angle (°) 45 45 45
Joint friction angle (°) – 28 28

Fig. 1  A schematic repre-
sentation of the model set up 
showing 45° fault angle and 
orientation of associated joints 
with the injector and withdrawal 
wells positions
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boundaries are set at no-flow boundaries, and the y-direction 
is set at roller condition with no normal displacement as con-
stant stresses are applied. The initial pressure of the rock is 
set at 13.8 MPa. The fault architecture is designed with finer 
mesh than the other part of the reservoir. That is, the mesh 
size in fault and the matrix to the left and right of the fault 
zone contains uniform and smaller sizes than those in the 
other upper and lower regions of the matrix (Fig. 2a, b). This 
is to ensure accurate and efficient simulation of the zone of 
interest. In this experimental work, two different injection 
position scenarios are examined, and pseudo representation 
of the positions of the injection and withdrawal wells are 
shown in Fig. 2a, b. These positions are used to examine 
the production response as stress build-up changes. The ini-
tial permeability of the fault core is set at 10−15m2, and the 

damage zone is set at 10−14m2. These values are greater than 
the initial matrix permeability, set at  10–16  m2. 

Notably, an interesting component of this model is the 
ability of the fault permeability to evolve through time. 
However, this permeability evolution is highly dependent 
on the local stress state in the reservoir, the fault’s criti-
cality to failure and the injection conditions. These would 
determine the fault’s slip tendency, which induces the per-
meability enhancement during shear failure (Zoback 2007). 
The friction angle of the fault joint is 28° while the dilation 
angle is 5°, and the fracture spacing was kept constant at 
0.5 m for all simulation scenarios. The fault is set to be criti-
cally stressed, dipping towards the direction of the maximum 
principal stress (Fig. 1). The cold water is injected at a con-
stant injection rate of 0.1 kg/s, under constant enthalpy of 

Fig. 2  Model geometry for the 
reservoir with fault orientation 
45° at initial condition showing 
two different injector positions 
a middle injection and top 
withdrawal, b bottom injection 
and top withdrawal
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4.26 × 105 J/kg, which is equivalent to 100 °C. This injection 
rate could be scaled up to a realistic value depending on the 
volume of the fault. However, an example for this study is 
the United Downs Deep Geothermal Project (UDDG) where 
the width of the fault damage zone varies between 400 and 
600 m and aims at extracting deep geothermal energy by 
direct injection into the fault at a rate of about 40 − 50 kg/s 
(Ledingham et al. 2019). Since the width of fault damage 
zone in this model is 1.2 m, it is calculated that the ratio of 
the UDDG fault volume to the volume of fault configuration 
in this study is around 400:1. Thus, the chosen injection rate 
in this study could be approximately scaled such that the 
average value of the injection rate in UDDG (45 kg/s) would 
give 45/400 ≈ 0.1 kg/s.

Results and discussion

Numerical simulation of fault models under varying joint 
orientations have provided dissimilar permeability response 
during fluid injection as shown in the results obtained 

(Fig.  3a, b). The range of fault permeability evolution 
obtained here represents the response during thermo-hydro-
mechanical (THM) interaction when cold fluid was injected 
directly into the fault without production. This response is 
related to the frictional resistance variation along the fault 
plane due to the direction of the weak planes with respect to 
the maximum principal stress. The result showed that when 
the angle between the joint and the principal stress is very 
large (in this case, jdip 30°), the fault tends to be relatively 
stable. Thus, there is no shear slip resulting from the injec-
tion process when the joint is orientated at an angle 30°, 
unlike the other two joint orientations, which produced shear 
deformation during the injection. The effect of joint at 30° 
orientation promotes further fault compaction, increasing 
frictional resistance which influences the fault plane to resist 
shear deformation. Therefore, as the stability becomes more 
enhanced in the fault plane, fault slip tendency is lowered 
(Jacquey et al. 2015). The tendency and magnitude of seis-
micity during injection has been ascribed to the injection 
fluid conditions and the fault initial stability with respect 
to the orientation and the frictional stability of the joints. 

Fig. 3  a, b Stress-induced permeability enhancement and the evolution of effective stress for the various joint orientations at bottom injection c, 
d Stress-induced permeability enhancement and the evolution of effective stress for the various joint orientations at the middle injection
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Notably, joint dip 50° produced the highest permeability 
enhancement among the joint directions, invariably, the 
most unstable of the three fault models, as also reported by 
Eyinla and Oladunjoye (2021). This implies that other fac-
tors (e.g., elastic constants, injection rate, initial fault-matrix 
permeability) being constant, the tendency of fault rupture 
during injection is proportional to the direction of joints with 
respect to the maximum principal stress direction. This also 
directly relates to the permeability evolution. Evidently, 
the most significant fault permeability enhancement is only 
observed when there is a shear slip. Thus, slip tendency and 
slip magnitude of faults becomes a major concern in ensur-
ing successful injection and production.

Permeability enhancement is strongly affected by the joint 
orientation in the model, as it determines the stress state 
during injection (Fig. 3c, d). The observation here is that the 
response of each fault/joint model to stress change varies, 
and this influenced the possibility of having different levels 
of fault criticality to failure. In joint angle 50°, there is an 
increasing rate of stress drop during unloading than what 
is observed in angle 135°. This produced a strong effect on 
the permeability evolution, which is highly stress-induced. 
However, a comparison of the effects of joint orientation 
during production has also revealed that there is a signifi-
cant difference in production rate at changing joint directions 
(Figs. 4,5,6). Apparently, the evolution of pore pressure in 
each joint model produced a curve which is an exact replica 
of the production rate curve (Figs. 4,5,6). This could imply 
that energy production from geothermal reservoir is highly 
dependent on the pressure distribution during injection, such 
that as pressure rises or falls, the production rate follows the 
same trend and vice versa.

Notably, the change in fault permeability following the 
shear failure on the fault plane vary in timing and magnitude 
as the fault geometry and the injection position change. An 

observation which has been established in this study and 
previous reports (e.g., Eyinla et al. 2020, 2021a; Eyinla and 
Oladunjoye 2021). However, because the injection-induced 
permeability provides a pathway through which migration 
of fluid can occur, the production rate is expected to be 
directly related to the injection-induced permeability. From 
the results obtained, it is deduced that the possibility and/
or magnitude of shear-induced permeability evolution is 
directly related to the production rate evolution, such that the 
fault model with little or no tendency of fault rupture under 
injection would produce lower energy rate. Meanwhile, 
under the same injection conditions, the fault/joint configu-
ration with higher magnitude of slip displacement and per-
meability enhancement has the tendency of producing higher 
flow rate. In jdip 50° which has the most enhanced fault 
opening and shear-induced permeability, the corresponding 
production rate is highest (Fig. 5) when compared to the 

Fig. 4  Production response and pressure evolution with joint orienta-
tion 30°

Fig. 5  Production response and pressure evolution with joint orienta-
tion 50°

Fig. 6  Production response and pressure evolution with joint orienta-
tion 135°
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other two joint directions (Figs. 4,6). This literally means 
that in agreement with the report by Fan et al. (2016), the 
increased volume of migration pathways would impact on 
the production rate. The production curve in jdip 30° indi-
cates a decreasing rate till simulation terminates after 9 days 
of injection (Fig. 4). The curve of jdip 50° on the other hand 
yielded a continuous rise in production rate from the onset 
of injection till after 11 days when there was a sudden rise 
to 0.23 kg/s before simulation terminates. Nevertheless, jdip 
135° indicates an increasing and decreasing progression of 
production rate which eventually falls to about 0.15 kg/s 
before simulation ends. Most often, fractured reservoir with 
a higher potential of slip has potential for an earlier onset of 
seismic activity (Fan et al. 2016). However, in all the cases 
examined, the potential for seismicity varies, but the highest 
is recorded in joint orientation 50° with moment magnitude, 
Mw of about 1.5, indicating low seismicity.

Influence of stress and pore pressure change 
on production rate

As discussed in the preceding section, pore pressure in the 
fault zone gives a corresponding trend as the production 
rate and vice versa. Thus, the evolution of the pressure 
build-up controls the seepage capability of the fractured 
reservoir. Figures 7, 8 and 9 show the contour of pore pres-
sure distribution at the end of simulation for the three joint 

orientations. These show that the base of the reservoir is 
more pressured while pressure is lower at the top. However, 
the point where the withdrawal well is located had experi-
enced pressure drawdown, because, at this location, pressure 
is lowest as indicated on the contour plot.

This result is compared with the work of Zhang et al. 
(2018) which had reported that stress-dependent permeabil-
ity determines the production rates to a certain level, and 
the rate is highly dependent on the level of wellbore flowing 
pressure. Thus, in stress-sensitive reservoir, production is 
tied to additional pressure drawdown, which will result in 
pressure-dependent production. Although the values of pro-
duction rates are impacted by improved stress-sensitive per-
meability, the overall character of the production rate curve 
is one, which is related to the pressure curve. Therefore, 
changes in effective stress generate undrained fluid pressure 
increments leading to a consequent change in production 
response (Taron et al. 2009).

It is observed that pore pressure elevation is not the only 
cause of shear failure, as the change in effective stress has 
been described as an important factor, which influences 
fault slip. Additionally, thermal stress has been verified as 
the cause of the enhanced slip and permeability enhance-
ment during cold injection (Eyinla and Oladunjoye 2021). 
Although the thermal influence induces late-stage seismic 
slip as a result of thermal drawdown, it has been reported to 
be a major source of large magnitude seismicity (Ghassemi 

Fig. 7  Contour of Pore pressure 
distribution for joint orientation 
30° after simulation
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Fig. 8  Contour of Pore pressure 
distribution for joint orientation 
50° after simulation

Fig. 9  Contour of Pore pressure 
distribution for joint orientation 
135° after simulation
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and Tarasovs, 2007; De Simone et al. 2013; Jeanne et al. 
2015). Structurally, fault opens during fluid injection, and 
the implication of this is that permeability variation and pro-
duction rate is closely proportional to the evolution of fluid 
pressure (Rutqvist and Stephansson 2003; Cappa et al. 2007; 
Guglielmi et al. 2015).

Figure 10a–f show the production plots for the three fault/
joint configurations at the two different injection positions 

in Fig. 2a and b. The first case involves the injection of 
cold fluid at the base of the fault (bottom injection), and 
the second scenario involves injection at the centre of the 
fault (middle injection). The withdrawal well is fixed at the 
same position which is at the top end of the fault. The results 
obtained demonstrate the effects of the state of stress at the 
locations of the injection and withdrawal wells on the pro-
duction rate. For the two injection position cases considered, 

Fig. 10  Comparison of production evolution under different injection position and changing joint orientations a, b jdip 30° bottom and middle 
injection c, d jdip 50° bottom and middle injection e, f jdip 135° bottom and middle injection
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the production evolution is primarily influenced by the pre-
vailing stress change in the reservoir. Thus, the state of stress 
at the locations of the injection and production wells pro-
duced a huge influence on the production flow rate. This is 
also related to the evolution of fault permeability as shear 
failure occurs, implying that the state of stress at the injec-
tion well influences the pressure distribution at the with-
drawal well. There is a significant variation in the production 
rate for the two injector positions as observed with the three 
fault/joint configurations. This indicates that the position of 
injection has a first-order control on the growth of produc-
tion cycle, which could be linked to the diffusivity potential 
of fluid pressure. Seemingly, this is expected to influence 
the evolution of electrical power generation in each model. 

Injecting at the centre of the fault afforded a longer pro-
duction cycle in the three joint models, whereas injection at 
the base of the fault yielded a higher rate, especially in jdip 
50°. Generally, middle injection shows decreasing rate of 
production with time but with longer production time, and 
this is more evident in jdip 50°. Thus, it is proposed that with 
the injector positioned at the base of the fault, there is a more 
energetic event and complex interplay which occurs during 
the phase of hydraulic connection between the injector well 
and the withdrawal due to the relative distance between the 
two points. Relatively, the pore pressure evolution in these 
two scenarios was elevated differently throughout the injec-
tion period. Also, the state of stress at the location of the 
injection well plays a significant role in determining the time 
of slip on the fault plane and hence the permeability evolu-
tion. The evolution of production or flow rate is also influ-
enced by the state of stress at the locations of the injection 
and production wells would in turn influence the evolution 
of electrical power generation.

Conclusions

This study has described the behaviour of faulted reservoir 
under stress and pressure distribution in terms of permeabil-
ity evolution, and the influence of these on the performance 
geothermal reservoir during production. Thermo-hydro-
mechanical simulation involving different joint patterns has 
revealed an incredible variation in the corresponding perme-
ability evolution and production response through coupled 
discrete fracture modelling. The injection response of the 
varying plane of weakness (joints) in this study indicates 
how changes in the position of weak planes with respect to 
the direction of the maximum principal stress impacts the 
injection and withdrawal processes. The following conclu-
sions were drawn from this study: 

1. Fault/joint orientation is observed to be an important 
factor in influencing the stimulation result, both in per-
meability evolution and production optimization.

2. The absolute effect of fault configurations is modulated 
by the directions of associated joints on their planes. For 
example, because jdip 30° confer special stability on the 
fault plane during injection by resisting fault slip, the 
permeability enhancement is retarded, thus the produc-
tion rate is low.

3. The production rate in jdip 30° is followed by jdip 135°, 
a joint model which although produced fault slip but 
yielded lower magnitude when compared with jdip 50°. 
Thus, the highest magnitude of permeability enhance-
ment is observed in joint orientation 50°, and this is 
directly related to the production rate.

4. Additionally, the pressure evolution curve produced an 
exact replica of the production rate curve, which indi-
cates that the two are directly related. A drop in the pro-
duction rate implies that the pore pressure would be low-
ered while an increasing trend of production rate means 
pressure elevation.

5. Also, thermal drawdown is enhanced when the effect of 
thermal stress is high, as the various output is driven by 
the magnitude of pressure diffusion and thermal mecha-
nisms causing sufficient cooling of the reservoir.

6. The resultant pressure and stress evolution are affected 
by the position of the injection well, as bottom injection 
appears to yield a more significant production evolution 
than middle injection.

7. Also, the potential of fault reactivation and fracture 
opening is influenced by the mechanism of stress 
change. Overall, the magnitude of shear-induced perme-
ability influences the evolution of production flow rate 
and this is dependent on the stress state at the injection 
and withdrawal point.

Thus, for well development and well placement, the 
results from this study would afford a better guidance dur-
ing energy production from geothermal reservoir where 
the complex state of the fractures could cause variations in 
fault/joint orientations. This knowledge would also help in 
improving the reservoir performance to ensure production 
optimization.
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