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Abstract:
This study employs a coupled thermal-hydrological-mechanical model to investigate the
permeability evolution and fault reactivation of a critically stressed fault in geothermal
reservoir. The fracture permeability sensitivity analysis for permeabilities of the fault
damage zone that hydro-mechanical processes have dominating control on permeability
evolution and the associated timing of slip on the fault plane for high fracture permeability.
The mode of thermal sweep in the reservoir is dominated by advection, as the high fracture
permeability permitted higher velocity of fluid flow. For the condition of low fracture
permeability, heat transfer process has pronounced control on permeability evolution and
timing of slip due to heat conduction process. With reduction in fluid flow and hydro-
mechanical effects, heat transfer in the reservoir is dominated by heat conduction, as the
temperature difference between the fault zone and the country rock becomes negligible. For
the intermediate fracture permeabilities, the induced thermal unloading due to conduction
could prompt the onset of failure. Changing the locations of the injection well along the
fault zone shows that shear failure on the fault/fracture plane occurs earlier for lower
stress state and vice versa. The evolutions of production rate and power generation are
also influenced by the stress state at the injection and production wells. The elevated
pore pressures in the fault zone due to fluid injection causes distributed seismicity on the
fault/fracture planes which all have moment magnitudes that are below 2.5.

1. Introduction
Geothermal resources from hot dry rock (HDR) can be

exploited in the form of enhanced (engineered) geothermal
systems (EGS) (Cummings and Nunn, 1978; Tester et al.,
1989; Duchane and Brown, 2002). Unlike in hydrothermal
systems where mobile water occurs naturally, most of the
world geothermal resource is locked up in hot rock at depth but
dry (without mobile water) (Duchane and Brown, 2002). The
HDR is characterized by low natural porosity and permeability
and so need to be fractured artificially to create engineered
(enhanced) geothermal reservoirs (Tester et al., 1989). The
EGS employs a process known as hydraulic stimulation that
involves the enhancement of natural rock permeability or the
creation of permeability in the hot dry rock by injecting cold
water under pressure (Tester et al., 1989; Duchane and Brown,
2002). The hydraulic stimulation entails the re-opening of
mineralized natural joints and fissures, and not the rupturing

of competent rock (Duchane and Brown, 2002; Tester et al.,
2006). The injected water extracts the heat from the crystalline
HDR as it circulates and a second well (the withdrawal well)
is then drilled into the engineered geothermal reservoir to
produce the hot water.

The exploitation of geothermal energy especially the EGS
remains challenging because of the technical difficulties in-
volved in its development as well as the implications like
induced seismicity. Researchers have employed models to
understand the thermo-hydro-mechanical-chemical (THMC)
processes in enhanced geothermal reservoirs (e.g. Rutqvist et
al., 2002; Fomin et al., 2004; Taron et al., 2009; Taron and
Elsworth, 2009, 2010; Gan and Elsworth, 2014a, 2014b; Gan
and Elsworth, 2016a, 2016b; Pandey et al., 2017; Salimzadeh
et al., 2018; Ijeje et al., 2019). These models prove to be useful
in strengthening the understanding of geothermal reservoir
processes, ranging from fluid flow, permeability evolution,
induced seismicity, heat transfer, to production optimization.
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The issue of induced seismicity in enhanced geothermal
reservoirs is of great concern both to the scientific and po-
litical community (Ellsworth, 2013). Cold fluid injection in
enhanced geothermal reservoirs is critical in evaluating the
fault reactivation and induced seismicity (Cappa and Rutqvist,
2010; Gan and Elsworth, 2014a). Injection of large amount of
water into geothermal reservoirs increases the pore pressure
and the potential in causing failure on fault planes (Hubert
and Rubey, 1959; Cappa and Rutqvist, 2010; Ellsworth, 2013;
Levandowski et al., 2018; Scholz, 2019). This slip tendency
is defined based on the Mohr-Coulomb failure criterion. Slip
occurs when the pore pressure increases high enough to cause
the shear stress component to exceed frictional resistance
(Hubert and Rubey, 1959; Scholz, 2019), defined as,

t = µs (σn− p)+C = µsσne f f +C (1)

where τ represents the shear stress, µs is the coefficient
of friction, σn represents the normal stress, p is the pore
pressure, σne f f is the effective normal stress, and the C
represents the cohesion (Hubert and Rubey, 1959; Gan and
Elsworth, 2014a; Scholz, 2019). Assuming cohesion on the
existing fault plane is negligible (e.g. Zoback, 2010; Gan
and Elsworth, 2014a; McNamara et al., 2015; Levandoski
et al., 2018). Apart from hydromechanical processes, fault
reactivation can also be caused by thermal processes in the
geothermal reservoir (Rutqvist and Oldenburg, 2007; Gan and
Elsworth, 2014a, 2014b). Injection of cold water in EGS has
the potential to cause perturbation of thermal stress regimes
in geothermal reservoirs, and has been linked to a late-
stage thermal drawdown-induced fault reactivation (Gan and
Elsworth, 2014a, 2014b).

THM modelling has also been found useful in understand-
ing heat transfer processes vis-à-vis fracture/fault parameters
in geothermal reservoirs (Li et al., 2013; Pandey et al., 2017).
Though the rock matrix stores most of the thermal energy
in the EGS, fractures and fault zones play a key role in
engineered geothermal systems as they provide pathways for
fluid and heat transfer (Pruess, 1983). Improvement in our
understanding of heat transfer models in geothermal reservoirs
and fractured media is crucial as it affects the amount of heat
energy extracted from the geothermal reservoir (Pruess, 1983;
Li et al., 2013).

Responsible exploitation of renewable energy from EGS
requires effective production optimization and minimizes the
risk of hazards like induced seismicity. This study aims at
exploring the thermo-hydro-mechanical processes by utilizing
fault zone as conduit to exploit geothermal energy.

The permeability profile of the fault zone has a great
influence on fluid flow (Caine et al., 1996; Evans et al.,
1997), especially in geothermal reservoirs where the fault
zone is exploited. It is therefore important to understand the
architecture of the fault zone in order to understand their HM
properties (Faulkner et al., 2003). The structure of the fault
zone basically comprises of three components: the fault core,
the damage zone, and the host rock or protolith (Caine et al.,
1996; Mitchell and Faulkner, 2009).

The fault core commonly is comprised by narrow clay-rich
layer that is poorly consolidated or a zone of reduced grain
size with or without mineralization (Chester and Logan, 1987;
Caine et al., 1996; Boutareaud et al., 2008). The damage zone
is characterized by higher fracture density and deformation
(Chester and Logan, 1987). The protolith (or the host rock)
is characterized by regional structures and are unaffected by
the fault-associated deformation (Chester and Logan, 1987;
Caine et al., 1996; Boutareaud et al., 2008). The fault core and
the damage zone represent two distinct units within the fault
zone in terms of structure and fluid flow (Caine et al., 1996).
The permeability profile across the fault zone (see Fig. 1) is
represented by a high permeability in the damage zone, a low
permeability in the fault core which constitutes a flow barrier,
and an intermediate permeability in the protolith (Evans et al.,
1997; Faulkner et al., 2003; Boutareaud et al., 2008).

2. Model set-up
This study employed the coupled Thermal-Hydrologic-

Mechanical (THM) model TOUGHREACT-FLAC3D for sim-
ulating processes in geothermal reservoirs within fractured
porous media (Taron and Elsworth, 2009; Taron et al., 2009).
There is data interpolation between the TOUGHREACT cen-
tral nodes and the FLAC3D corner nodes. A separate code
known as the interpolation module (see Fig. 2) is responsible
for linking FLAC3D and TOUGHREACT data which includes
models for permeability evolution, models for porosity change,
poroelasticity, and fluid compressibility. The interpolation
module is a Fortran 90 executable and can access data outputs
from both FLAC3D and TOUGHREACT (Taron and Elsworth,
2009). The data interpolation enables the computation of
effective stresses from pore pressures which can then be used
with a suitable constitutive model for permeability change
to investigate fracture aperture evolution and concomitant
fracture permeability evolution (Gan and Elsworth, 2014a).

The setup of the model is such as to enable the investi-
gation of fault zone exploitation in geothermal reservoirs. An
initially stable fault with angle of internal friction equal to 28◦

was emplaced in the model surrounded by host rock (Byerlee,
1978). The exploitation strategy of the fault zone is here inves-
tigated by defining circulating fluids along permeable damage
zones. The permeability of the fault core zones were kept
constant throughout this study, as the fracture permeability of
the fault zone is concentrated in the damage zone of the fault,
the prescribed permeability for surrounding non-faulted host
rock is given at 10−19 m2 to stand for the tight granite rocks.
Consequently, the permeability anisotropy is limited within
fault damage zones, especially along the strike direction. The
calculation of permeability for the faulted blocks will also
incorporate the normal stress acting and orientation of the
weaken plane. Production optimization vis-à-vis the locations
of the injection and production wells along the fault is investi-
gated. This study also investigates the permeability evolution
within the fault damage zone and modes of thermal sweep
in the geothermal reservoir. The permeability evolution is
dependent upon the fault zone fracture aperture evolution. The
fracture spacing is kept constant at 10 m throughout the study.
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Fig. 1. Typical fault zone permeability profile (Boutareaud et al., 2008). The fault damage zone has the highest permeability within the fault zone due to its
highest fracture density.

together with aqueous chemical equilibrium and kinetic pre-
cipitation/dissolution in a dual-porosity medium. Under large
thermal stresses, shear failure may be expected, and FLAC3D is
capable of handling this with the constitutive theories of
Mohr–Coulomb or Hoek–Brown. Plastic flow is also possible,
although this would require consideration of permeability
changes that occur during fracture shear and also fracture
compression. This complexity is not addressed here, and will be
the topic of a future paper.

3. Simulation logic

Simulation is executed within FLAC3D’s FISH programming
language [21], where external operations by TOUGHREACT and
the linking module are controlled. TOUGHREACT, an integral finite
difference code [26], calculates all properties at the central
coordinate of element volumes. In contrast, the first order finite
difference program FLAC3D, with explicit temporal derivatives and
a mixed discretization method that overlays constant strain-rate
tetrahedral elements with the final zone elements (adding greater
freedom in methods of plastic flow), utilizes properties of state
(p,T) at corner nodes and mechanical variables (s,u) at central
coordinates. Correspondingly, state properties from central
TOUGHREACT nodes are interpolated to connecting corner nodes
of FLAC3D. Stress (not displacement) outputs from FLAC3D are used
as the independent variable in constitutive relationships. The
parsing of stresses to TOUGHREACT is direct, as they are calculated
centrally within the node-centered blocks of FLAC3D (in spatial
agreement with TOUGHREACT).

In its current construction, the codes iterate upon the same
numerical grid. This structure, however, is not required. As
pointed out by Minkoff et al. [24], un-matched meshes are one
benefit to a modular code. For example [24], it may be desirable to
conduct flow simulations upon a reservoir area impacted by fluid
injection and withdrawal only, while the mechanical grid may
include the reservoir area in addition to all overburden up to the
ground surface. Neither must the overlapping simulation areas
utilize identical grid spacing, such that it may be desirable to
refine the fluid flow mesh to capture some complex physics in a
specific area, without adapting the mechanical mesh to agree. It is
only required that interpolation of data accommodate the
differences in mesh extent and geometry.

Sequential execution of the two programs is linked by a
separate code capable of parsing data outputs from each primary
simulator as input to the companion. This separate code is
referred to as the ‘‘interpolation module’’. The module is a Fortran
90 executable, and maintains access to data outputs from
TOUGHREACT and FLAC3D. In addition to data interpolation, this
module executes constitutive relationships including permeabil-
ity evolution, dual-porosity poroelastic response to stress, and
thermodynamically controlled fluid compressibility.

All transient calculations take place within TOUGHREACT, and
it is here that the time step is controlled for conditions of fluid
velocity, grid size, and reaction rates. Additionally, there is a
secondary (explicit) time step that controls how often stress is
corrected to changes in fluid pressure (for what length of time
TOUGHREACT conducts a flow simulation before allowing stress
equilibration in FLAC3D). This frequency is controlled in the
interpolation module. If the magnitude of stress change in the
system over one time step is beneath a pre-determined tolerance,
the frequency is decreased (if stress is not changing, mechanical
re-equilibration is unnecessary), and vice versa for an upper
tolerance. Coupling is explicit and constitutive calculations are
performed once per iteration (assuming constant constitutive
values throughout a fluid flow time step), requiring sufficiently

small time steps relative to the rapidity of change in the system.
The validity of utilizing such a methodology is discussed in later
sections to provide insight into this explicit time step.

The coupling cycle is shown in Fig. 2, and is comparable to the
loose coupling, modular structure of Minkoff et al. [24] and
Rutqvist et al. [3]. Simulation begins with equilibration of
temperature (T) and pore fluid pressure (pf) in TOUGHREACT,
where porosity (f) changes due to mineral precipitation/dissolu-
tion and liquid saturation (S) are also obtained. Constitutive
relationships in the interpolation module transform these outputs
into fluid bulk modulus (Kf), as obtained from IAPWS steam table
equations, and permeability change due to mineral behavior
(DkTC). The TOUGHREACT central node data (pf,T) are then
interpolated to corner node information as input to FLAC3D. After
stress equilibration in FLAC3D, the interpolation module uses
stress outputs within a dual-porosity framework, consisting of
matrix (pf

(1)) and fracture (pf
(2)) pore fluid pressures, to obtain the

pressure response to the new stress field via domain (matrix,
fracture) and state (p,T) specific Skempton coefficients. Effective
stress is then used to obtain the permeability change due to
pressure solution type behavior (DkTMC) while chemical strain (eC)
is accommodated in the stress field (discussed later). Parameters
then re-enter TOUGHREACT for the next time step.

4. Governing equations

The physical system of interest is modeled herein as a multi-
continuum, fully or partially saturated fracture/matrix system
with direct communication between the domains. Local thermal
equilibrium is assumed between the fluid and solid (at a single
point in continuum space, the fluid and solid exhibit the same
temperature), but not between separate fracture and matrix
domains. From this framework, a differential of pressure and
temperature may develop between the fracture and matrix, with
properties of pressure and temperature dissipation influencing
the rapidity of transfer from local changes in the fracture system
into the surrounding matrix blocks, and vice versa. As such,
the multi-continuum distinction is fully maintained within
the numerically represented THC system, while local continuity
of stress requires equilibrium of stresses between fracture and
matrix, which is then represented within the single continuum
framework of FLAC3D. For this transition, physical characteristics

ARTICLE IN PRESS

Fig. 2. Coupling relationship between TOUGHREACT, FLAC3D, and the interpolation

module.
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Fig. 2. Coupling between TOUGHREACT and FLAC3D (Taron et al., 2009).
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Table 1. Material properties and values used in the simulation.

Parameters Damage Zone Core Zone Rock Matrix

Permeability (m2) 10−16 to 10−12 10−17 10−16

Young’s modulus (GPa) 2.52 2.52 25.2

Shear modulus (GPa) 1.03 1.03 10.3

Poisson’s ratio 0.22 0.22 0.22

Friction angle (◦) 28 28 45

Thermal expansion coefficient, 1/◦C 1.2e-5

Formation heat conductivity, W/m◦C 2.51

Rock specific heat, J/kg◦C 918

Fracture porosity 0.3 0.3 0.01

Induced seismicity and slip tendency along the fault zone due
to fluid injection was examined with the fluid injection rate
kept constant at 10 kg/s.

2.1 Constitutive model for permeability change

The permeability model employed in this study allow
fracture aperture-dependent permeability evolution, due to the
variation of effective stress state. According to the cubic law
for fluid flow in fractured media (Witherspoon et al., 1980),
the fracture aperture-dependent permeability is given by:

k =
b3

12s
(2)

where b represents the fracture aperture, s represents the
fracture spacing, and k represents the fracture permeability.
There are various constitutive models to depict the behaviour
of fracture aperture under applied stress. In this study, the non-
linear fracture stiffness model for fracture aperture-dependent
permeability change is employed. The non-linear fracture
stiffness model is preferred because of its ability to depict
fracture stiffening as the fracture is closed due to applied
stress (Min et al., 2009). This non-linear model empirically
defines fracture aperture growth under the influence of applied
effective normal stress σ and the observed fracture stiffness α

(Rutqvist et al., 2002; Min et al., 2009; Taron and Elsworth,
2009; Taron et al., 2009) as:

bm = bmr +(bmo−bmr) exp(−α (σ −σo)) (3)

where bm represents the hydraulic fracture aperture as a result
of mechanical stress effect alone, bmo represents the fracture
aperture under no mechanical stress effect, bmr represents
the residual aperture under mechanical stress effect only, σo
represents the effective stress at zero deformation (Taron et al.,
2009), and α represents the non-linear fracture stiffness. The
model assumes that the mechanical aperture (b) in Eq. (2) is
approximately equal to the hydraulic aperture (bm) in Eq. (3),
i.e. b ∼ bm (Gan and Elsworth, 2014a). The mechanical stress
effect controls the evolution of the fracture aperture which in
turn controls the evolution of the fracture permeability.

2.2 Model description

The geometry of the geothermal reservoir used in this
study is represented in Fig. 3a, with dimensions of 600 m,
15 m, and 600 m in x, y, and z axis respectively, representing
a pseudo 3-D doublet. A strike-slip fault of length 424 m
and breadth 2 m with dip orientation of 45◦ is emplaced in
the model with an initial uniform reservoir temperature of
200◦C and initial pore pressure of 13.8 MPa. The fault is
separated into the fault damage zone and the fault core. The
damage zone represents the fluid pathway in this study because
of its high fracture permeability and hence the locations of
both the injection and production wells. The fault zone is
characterized by preponderance of joint model to depict the
fault zone’s elastic-plastic tendencies. The initial stresses (see
Fig. 3) are 27.3 MPa and 45.5 MPa representing the minimum
and maximum boundary stresses respectively. The minimum
stress acts in the E-W direction while the maximum stress acts
in the N-S direction. Other material properties and values used
in the model are listed in Table 1.

The fault has an initial angle of internal friction of 28◦,
and the mechanical simulation adopts a plastic friction strain-
softening constitutive model, by assuming the decrease in
friction angle with development of plastic deformation in fault
joints (Fig. 3b). The rock matrix is assigned with a classical
Mohr Coulomb model with an internal friction angle of 45◦.

2.3 Fault plane initial stability

The initial stability of the fault plane was examined with
respect to the model’s initial mechanical conditions and values.
The coefficient of the fault’s friction was used to examine
the fault plane initial stability (Jaeger et al., 2007). The fault
plane stability and slip tendency was then evaluated using the
relation (Rutqvist and Oldenburg, 2007; Gan and Elsworth,
2014a):

σ
′
1

σ
′
3
=

σ1−α p
σ3−α p

≤ Q =
[(

µs
2 + 1

)1/2
+µs

]2
(4)

where σ
′
1 is the maximum principal effective stress, σ

′
3 is the

minimum principal effective stress, α is the Biot coefficient,
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Fig. 3. (a) Geometry of the enhanced geothermal reservoir used in this study with the fault architecture with initial stress boundary conditions, (b) associated
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p is the initial pore pressure and Q is the limiting effective
stress ratio, µs is the coefficient of friction. The fault plane
fails when the ratio σ

′
1/σ

′
3 becomes greater than Q. From the

model’s initial conditions and values, fault friction angle is 28◦

so that µs is 0.53, the corresponding value of Q is therefore
2.76. Also, σ1 = 45.5 MPa, σ3 = 27.3 MPa, initial pressure
= 13.8 MPa, α = 1, so that the ratio σ

′
1/σ

′
3 = 2.35 which is

less than Q = 2.76. This represents a fault that is stable but
critically stressed. The cohesion was also set to zero.

3. Results interpretation

3.1 Permeability evolution

Permeability sensitivity analysis was carried out within
the fault damage zone in order to investigate the THM
processes in the fault zone. The permeability evolution is
dependent on fracture aperture evolution under stress. The
fracture permeability of the damage zone was varied from
10−16 m2 to 10−12 m2, while the fracture spacing is kept
constant at 10 m throughout the study. The stress dependent
fracture permeability varies with the onset of shear failure
or normal compaction. The fracture permeability evolutions
of the five different initial fracture permeabilities (10−16 m2

to 10−12 m2) are shown in Fig. 4, which shows the fracture
permeability is dynamic as it continually evolves in response
to the evolution of the hydraulic fracture aperture under the
effect of mechanical stress. Both thermal and HM conditions
including shear failure on fault/fracture plane have contributed
to the evolution of the fracture permeability. The timing of
slip (see Fig. 4) for the five different permeabilities have been
controlled by the interplay of both thermal and HM conditions.
As the injection rate for the five scenarios are kept constant at
10 kg/s, the variation of permeability design has direct impact
in the gradient of pressure built-up based on the Darcy’s
Law, if the thermal effect is excluded. The high permeability
condition (k = 10−12 m2) could have the smallest pressure
built-up velocity, based on the Darcy’s equation, comparing
to other lower permeability cases,

q =
kA
µB

dP
dL

(5)

where q is the volumetric injection rate, k is the permeability
of medium, A is cross section area of fluids flowing in the
channel, B is formation volume factor, µ is the viscosity
of fluid, and dP/dL is the pressure gradient between the
injection and target point. Due to the relative high velocity
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Fig. 4. Fracture permeability evolution for initial permeabilities ranging from 10−16 m2 to 10−12 m2.

of fluids in fracture channels, it will leave small residence
time for fluids to pick up heat as a mode of heat advection.
Consequently, the major impact in changing stress state is
dominated by the HM process. When the permeability is
gradually reduced to 10−15 m2, the timing for slip onset is
gradually decreased, there are two potential explanation. The
first hypothesis is the increase of pressure gradient, when
the fault permeability is reduced at constant injection rate
condition, it reduced the required timing to slip. Secondly, the
localized heat transfer by conduction could change the stress
state of fault by thermal unloading (Gan and Elsworth, 2014a).
Therefore HM effects have dominant control on the evolution
of the higher permeabilities (10−12 m2) while the gradual
pronounced thermal effects plays on the evolution of the stress
state under lower permeabilities (10−15 − 10−12 m2). The slip
timing result for the permeability (k = 10−16 m2) is reversely
higher than the other condition. This observation could partly
be explained due to the potential increasing communication
between fault and the host surrounding rocks, which led to
a small gradient of pressure built-up, as the fault and host
non-faulted rocks have similar permeability magnitude.

The evolution of the Coulomb stress ratio (Fig. 5) indicates
the time of slip on the fault plane for the different permeabil-
ities. The angle of internal friction of the fault damage zone
used in the simulation is 28◦ which corresponds to a value
of 0.53 as the coefficient of static friction (i.e. Tangent of
28◦). Slip or shear failure on the fault/fracture planes therefore
occurs when the Coulomb stress ratio equals or exceeds the
coefficient of static friction which is 0.53 in this case (see
Fig. 5). Figs. 5 and 6 show that higher fracture permeabilities
relatively delay the time of seismic slip on the fault plane.
This is because more time is taken for overpressure to build
up on the fault/fracture plane and consequently cause shear
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failure. With higher fracture permeabilities, HM conditions
regulate the time of slip more than thermal conditions. How-
ever, the least fracture permeability in the sensitivity analysis
(10−16 m2) shows the latest time of slip on the fault plane. This
delay is attributed to the shift of thermal sweep in the reservoir
from advection mode to conduction mode, and because the
rock matrix permeability is equally 10−16 m2 which is the
same as the least fracture permeability used in this study for
the fault damage zone.

3.2 Location of the injection well

The state of stress at the location of the injection well plays
a role in determining the time of slip on the fault/fracture
plane and hence the permeability evolution. The rate of fluid
injection is kept constant at 10 kg/s in both Figs. 7a and 7b.
In Fig. 7a, the injection well is placed below the withdrawal
well along the fault and thus is under higher stress state.
This reduces the rate of stress perturbation caused by fluid
injection hence delaying the time of slip on the fault or fracture
planes. In Fig. 7b where the injection well is placed above the
withdrawal well, slip on the fault/fracture plane occurs earlier
due to the lower stress state at the top end of the fault.

3.3 Production rate and enthalpy conditions

This study considers two scenarios labelled Case A and
Case B (see Fig. 8a) to investigate changes in production
(flow) rate, enthalpy (heat) conditions, and electrical power

generation due to changes in the locations of the injection and
the withdrawal wells along the fault zone. The state of stress
at the upper end of the fault is lower than the state of stress
at the lower end of the fault. The fluid injection rate was kept
at 10 kg/s throughout this investigation. Fracture spacing for
testing these two scenarios was kept at 10 m while the fracture
permeability of the fault damage zone was kept at 10−13 m2.

Fig. 8c indicates that the enthalpy conditions or water
temperature in the two scenarios (Case A and Case B) are
basically the same irrespective of the prevailing state of stress
at locations of the injection and production wells along the
fault zone. However, Figs. 8b and 8d indicate that production
or flow rate, and electrical power generation are influenced by
the stress state at the locations of the injection and production
wells.

3.4 Induced seismicity

The magnitudes of the seismic events on the fault zone
in the reservoir due to fluid injection are quantified based on
the moment magnitude scale which gives a description of the
strength of the seismic event. The moment magnitude scale
describes the strength of the seismic event based on the event
moment which is a measure of the energy released by the
seismic slip on the fault plane (Kanamori and Abe, 1979).
Eq. (6) relates the seismic moment to the moment magnitude
(Shearer, 2009):

logM0 = 1.5Mw +9.1 (6)
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Fig. 8. Evolution of production rate and enthalpy conditions. (a) The two scenarios of well locations labelled Case A and Case B (b) Production rate or flow
rate evolution for the two cases (c) Enthalpy or water temperature evolution for the two cases (d) Evolution of electrical power generation for the two cases.

where M0 represents the seismic moment, Mw represents the
moment magnitude.

The seismic moment is given (Aki, 1967; Aki and
Richards, 2009) as:

M0 = shear modulus× rupture area× slip distance

M0 = µLwd
(7)

where µ is the shear modulus, L is the fault length, w is the
fault rupture width, and d is the slip distance. The induced
seismicity on the fault/fracture planes for the different fracture
permeabilities have moment magnitudes (Mw) ranging from

2.0 to 2.2. Figs. 9 and 10 show the distribution of the slip
distances against the fault length.

Figs. 9 and 10 indicate that the slip distances on the
fault/fracture planes due to fluid injection are quite small (in
order of few centimetres). This gives rise to seismicity with
maximum moment magnitude of 2.2.

4. Discussion

4.1 THM effects on permeability evolution

The fracture permeability sensitivity analysis shown in Fig.
4 & Fig. 7 demonstrates the effects of THM processes on frac-
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Fig. 9. Distribution of the fault slip distances before and after slip for the different fracture permeabilities (a − d).
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Fig. 10. Comparison of distribution of the fault slip distances for the different
fracture permeabilities.

ture permeability evolution. Specifically, the THM processes
in the fractured porous media played a key role in determining
the time of seismic slip and permeability change due to shear
failure on the fault/fracture plane for the different fracture

permeabilities (Figs. 4, 5, and 6). For the highest fracture per-
meability in Fig. 4 (k = 10−12 m2), HM processes have dom-
inant control on permeability evolution. The thermal sweep
in the reservoir is dominated by advection over conduction
as the high fracture permeability permitted higher velocity
of fluid flow. The higher fracture permeability delays the
time taken for overpressures to build up on the fault/fracture
plane due to fluid injection thus delaying the time of slip
on the fault plane. The build-up of pore pressures reduces
the effective normal stress thereby increasing the shear stress
component. The reduction of the effective normal stress plays
a key role in the rheology of fractured porous media (Ranalli,
1995). The fault plane then slips when its frictional resistance
is reached or exceeded by the shear stress component. In
lower fracture permeabilities (k = 10−15 m2 to 10−13 m2) in
Fig. 4, the build-up of overpressures is faster, thus causing
the fault/fracture plane to shear or fail earlier. The fracture
permeabilities also evolve or change with the shear failure on
the fault/fracture plane. For the lowest fracture permeability
in Fig. 4 (k = 10−16 m2), thermal processes have dominating
control on permeability evolution and time of slip. With
reduction in fluid flow and HM effects, heat transfer in the
reservoir is now dominated by conduction over advection. The
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temperature difference between the fault zone and the country
rock becomes negligible. This lowest fault permeability is also
the same as the country rock permeability (10−16 m2) used in
this study. The shift of heat transfer mode from advection to
conduction coupled with the uniform permeability and thermal
state of both fault zone and country rock has delayed the time
of slip for the lowest fracture permeability (10−16 m2). For
the intermediate fracture permeabilities (10−15 m2 to 10−13

m2), both HM and thermal processes combined to influence
the permeability evolutions and the time of slip on the fault
plane.

4.2 The state of stress at the injection well

The state of stress at the location of the injection well plays
a role in determining the time of slip on the fault/fracture
plane and hence the permeability evolution (Fig. 7). When the
injection well is placed above the withdrawal well (upper end
of the fault; see Fig. 7b), shear failure on the fault/fracture
plane occurs earlier due to the lower state of stress at the top
of the fault. On the other hand, when the injection well is
placed at the lower end of the fault with higher state of stress
(Fig. 7a), shear failure on the fault/fracture plane was delayed.
The higher stress state at the lower end of the fault reduces the
rate of stress perturbation due to fluid injection thus delaying
the time of slip on the fault plane.

Fig. 8 demonstrates the effects of the state of stress at the
locations of the injection and withdrawal wells along the fault
on the flow (production) rate, enthalpy conditions or water
temperature, and electrical power generation. For the two cases
considered (Case A and Case B), the enthalpy conditions or
water temperatures are primarily influenced by the prevailing
temperatures and thermal gradients in the reservoir. Fig. 8c
shows that the state of stress at the locations of the injection
and production wells has little or no influence on the enthalpy
conditions or water temperatures. However, the production or
flow rate is influenced by the state of stress at the locations of
the injection and production wells which in turn influences
the electrical power generation (Figs. 8b and 8d). This is
interpreted to be a result of permeability change with shear
failure since the state of stress at the injection well influences
the timing of shear failure on the fault or fracture planes.
The change in fracture permeability with shear failure which
will occur at different times for Case A and Case B therefore
influences the evolution of flow or production rate for the two
cases and consequently influences the evolution of electrical
power generation for the two cases.

4.3 Induced seismicity

The increased pore pressures in the fractured porous media
due to hydraulic stimulation or fluid injection has the potential
to perturb the state of stress and strain in the subsurface.
This can cause distributed seismicity on the fault/fracture
plane. Most of the man-made seismicity are however of low
magnitude but may also be high if it involves reactivation
on large faults that are weak (Gan and Elsworth, 2014a).

Recorded earthquake magnitudes from this study due to fluid
injection on the fault zone ranges from Mw = 2.0 to Mw = 2.2.
Figs. 9 and 10 show that higher slip distances are distributed at
the upper end of the fault zone. This is attributed to the lower
stress state at the upper end of the fault zone. Generally, the
higher the fracture permeability, the lower the slip distances
and hence the lower the moment magnitude. This is due to the
lower rate of accumulation of overpressures in higher fracture
permeabilities due to fluid injection compared to lower fracture
permeabilities where overpressures accumulate faster. This
causes lower fracture permeabilities to slip earlier with higher
slip distances and moment magnitudes. However the lowest
fracture permeability for the damage zone in this study (k =
10−16 m2) has a lower slip distance and moment magnitude.
This has been attributed to the dominance of thermal processes
over HM processes, in influencing permeability evolution and
time of slip on the fault/fracture planes.

5. Conclusions
This study investigates the exploitation of the fault damage

zone in the development of EGS. With the persistent problem
of low porosity and permeability in deep EGS, the exploitation
of a fault damage zone could play an important role in
the commercial development of EGS. With the ubiquitous
distribution of fractures in the fault damage zone and the
presence of enhanced fracture apertures, permeability can
be greatly enhanced thereby optimizing production. These
enhanced fracture apertures of the fault damage zone have
great influence on fracture permeability based on the cubic
law for fluid flow in fractured porous media. The evolution
of the fracture permeability is dependent on the evolution of
fracture apertures under the effect of mechanical stress.

The fracture permeability sensitivity analysis of the fault
damage zone demonstrates the effects of the THM processes
on the evolution of fracture permeability and the time of slip or
shear failure on the fault/fracture plane. For high fracture per-
meability (10−12 m2), HM processes have dominant control on
permeability evolution and the time of slip on the fault plane.
The mode of the thermal sweep in the reservoir is dominated
by advection as the high fracture permeability permitted higher
velocity of fluid flow. High fracture permeability delays the
time taken for overpressures to build up on the fault/fracture
plane due to fluid injection thus delaying the time of slip on
the fault plane.

For low fracture permeability (10−16 m2), heat transfer
processes has dominant control on permeability evolution
and time of slip. With reduction in fluid flow and hydro-
mechanical effects, heat transfer in the reservoir is dominated
by conduction. For the intermediate fracture permeabilities
(10−15 m2 to 10−13 m2), both hydro-mechanical and thermal
processes combined to influence the permeability evolutions
and the time of slip on the fault plane. As the residence time
for the cold fluids stay in the hot rocks, the low permeability
in fault damage zone could allow more complete heat transfer
by conduction. The induced thermal stress could unload fault
stress state, by prompting the induce failure and reducing
timing of slip. When the permeability is reduced to the
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magnitude of 10−16 m2, the increased communication between
matrix and fault allows the dissipation of fluid to the host rocks
and reduce pore pressure elevation gradient.

Not only the permeability of fault zone affects the timing
of slip, but also the volumetric ratio of damage zones over the
entire domain will also have impact on the heat transfer and
the associated slip results. In this work, the concept for direct
injection inside fault is to evaluate the influence of localized
heat transfer inside fault in triggering fault. Consequently, it
could expect that when the fault is significant larger (∼ 400
m wide) (United Downs Deep Geothermal project), it will
take longer time to build up pressure, and large potential in
dissipating pressure to the surrounding rock, depending on the
permeability of host rocks. It will be valuable to investigate the
sustainable period and injection rate to circulate fluids along
fault, to maximize the heat transfer energy while minimizing
the potential of fault instability.

Also, the state of stress at the location of the injection well
plays a role in determining the time of slip on the fault/fracture
plane and hence the permeability evolution. When the injection
well is placed above the withdrawal well (upper end of the
fault), shear failure on the fault/fracture plane occurs earlier
due to the lower stress state at the top of the fault. When the
injection well is placed at the lower end of the fault (with
higher stress state), shear failure on the fault/fracture plane
was delayed. The evolution of production or flow rate is also
influenced by the state of stress at the locations of the injection
and production wells which in turn influences the evolution
of electrical power generation. This has been attributed to
different timing of permeability change with shear failure since
the state of stress at the injection well influences the timing
of shear failure on the fault or fracture planes. The change in
fracture permeability with shear failure therefore influences the
evolution of flow or production rate depending on the stress
state at the injection well which consequently influences the
evolution of electrical power generation.

The elevated pore pressures in the fractured porous media
due to hydraulic stimulation or fluid injection has the potential
to perturb the state of stress and strain in enhanced geothermal
reservoirs thus causing distributed seismicity on the fault/frac-
ture planes. The seismicity from the permeability sensitivity
analysis all have moment magnitudes that are below 2.5.
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