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A B S T R A C T   

The presence of multiple conjugate but non-intersecting faults in geothermal reservoirs presents issues related to 
fault interaction in the presence of complex coupled thermo-hydro-mechanical (THM) processes in influencing 
the triggering of seismicity. We examine alternate strategies in stimulating such a conjugate-faulted geothermal 
reservoir analogous to that hosting the Mw 5.5 Pohang earthquake (2017). We evaluate the response of the 
reservoir to both short-term stimulation (1y) and long-term production (10y), both with and without thermal 
effects – for a large fault (F1) adjacent to a non-intersecting smaller fault (F2) and in a reverse faulting stress 
regime. Results suggest that the slip on either fault impacts the stress state on the other fault through stress 
transfer. Reactivation of the minor fault (F2) transfers stress towards to the upper part of primary fault (F1), 
inducing instability. The slip of the major fault is delayed by positioning the location of injection away from the 
junction between the two faults – decreasing the injection depth from 4087.5 m to 3712.5 m delays the time to 
slip by 2.61 y. Furthermore, thermal stress plays a decisive role in prompting late-stage fault reactivation for 
long-term fluid circulation where pore pressures have already reached steady state. The pattern of thermal 
unloading follows the path of fluid transport and heat transfer along the faults. Overall, this study not only 
advances our understanding of mechanisms of injection-induced fault instability in EGS reservoirs with multiple 
and closely-interacting faults, but also provides insights into how different injection strategies can delay or 
mitigate induced seismicity.   

1. Introduction 

Geothermal energy, as a promising means to address the energy crisis 
and reduce greenhouse gas emissions from the burning of fossil fuels, 
has attracted widespread attention worldwide.1,2 Enhanced geothermal 
systems (EGSs), which extract heat from hot basement rock at great 
depths with originally ultralow permeabilities and high temperatures by 

creating fracture networks through hydraulic stimulation, have great 
potential to produce baseload electrical power.3 However, induced 
seismicity caused by fluid injection has resulted in several EGS projects 
being delayed or canceled, raising widespread concern regarding the 
feasibility of this technology.4 Although the magnitudes of induced 
earthquakes have generally been relatively small,5,6 some have been 
large, causing significant damage to property and economic losses.7 For 
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example, a Mw 4.6 event occurred at the Geysers geothermal site in the 
US in 1982,8 a Mw 3.7 event at the Cooper Basin geothermal site in 
Australia in 2003,4 an ML 3.4 event at the Basel EGS in Switzerland in 
2006,9 and a Mw 5.5 event occurred at the Pohang geothermal site in 
South Korea in November 2017.10 In view of the significant societal and 
economic impact, studying the mechanisms of injection-induced seis
micity to better understand and mitigate the occurrence of large induced 
earthquakes is of great importance. 

Fluid injection-induced seismicity has occurred in many under
ground engineering projects, including wastewater disposal,11 carbon 
dioxide sequestration,12 and enhanced oil and gas recovery.13,14 

Mechanisms contributing to this injection-induced seismicity have been 
investigated based on laboratory experiments,15 field tests,16 and nu
merical models. Most large-magnitude induced earthquakes are corre
lated with the presence of pre-existing faults and an ambient critical 
stress state.17 Also, pore pressure diffusion plays an essential role in the 
fault reactivation18; the fluid pressure increase due to fluid injection 
reduces the effective normal stress, leading to a reduction in shear 
strength. Another mechanism inducing seismic reactivation is related to 
poroelastic stressing.19 Different from direct fluid pressurization, 
deformation of the surrounding reservoir may spread to the far field via 
stress transfer – potentially destabilizing distant faults without direct 
fluid communication.20 Furthermore, thermal drawdown caused by 
cold-water injection may trigger fault reactivation.21–24 Fluid-induced 
aseismic events25,26 and small earthquakes15,27 can also transfer 
Coulomb static stress and further trigger seismicity. Other possible 
mechanisms for triggering fault activation include cooling,28 earthquake 
interaction,29 geochemical/mineralogical alteration,30 and thermal 
pressurization.31 

Currently, the most prominent example of an induced earthquake in 
a geothermal reservoir is the magnitude Mw 5.5 seismic event close to 
the Pohang geothermal site in Korea, on November 15, 2017.32 Two 
wells (PX-1 and PX-2) were drilled into the granitic basement to a depth 
of 4215 m and 4348 m, respectively, from 2012 to 2016. A total of five 
hydraulic stimulations were carried out alternately in PX-1 and PX-2 
from January 29, 2016 to September 18, 2017, leading to a Mw 3.2 
event on April 15, 2017 during the stimulation period and a Mw 5.5 
mainshock two months after the stimulation period.33 The mainshock 
caused numerous injuries and more than US$300 million in total eco
nomic loss.33 

Significant effort has been made for a better understanding of the 
hydraulic and geomechanical processes occurring in hydraulic stimu
lation, particularly in relation to the Pohang geothermal project.34 

Seismological and geodetic analyses have suggested a causal connection 
between EGS development and the Mw 5.5 earthquake in Pohang.35 By 
analyzing geological, geophysical, and reservoir stimulation data, the 
temporal relationship between seismicity and fluid injection, as well as 
the spatial relationship between the hypocenters and the EGS site, have 
indicated that the Pohang earthquake was induced.7 Earthquakes that 
have occurred around the EGS site over the past 10 years have been 
collected and analyzed, providing evidence for the hypothesis that the 
earthquake was triggered by fluid injection to a critically stressed 
fault.34 More detailed hydromechanical modeling and analysis of the 
first and second hydraulic stimulations in wells PX-1 and PX-2 have been 
conducted to improve the understanding of the hydro-mechanical and 
induced seismic characteristics.36–38 These studies considered the pres
ence of fractures intersecting the open-hole sections of the wells and 
found that immediate stress transfer and delayed fluid migration played 
a significant role in understanding seismic response of the Mw 5.5 
fault.39 Field-scale simulations with variation in well design have been 
applied to advance physical understanding of how different configura
tions of well operations can mitigate the potential for induced seis
micity.40 The maximum induced earthquake magnitude (Mmax) has been 
found to scale with the logarithm of the elapsed time from the beginning 
of the fluid injection to the occurrence of the earthquake, which is also 
the case for the Pohang Earthquake.41 Additionally, the geochemistry of 

the water that flows back from the geothermal stimulation has been 
analyzed, indicating that fault corrosion may be a potential cause of the 
Mw 5.5 earthquake.30,42,43 

The above details describing the Mw 5.5 Pohang earthquake attempt 
to reveal the possible mechanisms of the earthquake from different as
pects, such as pore pressure increase, poroelastic stress changes, and 
fault weakening caused by water-rock interactions. However, they do 
not consider the scenario in which multiple conjugate but non- 
intersecting faults exist in geothermal reservoirs. Under these circum
stances, fault interaction with complex THM processes influences the 
stability of adjacent faults. The reactivation of one fault caused by fluid 
injection leads to deformation in the reservoir rock, redistributing stress 
and potentially promoting the slip of the adjacent fault. However, the 
role of stress transfer in fault instability in conjugate faulted reservoirs 
needs further study. Multiple observations at Pohang confirm the exis
tence of an inclined fault between PX-1 and PX-2, and the relocation of 
seismic activity has also identified a smaller fault near PX-1.33 The 
smaller fault has been accommodated in some analyses.44 Here, the 
perturbation in pore pressure triggers seismicity on critically stressed 
faults, and those earthquake interactions trigger successive events. 
However, that work did not consider the influence of thermal stress 
caused by cold water injection. 

Due to the relevance and data availability of the Pohang geothermal 
site, we utilize data from this particular site to develop our model. Our 
study aims to investigate the hydraulic, heat transfer, and stress transfer 
effects caused by cold fluid injection on triggering fault instability. The 
data from the Pohang site provide a concrete example to base our sim
ulations on, ensuring that the model parameters are realistic and rele
vant. This approach allows us to explore general principles and 
mechanisms that could apply to similar geothermal sites. 

We develop a pseudo 3D model using the TOUGH-FLAC3D simu
lator45 to model coupled thermo-hydro-mechanical processes in an EGS 
reservoir subject to fluid injection and circulation. This coupled THM 
computational platform has been validated and extensively applied to 
study the problem of fault instability in the context of EGS reser
voirs.21,22,46–48 We aim to develop an improved conceptual under
standing of how stress transfer influences fault stability in the presence 
of a non-intersecting conjugate fault set. We study the thermal effect 
caused by cold fluid injection on fault stability by comparing the timing 
and magnitude of earthquakes induced by fluid injection, both with and 
without considering thermal effect. Finally, simulations with different 
injection strategies are conducted to advance our understanding of how 
different injection strategies can relieve or delay the induced seismicity. 
Although the work reported here is placed in the context of the Pohang 
EGS project, we emphasize that our goal is not to derive a fully cali
brated and validated model of the Pohang EGS, but to provide insights 
applicable to similar fault geometries. 

2. Modeling approach 

2.1. Simulator introduction 

TOUGH-FLAC3D is an undrained, modular THM simulator that 
couples the thermal and hydraulic capabilities of TOUGH with the me
chanical calculations of FLAC3D. We use the EOS1 module, which 
provides a description of pure water in the liquid, vapor, and two-phase 
states. The coupling procedure is illustrated in Fig. 1. The coupling in 
TOUGH-FLAC3D is two-way. The simulation begins with the equilibra
tion of temperature and pore pressure in TOUGH．The TOUGH central 
node data are then interpolated to corner node information to serve as 
input for FLAC3D. After reaching a stress equilibrium state in FLAC3D, 
the pressure response is obtained. The effective stress is then used to 
determine the permeability change. Parameters are subsequently re- 
entered into TOUGH for the next time step. 
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2.2. Model description 

The Pohang EGS, located within the Pohang Basin, was intended to 
extract geothermal energy from a ~4 km-deep granodioritic reservoir. 
As mentioned earlier, seismicity relocations have identified the exis
tence of an inclined fault between PX-1 and PX-2 and a smaller fault near 
PX-1. Thus, we study THM coupled processes in a geothermal reservoir 
with a major fault (F1) adjacent to a non-intersecting minor fault (F2) 
during fluid injection and circulation. A pseudo 3D model is built. There 
are two faults in the reservoir with their location and architecture 
defined according to the EGS reservoir at Pohang. The fault structure in 
our model is consistent with the model in Yeo’s article.44 They obtained 
the best-fit model using hydraulic diffusivities and wellhead pressure 
data as input. The dip angles of the two fault planes are inferred from 
observations of seismicity as 43◦ (F1) and 62◦ (F2).49 The larger fault 
(F1) is located between 3500 m and 4500 m below the ground surface 
and consists of a 10 m-thick low-permeability fault core, bounded on 
both sides by an 85 m-thick high-permeability damage zone (Fig. 2b). 
The fault core is of low permeability, while the damage zone serves as a 
permeable channel for fluid migration in the direction parallel to the 
fault strike. The smaller fault (F2) is a 130 m-thick high-permeability 

fault located at a depth between 3700 m and 4100 m. The minimum 
separation between F2 and F1 is 10 m at the base of F2 (see Fig. 2a, 
inset). To ensure the pore pressure and temperature changes do not 
reach the model boundaries, the model is contained within a rectangular 
domain of dimensions 3000 m × 2000 m in the x and z directions, 
respectively. Considering the computational efficiency and the pre
liminary nature of our study, we chose a pseudo 3D model. The length of 
the model in the y direction is 15 m, as shown in Fig. 2a. 3D faults exhibit 
varying dip angles, strike changes, and fault surface curvatures, all of 
which can affect fault slip behavior and stress distribution. These 3D 
geometric features may lead to variations in stress concentration zones, 
thereby influencing the prediction of induced seismic slip. Our model 
represents a critically-stressed reverse stress state. Under this stress 
regime, the slip direction and stress changes predominantly occur in the 
XZ plane. Therefore, while the intricate 3D fault geometry may affect 
localized stress distribution, our model is capable of capturing the key 
slip characteristics and stress variations, providing valuable insights. 

Based on measurements made during and after drilling PX-2, the 
initial in-situ stress conditions between depths of 3.4–4.3 km are 
assumed to be those of reverse faulting. Thus σHmax (maximum hori
zontal compressive stress)>σhmin (minimum horizontal compressive 

Fig. 1. TOUGH-FLAC3D model simulation coupling procedure.45  

Fig. 2. (a) Schematic of the model domain with the location of injection and production wells indicated. (b) Architecture of the major fault F1. (c) Distributions of 
the maximum horizontal stress, minimum horizontal stress, vertical stress, pore pressure, and temperature with depth. 
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stress) >σv (vertical stress), and the values for these stress components 
for the Pohang EGS reservoir at 4.2 km depth are 243 MPa, 120 MPa, 
and 106 MPa, respectively.49 According to the summary report on the 
Pohang earthquake,49 the σHmax orientation is reported as 077 ± 23◦. 
Consequently, in our model, the direction of the minimum horizontal 
principal stress is obtained by rotating the X-axis clockwise by 77◦, while 
the direction of the maximum horizontal principal stress is obtained by 
rotating the X-axis counterclockwise by 13◦. Gradients of the maximum 
horizontal stress, minimum horizontal stress, and vertical stress are 48.3 
MPa/km, 22.1 MPa/km, and 26 MPa/km, respectively.32 Pore pressures 
are hydrostatic, rising from 29.64 MPa at 3000 m depth to 48.75 MPa at 
5000 m depth. The reservoir temperature at depths of 3 km and 5 km are 
129 ◦C and 205 ◦C, respectively, with a temperature gradient of 
38 ◦C/km.50 Fig. 2c shows the distribution of in-situ stresses, pore 
pressure, and temperature with depth. Roller conditions are imposed on 
the lower and left boundaries. A constant vertical stress is imposed on 
the top boundary, and a linearly increasing stress is imposed on the right 
boundary. There is no fluid flow or heat transfer across all external 
boundaries. 

The key parameters used in the simulation approach are listed in 
Table 151 A bilinear strain-softening ubiquitous-joint model is used to 
represent the elastic-plastic behavior of the faults, with a plane of 
weakness set along the orientation of each fault. A strain-softening 
relationship is adopted by reducing the friction angle with the accu
mulation of plastic shear strain. For simplicity, we assume a uniform 
Poisson’s ratio of 0.21 and a uniform density of 2630 kg/m3. The ther
mal expansion coefficient, specific heat capacity, and thermal conduc
tivity are set uniformly as 1.7×10− 5 (1/K), 0.799 kJ/(kg⋅K), and 3.02 
W/(m⋅K), respectively, based on thermal properties derived from labo
ratory tests.51 The bulk modulus and shear modulus of the host rock are 
calculated according to the elastic modulus and Poisson’s ratio obtained 
from laboratory tests. We choose a bulk modulus and shear modulus for 
the fault to be 9.6 GPa and 6.9 GPa, respectively, which are half the 
value for the host rock.14 The initial hydraulic diffusivity of the fault 
core, fault damage zone, and host rock are applied as 10− 6 m2/s, 0.1 
m2/s, and 10− 8 m2/s, respectively.44 

Fig. 3a shows the initial stresses along the two faults. The effective 
normal stress and shear stress along the two faults both increase linearly 
with depth. The Coulomb stress ratio, defined as the ratio of the shear 
stress to the effective normal stress, as shown in Eq. (1), may be applied 
to evaluate the evolution of the stress state and identify when the fault 
approaches instability by comparing it against the friction coefficient.23 

The initial Coulomb stress ratios for F1 and F2 decrease linearly with 
depth. 

η= τα

σnα − p
(1)  

whereηis the Coulomb stress ratio, τα is the shear stress (MPa), σnα is the 
normal stress (MPa), and p is the pore pressure (MPa). 

The friction coefficients of the cuttings from PX-2 are in the range of 
0.54–0.68, with an average of 0.63, determined from cuttings at a depth 
of 3607 m in PX-2. These are consistent with analogous lithologies 
sampled in nearby fault outcrops.49 Thus, the friction angle is set to 32◦

for F1. The initial Coulomb stress ratio for F1 ranges from 0.524 to 
0.548, and the initial Coulomb stress ratio for F2 ranges from 0.331 to 
0.336, indicating that F2 is more stable than F1 under initial stress 
conditions. Farkas et al. found that the friction coefficient for F2 should 
be lower than that for F1 to match the pressure change when F2 shears 
during the actural hydraulic stimulation process.37 Thus, the friction 
angle is set to 20◦ for F2. The lower friction angle of F2 may be explained 
by the presence of chlorite gouge and clayey infilling, as observed in the 
cuttings.49,52,53 Fig. 3b illustrates the effective normal stress and shear 
stress acting on F1 and F2 at a depth of 4000 m. 

2.3. Fault permeability 

Stress, pressure, and fault slip all have a strong influence on 
permeability.23,54 In this study, the evolution of fault permeability 
during fluid injection is reflected by considering the effects of stress, 
pressure, and fault slip on fracture aperture. The representation of the 
permeability is achieved by prescribing the aperture and spacing of 
joints in the fault-normal and fault-parallel directions. The fault 
permeability is quantified as55: 

k=
b3

12s
(2)  

where k is the fault permeability (m2), b is the aperture (m), and s is the 
joints spacing (m). 

The effect of stress, pressure, and shear displacement on fracture 
aperture are considered. The evolution of aperture caused by stress 
change is calculated as56: 

bs = br + (bmax − br)exp( − δ(σ’ − σ0’)) (3)  

where bs is the joint aperture considering the normal stress effect (m), 
bmax is the maximum aperture (m) at zero stress, br is the residual 
aperture (m), δ is a constant that defines the non-linear fracture stiffness 
(1/MPa), σ, is the effective normal stress (MPa), σ,

0 is the initial stress 
normal to the fractures (MPa). 

The aperture change induced by shear displacement of fault joints is 
evaluated as. 

bdila = ujs tan φjd (4)  

where bdila is the aperture change (m) due to shear displacement, ujs is 
the joint shear displacement (m), which represents the plastic shear 
strain increment calculated from FLAC, and φjd is the dilation angle. 

Considering the influence of both normal closure and shear dilation 
effects, the final expression for calculating the permeability is given by: 

k=
(bs + bdila)

3

12
(5) 

The aperture change is calculated in interpolation module based on 
the stress field, following the procedures outlined in Equations (3) and 
(4). Specifically, these equations describe the relationship between 
stress changes and aperture variations. Once the aperture change is 
determined, the permeability is calculated using Equation (5). This 
updated permeability is then input into TOUGH for the subsequent 
simulation steps. 

Table 1 
Key parameters used in the simulation approach.  

Parameters Fault Host rock 

Poisson ratio 0.21 0.21 
Rock density (kg/m3) 2630 2630 
Thermal expansion coefficient/ 

(1/K) 
1.7×10− 5 1.7×10− 5 

Specific heat capacity (kJ/kgK) 0.799 0.799 
Thermal conductivity (W/mK) 3.02 3.02 
Bulk modulus (GPa) 9.6 19.25 
Shear modulus (GPa) 6.9 13.84 
Dilation angle (◦) 5.3 – 
Tensile Strength (MPa) 0.04 9.2 
Initial permeability (m2) 3.0×10− 18 (core), 3.0×10− 13 

(damage) 
1.5×10− 15 

Joints spacing (m) 2(core), 0.3(damage) – 
Initial aperture (m) 4.16×10− 6 (core), 1.02×10− 4 

(damage) 
– 

Porosity 0.3(core), 0.01(damage) 0.1 
Cohesion (MPa) 0 15.2 
Friction angle (◦) 32 (F1) 60.2 

20 (F2)  
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2.4. Fault slip analysis 

Whether the fault will slip or not may be evaluated by comparing the 
shear strength and shear stress on the fault plane. Based on the Coulomb 
failure criterion, the shear strength is calculated as 

τ = c + μs(σn − p) (6)  

where τ is the shear strength (MPa), c is the cohesion (MPa), μs is the 
friction coefficient, p is the fluid pressure (MPa), and σn is the normal 
stress acting on the fault (MPa). The normal stresses and shear stresses 
along the fault are defined as 

σnα =
σx + σz

2
+

σx − σz

2
cos 2 α − τxz sin 2 α (7)  

τα =
σx − σz

2
sin2α + τxz cos 2 α (8)  

where α is the angle between the normal to the fault plane and the 
positive direction of the x-axis (Fig. 2c). 

Coulomb failure stress changes (ΔCFS) may be used to describe 
changes in the stress field around the fault caused by the action of pore 
pressure diffusion, poroelastic stress changes, and thermal stress - all of 
which occur simultaneously with the injection of cold fluid.57 Positive 
Coulomb failure stress changes suggest a destabilizing stress path, 
whereas negative Coulomb failure stress changes indicate stabilization. 
Combining the changes in pore pressure, normal stress, and shear stress 
on the fault plane, the Coulomb failure stress changes are evaluated as 

ΔCFS=Δτα − μsΔσnα + μsΔp (9)  

where Δτα is the change in shear stress on the fault (MPa), Δσnα is the 
change in normal stress on the fault (MPa), and Δp is the pore pressure 
change in the fault (MPa). 

The earthquake moment magnitude, Mw, is estimated as58,59: 

Mw =
log10M0

1.5
− 6.07 (10)  

M0 =GAdavg (11)  

where M0 is the scalar seismic moment (N m), G is the shear modulus of 
the fault (Pa), A is the rupture area (m2) which is calculated by assuming 
a circular rupture patch with the rupture length, and davg is the average 
fault slip distance (m) which is obtained by averaging the slip distance of 
each monitoring point. 

2.5. Modeling scenarios 

We simulate four scenarios to investigate the evolution of the stress, 
pressure, and slip potential of the faults under different operational 
configurations (Table 2). In Scenarios 1 and 2, cold water is directly 
injected into the center of the damage zone of F2 at a depth of 3887.5 m, 
at a constant rate of 5 kg/s and a constant injection specific enthalpy of 
1.19×105 J/kg, to simulate fault response during hydraulic stimulation 
without the production well. To study the thermal effect caused by cold 
fluid injection on fault stability, Scenarios 1 is non-isothermal and 
Scenario 2 is assumed isothermal and therefore neglects thermal effects. 
Scenarios 3 and 4 are designed to designed to study the stability of the 
two faults in response to fluid circulation during the long-term operation 
of the EGS system after hydraulic stimulation. The permeability in the 
zone connecting the base of F2 and F1 is 6.4 times that of Scenarios 1 and 
2, based on the observation that the transmissivity of PX-1 permanently 
increased by 6.4 times during the stimulation.36 The production well 
intersects the F1 damage zone at a depth of 3762.5 m, and the bottom 
hole pressure of the production well is maintained at 30 MPa from the 
beginning. Scenarios 3 and 4 are again non-isothermal and isothermal, 
respectively. Scenarios 1 and 2 are modelled for a duration of one year, 
while Scenarios 3 and 4 are simulated over ten years. Although this work 
adopts the Pohang EGS site as a reference for similar fault geometries 
and rock properties, we emphasize that our goal is not to derive a fully 
calibrated and validated model of the Pohang EGS. The injection 
schemes in this study do not match the field conditions. At the Pohang 
EGS site, a total of five hydraulic stimulation were conducted alternately 
in two boreholes, PX-1 and PX-2, from 2016 to 2017. 

3. Results 

The effects of thermal stress and the presence of the extraction well 
on the stability of the two faults are analyzed by comparing the results of 
different scenarios in terms of the evolution of pore pressure, 

Fig. 3. (a) Initial stress profiles (effective normal stress σn’, shear stress τn) and Coulomb stress ratio (η) distribution along F1 and F2. (b) Mohr-Coulomb failure plot 
for F1 (blue filled circle) and F2 (red filled circle) at 4 km depth. Two different friction coefficients are assumed for F1 and F2: μ1 = 0.625 and μ2 = 0.364. (c) 
Schematic illustration of fault plane stress analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 2 
Modeling scenarios.  

Properties Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Well layout Injection 
only 

Injection 
only 

Injection- 
Extraction 

Injection- 
Extraction 

Coupling T-H-M H-M T-H-M H-M 
Simulation 

time 
1y 1y 10y 10y  
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temperature, and Coulomb stress ratio over time. Except for isothermal 
Scenario 4, faults F1 and F2 slipped in all other scenarios. The slip 
displacement distributions along the two faults are used to estimate the 
moment magnitude. The slip time (when the slip occurs), average fault 
slip displacement, and estimated moment magnitude are summarized in 
Table 3. In Scenario 1, F1 slips at 41.20 days with a total injected amount 
of 17,798,040 kg. In Scenario 2, F1 slips at 40.97 days with a total 
injected amount of 17,699,040 kg. 

3.1. Pore pressure and temperature evolution 

Fig. 4a and b illustrate the pore pressure increase and rock temper
ature decrease in the faults and surrounding rocks for non-isothermal 
Scenario 1 and 3 at two different times, corresponding to the slip 
times of the two faults. Pore pressure rapidly diffuses along F2 initially 
due to its highly permeable structure, then extends to F1. Due to the low 
permeability of the fault core in F1, the pore pressure on the left side of 
F1 increases faster than that on the right. The injection of cold water 
initially recovers heat from around the injection well, cooling down the 
region and forming a low-temperature zone (Fig. 4b). This zone grows 
and migrates downward. Compared to the diffusion of pore pressure, the 
expansion of the cooled zone in the reservoir is moderate. Fig. 4c shows 
the pore pressure and permeability evolution over time at the injection 
location for the different scenarios. Fig. 4d illustrates the rock temper
ature evolution at different locations along the faults for non-isothermal 
Scenarios 1 and 3. As shown in Fig. 4c, at the injection location, pore 
pressure increases from 38.1 MPa to 78.4 MPa, and rock temperature 
near the injector decreases from 168 ◦C to 11 ◦C after one-year of in
jection in Scenario 1. Whether or not the thermal effect is considered, 
the evolution of pore pressure at the injection location shows the same 
characteristics, indicating that the slips in Scenarios 1 and 2 are domi
nated by hydro-mechanical effects. The pore pressure at the injection 
location increases with continuous fluid injection but shows a sudden 
drop as F2 slips (enlarged area in Fig. 4c). When F1 slips, the pore 
pressure shows a greater drop, indicating that the slip of F1 impacts F2 
and causes a sudden drop in pore pressure. In Scenario 1, at the instant 
F2 slips, due to shear dilation effects, the permeability at the injection 
location shows a sudden increase. 

Compared to Scenario 1, the evolution of the pore pressure distri
bution presents different characteristics in Scenario 3. Pore pressure 
almost stabilizes from the beginning of water circulation due to the 
presence of a high permeability channel between the production and 
injection wells. As shown in Fig. 4c, the pore pressure at the injection 
point only increases from 38.1 MPa to 41 MPa before the slip of F1. 
Compared with the non-isothermal stimulation injection of Scenario 1, 
the cooling front advances much further in Scenario 3. As illustrated in 
Fig. 4d, the rock temperature at B5 starts to decline sharply at 208 d in 
Scenario 3, while it does not drop during the entire fluid injection period 
in Scenario 1. During the evolution of rock temperature at B5, there is a 
sudden rise in rock temperature at the time F1 slips (935.19 d), from 
73.0 ◦C to 77.2 ◦C, as shown in the enlarged area in Fig. 4d. In Scenario 
1, there is also an increase in rock temperature when F1 slips (41.20d). 
This can be explained by the increase in permeability caused by fault 
slip, which allows the inflow of fluids with higher temperature from 
depth. In Scenario 1, the temperature at B5 also shows a sudden rise 
when F1 slips. Additionally, the rock temperature at the production 
location starts to drop at 792.82 d, and decreases from 176 ◦C to 30 ◦C 

after ten years of injecting cold water. As shown in Fig. 4c, the evolution 
of pore pressure at the injection location presents different patterns, 
suggesting that the slip in Scenario 3 is dominated by stress change due 
to thermal effects. By comparing the pore pressure and rock temperature 
distributions in Scenarios 1 and 3, it is apparent that pore pressure 
significantly influences the stress state of the two faults when the pro
duction well is absent (Scenario 1), whereas thermal stress has a major 
impact on the stress state of the two faults for Scenario 3. 

3.2. Coulomb stress ratio evolution 

The variation of pore pressure and rock temperature disturbs the 
effective normal stress and shear stress on the fault plane. In addition to 
the injection and production locations, six monitoring points along F2 
(A1~A6) and eleven monitoring points along F1 (B1~B11) are set in this 
study (Fig. 4e). The evolution of the Coulomb stress ratio at the moni
toring points on F1 and F2 (A6, injection location, B5, and B8) in Scenario 
1 is shown in Fig. 5a. With the injection of cold water, the Coulomb 
stress ratio at A6 and the injection point on F2 both increase, but the 
increase is faster at the injection point. Then, the Coulomb stress ratio at 
the injection point drops sharply at 8.38 d, indicating that the shear 
stress exceeds the shear strength and triggers fault slip. The contour of 
plastic strains in F1 and F2 indicates that plastic strain has occurred in 
the area near the injection point at this time. Seismic rupture propa
gating from the injector significantly influences the stress state on other 
fault segments. As shown in Fig. 5a, the Coulomb stress ratio at A6 along 
F2 decreases suddenly following the onset of fault reactivation. How
ever, slip on F2 has different effects on different positions of F1, as the 
Coulomb stress ratio at different positions on F1 evolves with varying 
magnitudes with slip on F2. 

With continuing cold-water injection, more fluids flow into F1. At 
41.2 d, the Coulomb stress ratio at B5 and B8 of F1 both suddenly 
decrease, indicating the occurrence of fault slip. The contour of on-fault 
plastic strain is concentrated in the left zone of F1 at 41.2 d. Slip on F1 
impacts the stress state on F2. Later, the Coulomb stress ratio at A6 rises 
slightly, but at 202.55 d, it suddenly drops. The failure patterns of the 
two faults are different. F1 exhibits a global slip over a very short time, 
while F2 experiences local slips distributed over time. Fig. 5b illustrates 
the slip displacement distribution on F2 at 8.38 d and the F1 slip dis
tribution at 41.20 d. The maximum slip occurs at the injection point on 
F2 at the top of F1. Assuming a circular rupture, the moment magnitude 
for the induced earthquake caused by the slip of F2 and F1 in Scenario 1 
is estimated as Mw = 2.87 and Mw = 4.44, respectively. 

Unlike Scenario 1, we use an isothermal condition in Scenario 2 to 
eliminate the influence of thermal stress. Fig. 5c presents the evolution 
of the Coulomb stress ratio at monitoring points in F1 and F2 (A6, in
jection location, B5, and B8) for Scenario 2. The disturbance due to the 
pore pressure also causes F2 and F1 to slip at 22.34 d and 40.97 d, 
respectively. Compared to Scenario 1, the time of slip on F2 is delayed by 
13.96 d, while no significant impact on the slip timing of F1 is observed. 
The induced thermal stress extends the time interval between successive 
slips on F1 and F2. The plastic strain distribution at the times when F1 
slips in Scenarios 1 and 2 shows similar characteristics. However, 
different from Scenario 1, the Coulomb stress ratio rises fastest at A6, and 
the rupture initiation position is located in the upper section of F2, as 
shown in the contours of plastic strain for F1 and F2 at 22.34 d (Fig. 5c). 
In Scenario 1, the initial position of the rupture is located at the injection 

Table 3 
Slip time and size of the induced earthquakes.  

Scenario Slip time (d) davg (cm) M0(N⋅m) Mw 

Fault 2 Fault 1 Fault 2 Fault 1 Fault 2 Fault 1 Fault 2 Fault 1 

1 8.38 41.20 2.21 46.58 2.45 E+13 5.42 E+15 2.87 4.44 
2 22.34 40.97 1.15 41.32 1.28 E+13 4.81 E+15 2.69 4.41 
3 9.25 935.19 1.49 25.75 1.66 E+13 3.00 E+15 2.76 4.27  
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point. The rock temperature near the injection point drops fastest in 
Scenario 1, and the thermal stress at the injection point is also the 
largest, causing the initial rupture position in F2 to occur at the injection 
point. The permeable channel in the fault damage zone (~300 mD) in 
Scenario 2 leads to a relatively uniform pressure distribution along the 
fault dip, causing fault failure to initiate from the upper part of the fault 
(Fig. 5c). Fig. 5d illustrates the fault slip magnitude at the time of slip. 
The average slip displacement on F2 and F1 is 1.15 cm and 41.32 cm, 
respectively. According to equations (10) and (11), the moment mag
nitudes for the induced earthquakes caused by these slips on F2 and F1 
in Scenario 2 are estimated to be Mw = 2.69 and Mw = 4.41, respectively. 
A comparison between Scenarios 1 and 2 indicates that thermal stress 
tends to promote the early onset of fault instability by advancing the 
timing and translating the rupture point from the upper part of the fault 
to the injection location. 

The Evolution of the Coulomb stress ratio at monitoring points in F1 
and F2 (A6, injection location, B5, and B8) in Scenario 3 is given in 
Fig. 5e. Similar to Scenario 1, the Coulomb stress ratio decreases sud
denly at the injection point first among all the monitoring points, but its 
occurrence at 9.25 d is later than in Scenario 1. Slip on F1 occurs at 
935.19 d, which is 2.5 years later than slip on F1 in Scenario 1. At 
935.19 d, the distribution of plastic strain on F1 coincides with the area 
where rock temperature declines (Figs. 5e and 4b). Fig. 5f illustrates the 
distribution of slip displacement on F2 at 9.25 d and on F1 at 935.19 d. 
The average slip displacements on F2 and F1 are 1.49 cm and 25.75 cm, 
respectively, which are smaller than those in Scenario 1. Similarly, the 
moment magnitudes for the induced earthquake caused by slip on F2 
and F1 in Scenario 3 are estimated to be Mw = 2.76 and Mw = 4.27, 
respectively. By comparing the slip displacement distribution for the 
two faults for Scenarios 1 and 3, it is found that the slip displacement is 

generally of a lower magnitude in Scenario 3. This is mainly due to the 
addition of a production well in Scenario 3. The production process 
reduces stress accumulation in the reservoir. Strain energy is released 
through fluid extraction, resulting in lower slip under the influence of 
the thermal stress at late time. 

Except for considering the influence of temperature, the other pa
rameters in Scenario 4 are identical to those in Scenario 3. However, no 
slip is detected on F1 and F2 during the 10-year duration of water in
jection in Scenario 4. In Scenario 4, permeability remains constant at the 
initial value of 3.0×10− 13 m2, whereas in Scenario 3, permeability ex
periences a slight increases attributed to thermal stress. This elevation in 
permeability lead to a slightly lower pore pressure compared to Scenario 
4. However, the difference in pore pressure between the two scenarios 
remains within 1 MPa. After slip on F2, triggered by the increase of 
permeability caused by shear dilation, the pore pressure at the injection 
location in Scenario 3 is slightly lower than that in Scenario 4. During 
the entire 10-year injection period, the pore pressure at the injection 
point increases only slightly, from 38.1 MPa to 40.7 MPa. The small 
increase in pore pressure, the consistency of the plastic strain area with 
the area where rock temperature is reduced, together with the simula
tion result of no fault slip under isothermal conditions all indicate that 
the fault slip in Scenario 3 is mainly induced by the thermal 
perturbation. 

4. Discussion 

4.1. Effect of thermal stress on fault stability 

As previously mentioned, the operational results of the models under 
isothermal and non-isothermal conditions exhibit different 

Fig. 4. Pressure and temperature evolution. (a) Pore pressure distributions at different times for Scenarios 1 and 3. (b) Rock temperature distributions at different 
times for Scenarios 1 and 3. (c) Pore pressure and permeability evolution over time at the injection location for different scenarios. (d) Rock temperature evolution 
with time at injection, production and B5 (monitoring point closest to F2 in F1) locations for Scenarios 1 and 3. (e) Locations of the injection well, production well, 
and different monitoring points in this study. 
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characteristics, suggesting that thermal stress significantly influences 
fault reactivation. In this section, the effect of thermal stress on the 
stability of the two faults is discussed in detail by comparing THM 
simulation results with HM simulation results. 

Fig. 6 provides a detailed comparison of the evolution of pore pres
sure, rock temperature, effective normal stress, and shear stress for the 
non-isothermal Scenario 1 and the isothermal Scenario 2 at the injection 
point on F2 and monitoring point B5 on F1. Before 0.21 d, the rock 
temperature at the injection point is maintained at 168 ◦C for both 
Scenarios. After 0.21 d, the rock temperature for Scenario 1 begins to 
decrease, resulting in an increasing difference between the two sce
narios. In terms of the pore pressure evolution, the two curves for both 
scenarios coincide closely before the occurrence of fault slip. Before 
0.21 d, the effective normal stress at the injection point on F2 declines 
extremely slowly from 161.51 MPa to 161.07 MPa under both 

isothermal and non-isothermal conditions, with the two curves over
lapping. After 0.21 d, the effective normal stress decreases more 
significantly due to the rapid increase of pore pressure. Meanwhile, the 
kick-in of induced thermal stress lead to a divergence between the two 
curves, with the effective normal stress decreasing faster for the non- 
isothermal model. For the non-isothermal Scenario 1, the shear stress 
at the injection point drops twice when F2 and F1 slip, whereas for the 
case of isothermal Scenario 2, a significant stress drop occurs only when 
F1 slips. For B5 on F1, the evolution of effective normal stress and shear 
stress for both scenarios is nearly identical, indicating that the 
involvement of the thermal stress has little effect on the stress state of F1. 
This is because the thermal front in the reservoir has not reached the 
major F1 before F1 slips (Fig. 4b). 

Fig. 7 compares the pore pressure, rock temperature, effective 
normal stress, and shear stress under isothermal and non-isothermal 

Fig. 5. Evolution of the Coulomb stress ratio at different monitoring points of F1 and F2: (a) Scenario 1; (d) Scenario 2; (g) Scenario 3. The contour of plastic strain of 
F1 and F2 when the faults slip: (b) Scenario 1; (e) Scenario 2; (h) Scenario 3. Slip distance distribution along F1 and F2: (c) Scenario 1; (f) Scenario 2; (i) Scenario 3. 
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conditions at the injector on F2 and monitoring point B5 on F1 in the 
injection-extraction scenarios (Scenarios 3 and 4). Unlike the injection- 
only scenarios, fluid extraction in these scenarios mutes the influence of 
pore pressure surges, while highlighting the importance of thermal front 
propagation on the long-term stability of major fault F1 (Fig. 4b). Under 
Scenario 3, the rock temperature at the injector and F1 starts to drop at 
0.21 d and 33.6 d, respectively. The rate of pore pressure increase for 
non-isothermal Scenario 3 is slower than that for isothermal Scenario 4. 
Injecting cold fluid causes rock stresses to unload, tending to widen the 

fracture aperture, thus increasing its permeability.60 The effective 
normal stress profile at the injector for non-isothermal Scenario 3 shows 
a V-shape, indicating the evolution from a loading to an unloading stress 
state due to the thermal front progression. The decreasing gradient of 
effective normal stress is enhanced under non-isothermal condition after 
0.39 d in the unloading stage. During this stage, the effective normal 
stress decreases from 160.86 MPa to 140.85 MPa. After 55.6 d, the 
effective normal stress gradually increases until F1 slips. Comparing the 
rock temperature evolution with the effective normal stress evolution, it 

Fig. 6. Comparison of pore pressure and rock temperature under isothermal and non-isothermal conditions at the injection point on F2 (a) and at monitoring point B5 
on F1 (b) for the injection only scenarios (Scenarios 1 and 2). Comparison of effective normal stress and shear stress under isothermal and non-isothermal conditions 
at the injection point on F2 (c) and at monitoring point B5 on F1 (d) for the injection only scenarios (Scenarios 1 and 2). 

Fig. 7. Comparison of pore pressure and rock temperature under isothermal and non-isothermal conditions at the injection location on F2 (a) and B5 location on F1 
(b) for the injection and extraction scenarios (Scenarios 3 and 4). Comparison of effective normal stress and shear stress under isothermal and non-isothermal 
conditions at the injection location on F2 (c) and B5 location on F1 (d) for the injection and extraction scenarios (Scenarios 3 and 4). 
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can be seen that the unloading stage of effective normal stress corre
sponds to the rapid decline in rock temperature. As the thermal front 
propagates away from the injector, the effective normal stress gradually 
recovers (loading stage). Rapid temperature drops cause pronounced 
thermal shrinkage stress, resulting in unloading by decreasing effective 
normal stress. As the thermal front propagate away from the injection 
location, the recovery of the effective normal stress ensues, thereby 
strengthening F2. 

Compared to the isothermal Scenario 4, the evolution of pore pres
sure at location B5 reveals that the reactivation of F1 yields the major 
drop in pore pressure for the non-isothermal Scenario 3. Moreover, the 
effective normal stress remains almost constant throughout the entire 
production life, indicating the stable condition of F1 for the isothermal 
condition. However, the effective normal stress for F1 increases slightly 
by 1 MPa after F2 slips under non-isothermal condition. When the rock 
temperature starts to drop significantly (t = 319.44 d), the effective 
normal stress rapidly decreases. For both isothermal and non-isothermal 
conditions, the two evolution curves of shear stress at the injection 
location overlap before the fault slips. At the B5 location, the shear stress 
also decreases rapidly after 935.19 d, corresponding to the instability of 

F1. Therefore, the induced thermal stress could trigger the instability of 
nearby F1. 

For the injection-only scenarios (Scenario 1 and Scenario 2), the 
hydro-mechanical influence dominates the cause of fault slip. For Sce
nario 1, thermal effects accelerate the onset of fault slip. The shear stress 
along the F2 plane exceeds the fault strength for Scenario 1, primarily 
due to the decrease of effective normal stress acting on the fault plane 
caused by combined thermoelastic and poroelastic effects. However, for 
the injection and extraction scenarios (Scenario 3 and Scenario 4), 
thermal effects are the main reason for inducing fault slip. This indicates 
that the thermal stress caused by cold fluid injection could make the 
nearby critically stressed fault slip, even without a significant increase in 
pore pressure iduring geothermal exploitation. 

4.2. Effect of stress transfer on fault stability 

As illustrated in Fig. 5, the Coulomb stress ratio at different positions 
on F1 evolved in varying magnitudes with the slips on F2, indicating that 
the slip on F2 impacts the stress state and the stability of F1. Meanwhile, 
at the moment F1 slips, the shear stress at the injection point suddenly 

Fig. 8. (a) Evolution of shear stress at injection location on F2 and at B5 location on F1 for different injection depths. (b) Distribution of the Coulomb Failure Stress 
changes at monitoring locations after F2’s slip for different injection depths. (c)–(g) Distribution of the Coulomb Failure Stress changes along F1 after F2’s slip for 
different injection depths. The red ellipses highlight areas with larger positive CFS changes. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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decreases (Figs. 6c and 7c), indicating that the reactivation of F1 could 
destabilize F2. This suggests that the slip of either fault affects the stress 
state of the other fault through stress transfer in a conjugate-faulted 
geothermal reservoir. In this section, the influence of the slip on F2 on 
the stress state and stability of F1 is discussed in detail. 

The relevance of the perturbations caused by the slip on F2 to the 
stability of F1can be evaluated by analyzing the change of Coulomb 
Failure Stress (CFS) on the plane of F1. To understand the stress 
disturbance caused by the slip on F2 for Scenario 3, the change in CFS 
along F1 at the moment F2 slips (9.25 d) is evaluated and compared, as 
shown in Fig. 8c. The CFS change is computed for a plane with a dip of 
43◦, consistent with the dip of F1. The results show that the larger 
positive changes in CFS occur near B6, with an increase of 1.05 MPa. In 
contrast, the largest negative changes in CFS are observed near B4 and 
B7, with values of − 0.98 MPa and − 1.05 MPa, respectively. Addition
ally, the CFS change in the upper part of F1 (>-3787.5 m) exhibits an 
increasing feature, indicating a destabilizing stress path on the upper 
fault patch. Conversely, the CFS change in the lower part of F1 
(<-4087.5 m) shows a decreasing feature, illustrating a stabilizing stress 
path on the lower area. In conclusion, the slip on F2 perturbs the stress 
state of F1, reducing the stability of the upper part while increasing the 
stability of the lower part. 

To identify ways to mitigate or delay the occurrence of fault slip, we 
investigate the impact of varying injection depth on fault stability. The 
prescribed simulation scenarios are detailed in Table 4. Injection depth 
was varied from − 4087.5 m to − 3712.5 m while maintaining a constant 
injection flow rate and temperature of 5 kg/s and 20 ◦C, respectively. 

Fig. 8a illustrates the evolution of shear stress at the injection loca
tion on F2 and B5 on F1 for different injection depths. Regardless of the 
injection depth, F1 and F2 slip successively. However, the difference in 
injection depth leads to a change in the required time for F1 and F2 
reactivation. The slip time for F2 increases with increasing injection 
depth, while the timing required for F1 reactivation decreases with the 
increasing injection depth. When the injection depth increases from 
3712.5 m to 4087.5 m, the sliding time of F2 is delayed by 1.76 d, while 
the sliding time of F1 is advanced by 952.55 d. As mentioned earlier, the 
Coulomb stress ratio decreases linearly with depth (Fig. 3a), indicating 
that the lower part of F2 is more stable than the upper part. Therefore, 
when the injection location is set at a deeper depth, a longer injection 
lead time is required for F2 to slip. 

To investigate the reason behind the decrease in slip time of F1 with 
increasing injection depth, we identify whether there is a difference in 
the impact of F2 slip on F1 stability when the injection position is at 
different depths. The CFS changes along F1 between the slip moment of 
F2 and the previous time step are calculated for different injection depth 
conditions, as shown in Fig. 8c–g. The CFS changes at the monitoring 
locations (B1–B11) for the different injection depths are given in Fig. 8b. 
The CFS changes for F1 exhibit similar features for different injection 
depths as F2 slips, with negative changes in the lower part and positive 
changes in the upper fault patch. However, the degree of Δ CFS varies 
with the injection depth. As the injection depth increases, the range of Δ 
CFS expands from − 0.93~1.07 to − 3.87~4.09. In addition, the area of 
larger positive Coulomb failure stress changes also shifts downwards 
along F1 with the increase of injection depth at F2 (red ellipses in 
Fig. 8c–g). When the injection depth is deeper, the slip on F2 weakens 

the upper part of F1 more strongly through stress transfer, resulting in an 
earlier slip time of F1. 

In summary, stress transfer created by the slip of F2 reduced the 
stability of the upper part of F1. The proximity of the injection location 
(rupture point) to F1 determines the extent of the impact of these stress 
changes on the stability of F1. Slip on F1 would be delayed by posi
tioning the injection site away from the junction of the two faults. These 
results emphasize the necessity of evaluating thermal recovery effi
ciency and fault stability analysis under various injection strategies to 
ensure the safe and efficient exploitation of geothermal resources. The 
implications could be useful in guiding field operations in EGS with 
multiple conjugate but non-intersecting faults. 

5. Conclusion 

We conducted a systematic study of the influence of fault slip on the 
stability of an adjacent fault, together with thermal effects, by simu
lating the injection of the cold fluid into a reservoir with adjacent but 
non-intersecting conjugate faults (F1 and F2). This geometry is estab
lished based on the Pohang EGS project. The evolution of the local 
distribution of effective stress along the two faults during cold-water 
injection was investigated to analyze stress transfer and to follow the 
interaction in instability on the two faults. The results indicate that 
mechanical and hydrological effects are the main factors triggering fault 
reactivation in the injection-only scenarios, while the impact of thermal 
stresses plays a decisive role in causing fault reactivation at relatively 
later stages in the fluid circulation scenarios. 

Except for injection and extraction scenarios without considering the 
thermal effect (Scenario 4), water injection into F2 successively causes 
F2 and F1 to slip. In scenarios where the production well is absent, the 
disturbance by pore pressures causes dominates, with an increase of up 
to 78.4 MPa. While for injection and extraction scenarios (Scenarios 3 
and 4), the increment of pore pressure is limited, as the pore pressure 
almost stabilizes from the very beginning of water circulation due to the 
presence of a high permeability channel between the production and 
injection wells. Compared with Scenarios 1 and 3, fluid extraction delays 
the slip of F2 by 0.87 d and F1 by 2.5 years, thereby highlighting the 
impact of heat transfer in modulating fault stability. 

Thermal stress is shown to play an important role in triggering slip by 
reducing effective normal stress along the fault planes and thereby 
decreasing the shear strength. In injection-only scenarios (Scenario 1 
and 2), although mechanical and hydrological effects are the primary 
reasons for fault reactivation, thermal stresses advance the timing of slip 
on F2 by 14 d and shifts the rupture point from the upper part of F2 to 
the injection location. In the long-term fluid injection-extraction sce
narios (Scenario 3 and 4), there is no slip in Scenario 4 without 
considering the thermal effect. However, thermal stress triggers slip in 
Scenario 3, indicating that thermal stress caused by cold fluid injection 
could cause local critically stressed faults to slip even without excessive 
pore pressure increase during later stage geothermal exploitation. 
Additionally, fault strengthening is observed at the injection location in 
Scenario 3 as a result of the propagation of the thermal front (Fig. 7c). As 
the thermal front propagation fades away from the injection location, 
the effective normal stress along F2 recovers. 

The failure sequence patterns for the two faults are different. F1 
presents an overall slip in a very short time, while F2 is subject to local 
slips at different times. Slip on F2 affects the stability of the adjacent 
major fault, F1. The closer F1 is to the rupture location on F2, the greater 
the impact of F2 in changing the stress state on F1. Slip on F2 mainly 
weakens the upper section of F1, while it enhances the stability of the 
lower section of F1. Conversely, slip on F1 also affects the stability of F2. 
Slip on F1 disturbs the stress state on F2, resulting in secondary slip on 
F2. Finally, simulations with varying injection depths are conducted to 
improve our understanding of how different injection strategies can 
relieve or delay induced seismicity. Slip on F1 may be delayed by 
positioning the injection site away from the junction of the two faults. 

Table 4 
Scenarios with different injection depths.  

Scenario Injection flow rate 
(kg/s) 

Injection specific enthalpy 
(J/kg) 

Injection depth 
(m) 

5 5 1.19×105 − 3712.5 
6 5 1.19×105 − 3812.5 
3 5 1.19×105 − 3887.5 
7 5 1.19×105 − 3987.5 
8 5 1.19×105 − 4087.5  
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Reducing the injection depth from 4087.5 m to 3712.5 m could result in 
a delay of 952.55 d in the time to sliding on F1. 
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