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Abstract19

We develop a fully coupled hydro-mechanical model to simulate fault slip due

to fluid injection. We consider the interaction between a hydraulic fracture

and pre-existing faults as well as the fluid exchange between the fracture/fault

and the porous matrix. In order to consider a pressure diffusion mechanism,

we set a relatively high permeability around the stimulated path. Our para-

metric study shows that a couple of factors affect the fault activation and

its slip behavior such as fault properties, friction properties and injection

scenario. We observe that pore pressure diffusion induces poroelastic stress

change, which are able to produce shut-in events with a time and space lag.

This mechanism also affects the slip behavior during injection in particular

when the surrounding permeability is high (e.g., up to 1e-13 m2/s), and pro-

vides a new insight into understanding the occurrence of stronger seismic

events after shut-in compared to the injection phase. In addition, we show

that small perturbations may trigger large seismic fault slip which highlights

the key role of the initial fault stress state. The results have profound impli-

cations for deep fluid injection related engineering as well as for soft cyclic

injection strategies aiming to mitigate the risk of large earthquakes.
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1. Introduction22

Hydraulic stimulation has been applied in many underground engineer-23

ing projects, such as coalbed methane mining (McDaniel et al., 1990; Col-24

menares and Zoback, 2007), oil/gas recovery (Law et al., 1993; Barati and25

Liang, 2014), shale gas production (Johri and Zoback, 2013; Lei et al., 2017),26

waste water disposal (Keranen et al., 2014; Brudzinski and Koz lowska, 2019)27

as well as deep geothermal energy extraction (Fehler, 1989; Murphy et al.,28

1999; Evans et al., 2005; Gaucher et al., 2015; Schill et al., 2017). It has been29

proven to be effective to improve fracture connectivity, increase reservoir30

transmissivity and enhance fluid circulation. However, due to high pressure31

fluid injection, such operation is often accompanied by seismic activities.32

Sometimes they can be felt by people on the ground and destroy ground33

facilities, therefore cause strong social disputes (Majer et al., 2007; Häring34

et al., 2008; Langenbruch et al., 2018; Lee et al., 2019; Lei et al., 2019). Fur-35

thermore, those man-made earthquakes not only occur during the injection36

phase, but also after the operation termination, termed as ‘post injection37

induced seismicity’, which can be observed both from the laboratory and38

the field (Stanchits et al., 2011; Hsieh and Bredehoeft, 1981; Evans et al.,39

2005; Albaric et al., 2014). The post injection induced seismicity sometimes40

exhibits discontinuities both in time and space. For instance, the hydraulic41

stimulation performed in June 2013 in the Rittershoffen geothermal site in-42

duced seismicity during injection but a second swarm of events occurred43

over 100 meters away from the first earthquake sequence 4 days after shut-44

in (Lengliné et al., 2017). Moreover, these additional seismic events may45
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have large magnitude, some of them are even stronger than the seismicity46

during the injection (Häring et al., 2008; Baisch et al., 2010; Albaric et al.,47

2014; McClure, 2015; Baujard et al., 2017). Those observations increase the48

uncertainty and complexity of the hydraulic operation response, and pose a49

challenge for earthquake risk prediction and control.50

Over the past few decades, a large number of researchers have been de-51

voted to study fluid-induced seismicity mechanisms and its hazard control,52

across scales ranging from ∼ cm to ∼ km. Those studies are based on either53

a statistical (Shapiro et al., 1999; Parotidis et al., 2004; Barth et al., 2013)54

or physical description of the induced dynamics. Physics based investigation55

comprises laboratory experiments (Stanchits et al., 2011; Passelègue et al.,56

2018; Ji et al., 2019; Wang et al., 2020), field tests (Cornet and Jianmin,57

1995; Blöcher et al., 2018; De Barros et al., 2019), as well as numerical mod-58

eling (Baisch et al., 2010; Yoon et al., 2017; Maurer et al., 2020). The main59

triggering mechanisms for injection-induced seismicity, can be attributed to60

pore pressure diffusion (Shapiro et al., 1999; Brown and Ge, 2018), poroelastic61

stress response (McClure and Horne, 2011; Chang and Segall, 2016; Jacquey62

et al., 2018), aseismic slip (Guglielmi et al., 2015; Lengliné et al., 2017), as63

well as earthquake interactions (Yeo et al., 2020). Yet other mechanisms are64

also reported to be responsible for post-injection induced seismicity, such as65

the superposed stress variations (De Simone et al., 2017) and fracture normal66

closure (Ucar et al., 2017).67

Although those studies have formed the basic framework of fluid injection68

induced seismicity, none of them can deal with all cases due to the complexity69

of the underground structure and the coupling process. Some questions, e.g.,70
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the role of related control parameters, have been partially answered and still71

need to be further investigated. Thus, it is of primary importance to explore72

the multi-physical processes undergoing in deep reservoirs from the injection73

stage to the post injection stage, in order to minimize the risk of earthquakes74

and achieve successful hydraulic stimulation.75

The goal of a hydraulic stimulation is to stimulate permeability enhance-76

ment in the reservoir. As such it requires a good conceptual model for the77

stimulation. Currently, there are four main stimulation mechanisms are con-78

sidered: (i) pure opening (tensile) mechanism, aiming to create new fractures79

(i.e., hydro-fracturing) (Zoback et al., 1977; Ren et al., 2015); (ii) pure shear80

mechanism, which assumes that the stimulation mainly acts on the shear slip81

of the pre-existing fractures (Xie and Min, 2016; Ye and Ghassemi, 2018); (iii)82

primary fracturing with shear stimulation leakoff, under which new fractures83

are continuously created and propagated from the wellbore with fluid leaks84

off into natural fractures (Pearson, 1981; Wang et al., 2018); (iv) the mixed85

mechanism, i.e., flow pathways are connected with both newly created and86

pre-existing fractures (Norbeck et al., 2016; Lei et al., 2021). Since different87

communities tend to rely on a different stimulation concept. For example,88

the opening mode is commonly the preferred stimulation in oil/gas industry,89

while hydro-shearing is widely used in the context of Enhanced Geothermal90

System (EGS). Numerous field observations are also supportive of the benefit91

from the mixed stimulation (Albaric et al., 2014; Norbeck et al., 2018; Kri-92

etsch et al., 2020). Moreover, a recent study also suggests an important role93

of the stress transfer from hydraulic fracture opening in induced seismicity94

distribution (Kettlety et al., 2020).95
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In the context of the mixed stimulation strategy, there are two processes96

that could trigger seismicity, that is, the brittle failure of intact rocks by97

hydro-fracturing (HF) and the activation of pre-existing fractures. It has98

been evidenced that HF-induced seismicity in terms of magnitude is negligible99

compared to the fault shearing induced seismicity (Zoback, 2010; Lei et al.,00

2021). Hence, many studies only focus on the shear slip of natural fractures in01

fluid injection-induced seismicity (McClure and Horne, 2011; Rutqvist et al.,02

2013; Yoon et al., 2017).03

In this study, we aim at investigating fault slip behavior during active04

fluid injection and after shut-in. We develop a fully hydro-mechanical cou-05

pling model for a fractured porous rock while considering the interaction06

between existing faults and the hydraulic fractures. In doing so, we consider07

only a single path for the stimulated fracture thereby being able to better08

control the model behavior. In section 2, basic governing equations are de-09

scribed. Section 3 introduces the model setup for the simulations, which10

is followed by results with parametric studies on the permeability of frac-11

ture damage zone (FDZ), the fault friction coefficient, fault orientation, as12

well as different injection scenarios. Further discussion and main conclusions13

are given in section 4 and section 5, respectively. A validation of hydraulic14

fracture propagation is also presented in the end.15

2. A coupled hydro-mechanical cohesive zone model16

Generally, when involving hydraulic fracturing, there are four physical17

processes to be considered, i.e., porous rock mass deformation, pore fluid18

flow, fracture fluid flow and fracture propagation (Carrier and Granet, 2012).19
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For problems which involve interactions with pre-existing faults, the fault slip20

should also be defined (Chen et al., 2017; Li et al., 2017).21

2.1 Porous media deformation22

Under isothermal conditions, rock mass is considered as an isotropic,23

poroelastic material. Assuming small strains, the poro-elastic constitutive24

relation is expressed as (Coussy, 2004):25

σij − σij,0 = 2Gεij +

(
K − 2

3
G

)
εδij − b(p− p0)δij (1)

where σij and εij are the total stress and strain; ε the volumetric strain; p26

the pore pressure; G and K are the dry elastic shear and bulk moduli, and27

b the Biot’s coefficient. The subscript ’0’ represents the initial state of each28

variable.29

Eq. (1) in terms of effective stress can be simplified to:30

σ
′
ij − σ

′0
ij = 2Gεij +

(
K − 2

3
G

)
εδij (2)

Following Biot’s theory (Biot, 1941), the effective stresses tensor defined31

for fully saturated media as:32

σ
′
ij = σij − bpδij (3)

2.2 Pore fluid flow33

It is assumed that fluid flows through an interconnected pore network34

following Darcy’s law:35

q = −k
η
∇p (4)

where q is the Darcy’s velocity, η is the pore fluid dynamic viscosity, and k36

is the permeability.37
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The continuity flow equation for the fluid within the pores is given by:38

1

Mb

∂p

∂t
+ b

∂ε

∂t
+∇ · q = 0 (5)

where Mb is Biot’s modulus defined by:39

1

Mb

=
φ0

Kf

+
b− φ0

Ks

(6)

where Kf , Ks donates the pore fluid bulk modulus and the porous medium40

solid grain bulk modulus, and φ0 is the initial porosity.41

Combining with Eq. (4) and Eq. (5), the pore fluid diffusion equation is42

obtained as follows:43

1

Mb

∂p

∂t
+ b

∂ε

∂t
=
k

η
∇2p (7)

2.3 Fluid flow inside the fracture44

Assuming Newtonian and incompressible fluid, the flow inside a fracture45

can be split into a tangential flow within the fracture and a normal flow46

across the fracture walls, as shown in Fig. 1.47

Fig. 1. Fluid flow model of the fracture
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The tangential flow is governed by Reynold’s lubrication theory defined48

by the continuity equation (Detournay, 2004):49

∂w

∂t
+
∂qf
∂x

+ v = 0 (8)

where w is the fracture aperture, qf is the longitudinal fluid flow rate, and v50

denotes normal flow rate leaking into the porous medium through the fracture51

surfaces. The latter parameter can be calculated from the difference between52

the fluid pressure inside the fracture pf and the pore fluid pressure:53

v = c (pf − p) (9)

where c is the leak-off coefficient. Eq. (9) imposes a pressure continuity54

between the fracture and the rock and defines a pressure-flow relationship55

between the cohesive element’s middle nodes and its adjacent surface nodes.56

In homogeneous porous reservoirs, leakoff only occurs normal from the frac-57

ture into the pore system. This kind of leakoff can be described by Carter’s58

leakoff model considering a filter-cake zone, an invaded zone, and a reservoir59

compaction zone (Howard and Fast, 1957; Liu et al., 2016). In such a model60

the leakoff coefficient as shown in Eq. (9) is pressure independent. In the61

case of additional natural fractures, the physics of leakoff will alter due to62

pressure dependent flow behavior of the fracture. In that case the leakoff63

coefficient becomes pressure dependent (Liu et al., 2016). In our study we64

only consider the first scenario, the pressure diffusion from a fracture into a65

porous matrix and henceforth only consider a pressure independent leakoff66

coefficient (Eq. 9). In addition, as leak-off coefficient and permeability in-67

crease, the fracture length decreases (Yao, 2012). When the permeability and68

the leak-off coefficient are sufficient small, the effect on the fracture length69
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will be negligible. In this work, considering the range of permeability (≤70

1e-13 m2), we set the leak-off coefficient 1e-11 m3/kPa·s, e.g., Yao (2012).71

Assuming the fracture walls are parallel and smooth, the longitudinal72

fluid flow rate qf is related to the pressure gradient inside the fracture as73

(the Poiseuille law):74

qf = − w3

12η

∂pf
∂x

(10)

where qf is the flow flux inside the fracture.75

Substituting Eq. (9) and Eq. (10) into Eq. (8) yields the governing equa-76

tion of the fluid flow inside the frature:77

∂w

∂t
+ v =

∂

∂x

(
w3

12η

∂pf
∂x

)
(11)

2.4 Fracture initiation and propagation78

For hydraulic fracturing, coupled stress-pressure cohesive elements with79

displacement and pore pressure degrees of freedom (DOFs) are simultane-80

ously used. They are embedded in solid continuum elements (also with pres-81

sure DOF) to define a predefined crack path, such that the fracture growth82

is constrained to this path. Cohesive elements have been widely used to83

study fracture problems in rock-like materials (Zhuang et al., 2014; Saadat84

and Taheri, 2019). During the fracture propagation, a small fracture process85

zone (FPZ) is formed to capture stress concentration around the crack tip.86

In this study, we assume the damage initiation and evolution follow a linear87

traction-separation law (Fig. 2). The relation between the traction T and88

the separation δ is given by (Yao, 2012):89

T = (1−D)K0δ (12)
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where D(0 ≤ D ≤ 1) is the damage variable and K0 is a penalty stiffness,90

introduced to avoid total compliance of the whole model before initiation91

(Turon et al., 2007).92

Fig. 2. Linear elastic traction-separation cohesive model

The total separation (i.e., fracture propagation) is depend on the fracture93

energy Gc and the damage initiation is determined by the maximum nominal94

stress criterion:95

max

{
< tn >

t0n
,
ts
t0s
,
tt
t0t

}
= 1 (13)

where t0n, t
0
s, t

0
t is the peak value of the nominal stress when the deformation96

is either purely normal to the interface or purely in the first or the second97

shear direction, respectively. The Macaulay bracket symbol “<>” signifies98

that a pure compressive stress does not initiate damage.99

2.5 Fault slip00

The Coulomb friction law is used to model the shear slip behavior of fault.01

Assuming the cohesion strength of the fault surface is negligible, i.e., for a02

cohesion-less fault, the shear strength τc is changing with the normal stress03
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σn as follows:04

τc = µ · (σn − p) (14)

where µ is the coefficient of friction. Typically, µ varies between 0.6 and 1 for05

intact rock, 0.3 and 0.6 or even lower for pre-existing faults (Zoback, 2010;06

Ellsworth, 2013; Gaucher et al., 2015). In this work, µ = 0.2, 0.4 and 0.6 are07

selected for parametric study.08

As long as the shear stress exceeds the fault shear strength, the fault09

becomes unstable and slips along the fault plane. There are several causative10

processes responsible for the shear slip. For example, an increase in the shear11

stress, a reduction in the effective normal stress, or a decrease in the friction12

coefficient. The induced shear slip is often accompanied by the release of13

stored strain energy, hence induces seismicity.14

3. Model setup15

We consider hydraulic stimulation based on the assumption of mixed16

mechanism (i.e., both fracture opening and shearing). As shown in Fig. 3(a),17

we define two pre-existing faults F1 and F2 (blue solid line) in a 2D model.18

Those two faults are connected with potential hydraulic fracturing paths19

(blue dashed line), which are assumed to be parallel to the maximum princi-20

ple stress σ1 (Zoback, 2010). Each individual segment has a length of 10 m21

and both faults are oriented at a degree of α, where α is the angle between22

the maximum principal stress σ1 and the fault plane. All boundaries are fixed23

with zero displacement and initial pore pressure of the model. The injection24

point is located at the bottom of the model (red dot) and fluid is injected25

at a flow rate Q. To investigate the after shut-in effect, we intentionally set26
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the stop position between F1 and F2 (black dot). It will not exceed the half27

length of the segment (5 m) from F1 in all the simulations. To precisely28

describe the pore pressure diffusion, we set a relatively permeable zone near29

the faults and hydraulic paths (black dashed lines) for which we assumed30

a constant width (1 m). It is modeled by an increased permeability (con-31

sidered as an effective value averaging local micro-structural heterogeneities)32

than the intact rock matrix, similar to the fault damage zone (FDZ) (Evans33

et al., 1997; Nara et al., 2011; Mitchell and Faulkner, 2012; Hearn et al.,34

2018), where the fracture density is high. In addition, we also consider an35

exchange of fluid mass from the fractures to the permeable zone, in order to36

explore the impact of its permeability (linked with pressure diffusion) on the37

fault slip.38

At the intersection of hydraulic fracturing path and fault, we assume that39

the fluid is directly diverted to the fault. This assumption is supported by40

previous studies which indicated that for a ratio of the initial maximum to41

the minimum stress larger than 1, and for a friction coefficient smaller than42

0.65 and fracture orientation lower than 45°, a hydraulic fracture will be43

diverted into the pre-existing fault (Gu et al., 2012).44

In addition, the porous medium is assumed to be fully saturated. The45

simulations are performed in Abaqus package. All parameters used are listed46

in Tab. 1.47

4. Results and analysis48

Fig. 4 shows the fluid pressure distribution at different time, and Fig. 549

presents the fluid pressure evolution at the injection point and the center of50

12



Fig. 3. (a) Geometry of the conceptual model. The red dot represents the injection

point. The blue dashed line and blue solid line indicate hydraulic fracturing paths and

pre-existing faults, respectively. Each segment is 10 meters long. The two parallel black

dashed lines denote permeable fault damage zone. (b) Schematic diagram of induced fault

slip during and after injection. The point Qs represents the stop injection position. d

is the quiescence space between Qs and the fault F2. The red and blue color denotes

the damage variable D = 1 and D = 0, which indicates fully damage and zero damage

respectively.
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Table 1. Initial input material properties

Property Symbol Value Unit Notes

Young’s modulus E 37.5 GPa (Meyer et al., 2017)

Poisson ratio v 0.25 - (Meyer et al., 2017)

Porosity φ 0.01 - -

Rock permeability k 1.0e-16 m2 -

Permeability near fault kf 1.0e-15 m2 -

Fracture Energy Gc 80 Pa·m -

Tensile strength Tc 2 MPa -

Penalty stiffness K0 800 GPa/m (Turon et al., 2007)

Biot’s coefficient b 1.0 - -

Friction coefficient µ1, µ2 0.2 - -

Fault orientation α1, α2 30 ° -

Initial aperture w 0.4 mm (Meyer et al., 2017)

Fluid viscosity η 0.001 Pa·s water

Leak-off coefficient c 1.0e-11 m3/kPa·s (Yao, 2012)

Saturated degree s 100 % -

Initial maximum stress σ1 36 MPa (Meyer et al., 2017)

Initial minimum stress σ3 29 MPa (Meyer et al., 2017)

Initial pore pressure p0 23.7 MPa (Meyer et al., 2017)

Injection rate Q 0.001 m3·s−1 -

Injection time ti 160 s -

Shut-in time ts 600 s -
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F1, F2. The fault F1 is activated at 38.1 s while F2 is triggered at 520.1 s51

(i.e., 360.1 s after shut-in). This can be identified by the damage variable52

(Fig. 3b).53

At the beginning, due to high-pressure fluid stimulation, the injection54

pressure rises to approximately 67 MPa from an initial value 23.7 MPa in a55

very short time (≈ 2.7 s). Due to this drastic pressure change, the induced56

tensile stress is sufficient to overcome the rock tensile strength. As the hy-57

draulic fracture propagates, the fluid pressure tends to drop to a stable level.58

Meanwhile, the fluid pressure at the center of F1 and F2 increases, since59

the high-pressure fluid inside the hydraulic fracture leaks into the surround-60

ing porous rock mass and then diffuses all around. At 38.1 s (point A in61

Fig. 5), the injected water diverts to F1, which lowers the injected pressure62

and forces the fluid pressure of F1 to increase. This is accompanied by a63

shear slip along F1 as its shear strength is overcome by the high pressure64

(see Fig. 8a). Meanwhile, the pressure in the center of F2 witnesses a slight65

jump due to poro-elastic effect. Immediately afterwards, the pressure within66

F1 also decreases due to the generation of a new hydraulic fracture from67

the end of F1. This pressure drop in regions near fracture intersections is68

a common feature which has been already observed by other authors, e.g.,69

Piris et al. (2018). From this time onward, the fluid pressures at injection70

point and F1 almost remain a same level with a tiny difference owing to the71

fluid flowing into the matrix. After 160 s of injection (point B in Fig. 5),72

the pumping stops and the fluid pressure starts to decrease. Pore pressure73

diffusion away from the pressurized hydraulic fracture can indeed be clearly74

observed (Fig. 6a). After approximately 360.1 s of termination of the injec-75
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(a) t = 3 s (b) t = 38.1 s (c) t = 38.3 s

(d) t = 160 s (e) t = 520.1 s (f) t = 760 s

Fig. 4. Pore pressure distribution during injection and after termination. (a) onset of the

injection; (b) F1 activation; (c) the second hydraulic fracture initiation; (d) stop injection;

(e) F2 activation; (f) pore pressure diffusion in the porous rock matrix
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Fig. 5. Pore pressure evolution at the injection point and the center of fault F1 and F2

tion, the pressure perturbation and the corresponding stress change promote76

instability along the fault. As the fault slips, a compressional zone and a77

dilation zone emerge around the fault tip (Fig. 6). High pressure and stress78

in the compressional zone and low pressure and stress in the dilation zone79

are observed, respectively. This leads to only a minor increase in pressure at80

the F2 center (point C in Fig. 5), but to a rather significant increase at Node81

2 within the compressional zone (point C in Fig. 7). See also Fig. 6 for their82

relative locations. This poro-elastic stressing mechanism is similar to the83

one described by injection into a single fracture embedded in a poro-elastic84

medium (Lei et al., 2021), and the combined induced fault slip mechanism85

(i.e., interaction between delayed pressure diffusion and poro-elasticity) dur-86

ing shut-in is in agreement with the results from previous investigation, e.g.,87

Chang et al. (2018).88

17



2

2

2

2

2

2

2

2

2

2

Fig. 6. Evolution of (a) pressure and (b) stress of F2 during shut-in stage

In fact, the sudden elevated fluid pressure, either owing to direct injection89

in F1 or pressure diffusion/poro-elasticity for F2, counteracting the normal90

stress and inducing dynamic slip of the fault, which correlates to potential91

micro-seismic events. The evolution of slip and slip rate of F1 and F2 over92

time is presented in Fig. 8. The characterization of displacement jump and93

slip rate rise is similar to an unloading experiment of a sawcut fracture (Ji94

et al., 2019). It can also be seen that in most of time the slip rates of F195

and F2 are close to zero, indicating an aseismic behavior. The seismic and96

aseismic slip is distinguished with a slip velocity threshold 5 mm/s (McClure97

and Horne, 2011; Cappa et al., 2018). In the following, the seismic slip and98
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Fig. 7. Pore pressure evolution of Node 2 in the compressional zone

the associated average slip rate are calculated for each case.99

4.1 Permeability of the fault damage zone00

Pore pressure diffusion in a fractured porous medium is of central impor-01

tance in fluid injection in faulted reservoirs (Chang and Segall, 2016; Shapiro02

et al., 1999). The core controlling parameter is the hydraulic diffusivity,03

which is related to the permeability (Deng et al., 2021; Shapiro et al., 1999).04

In order to investigate the impact of the hydraulic pressure diffusion on the05

fault slip, we carry out a systematic analysis on the role of the fault dam-06

age zone (FDZ) permeability by varying its value within three steps, that is,07

kf1 = 1e-15 m2, kf2 = 5e-15 m2 and kf3 = 1e-14 m2. We perform several08

simulations at each permeability by altering the injection duration, in order09

to capture the activation of F2 after shut-in. The corresponding results are10

summarized in Tab. 2.11
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Table 2. Summary of key parameters and results with different permeability within the

damage zone

Case* Injection

time (s)

Permeability

of FDZ (m2)

Slip onset

of F1 (s)

Slip onset

of F2 (s)**

A1 150 1.0e-15 38.12 -

A2 160 1.0e-15 38.12 360.1

A3 165 1.0e-15 38.12 188.1

A4 170 1.0e-15 38.12 74.5

A5 120 5.0e-15 42.01 -

A6 130 5.0e-15 42.01 199.4

A7 140 5.0e-15 42.01 86.0

A8 160 5.0e-15 42.01 34.7

A9 100 1.0e-14 35.83/47.81 -

A10 110 1.0e-14 35.83/47.81 141.4

A11 130 1.0e-14 35.83/47.81 25.2

A12 160 1.0e-14 35.83/47.81 150.8 (in)

* all cases have fault orientation α = 30°, friction coefficient µ1 = µ2 = 0.2,

injection rate Q = 0.001 m3/s;

** the slip time of F2 specifies the time after termination; F2 slip during

injection is marked as ‘(in)’. All the same below.
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Fig. 8. Evolution of (a) total slip and (b) slip rate of F1 and F2 over time

It is worth noting that the permeability of FDZ is higher than the matrix12

permeability (1e-16 m2) hence allows faster pore pressure diffusion in the13

damage zone. The time at which the hydraulic fracture intersects F1 scales14

with the permeability, since higher permeability values promote faster diffu-15

sion and therefore a slower fracture propagation (Carrier and Granet, 2012).16

Meanwhile, due to fluid leak-off from the hydraulic fracture into the ma-17

trix, the pressure front propagates faster than the hydraulic fracturing front18

(Fig. 9). Here, the pressure front is defined as the pressure contour above19

the initial pore pressure. We noticed that when the matrix permeability is20

relatively low (case A2 and A8), the difference in the timing between the two21

propagating fronts is small (Fig. 9a and Fig. 9b). When the permeability is22

high (case A12), the pressure front significantly exceeds the fracturing front23

(Fig. 9c). If the leak-off is ignored (e.g., the KGD problem described in the24

Appendix A), the pressure front and the fracturing front coincide (Fig. 9d).25

Therefore, the fault F1 will be overpressurized before a hydraulic connec-26

tion with the injection source is reached. This over-pressure combined with27

21
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Fig. 9. Hydraulic fracturing front and pressure front propagation. (a) case A2; (b) case

A8; (c) case A12; (d) case with no leak-off
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poro-elastic stressing results in a reduction of the effective normal stress28

and induces slip along F1 because the induced shear stress exceeds its shear29

strength. The time lag of the over-pressurized front and fracturing front for30

cases A2 and A8 is very small (< 0.1 s) such that the sliding looks more31

continuous. However, for case A12 with a higher FDZ permeability, this32

time lag becomes obvious (∼ 12 s), and F1 undergoes two distinct slips due33

to over-pressurization and hydraulic shearing, respectively. During the first34

slip, the total shear slip and slip rate are smaller than those obtained for case35

A2 and A8, since the pressure perturbation is lower. During the second slip,36

there is mainly aseismic slip and this is because most of the accumulated37

strain energy has been released during the first slip. As a result, the slip and38

slip rate of F1 exhibit an obvious downward trend as permeability increases39

(Fig. 10a).40

For each tested value for the FDZ permeability, we observed that F2 is41

activated by the pressure diffusion and poro-elasticity though the activation42

time differs for each case. A higher permeability requires less fluid injection,43

i.e., 150 - 160 s for kf1 = 1e-15 m2, 120 - 130 s for kf2 = 5e-15 m2, and44

only 100 - 110 s for kf3 = 1e-14 m2. When the injection time is identical,45

the higher the permeability, the shorter the time lag for F2 reactivation. For46

example, with an injection duration of 160 s, F2 has a quiescence of 360.1 s47

and 34.7 s after shut-in for case A2 and case A8, whereas it is even activated48

during the injection for case A12. The permeability has a limited influence49

on magnitude of resolved slip and its rate of F2, which are around 0.8 mm50

and 35 mm/s (Fig. 10b), respectively. They are slightly increased with more51

fluid injection at each permeability.52

23



3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

(a) (b)

Fig. 10. Seismic slip and slip rate of (a) F1 and (b) F2 with different permeability in the

damage zone

4.2 Friction coefficient53

The effect of the friction coefficient on fault slip behavior due to direct54

injection can be seen from Fig. 11(a), corresponding to cases A2, B1 and B255

in Tab. 3. Triggering by direct fluid injection, faults with a higher friction56

coefficient tend to display a higher level of slip and higher slip rates. As57

stated by Ngo et al. (2019), this is because more accumulated energy are58

required to activate faults with higher friction coefficient, and accordingly59

more energy is released during slip. In addition, unlike faults with a smaller60

friction coefficient, which are more likely to be activated by pressure diffusion61

and poro-elastic stressing before hydraulic shearing, the faults with higher62

friction coefficient tend to slip only during hydraulic shearing and therefore63

more violently.64

As for the shut-in stage, because F2 cannot be activated with permeability65

kf = 1e-15 m2 in case B1, we keep the friction coefficient of F1 constant66

as µ1 = 0.2 and set case A12 as the base case (kf = 1e-14 m2). When67
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the friction coefficient of F2 is 0.4, F2 activation can be observed either by68

increasing injection duration to 180 s (case B4) or permeability to 1e-13 m2
69

(case B5). For µ2 = 0.6, F2 cannot be triggered unless these two parameters70

are simultaneously increased (case B7). These illustrate that a higher friction71

coefficient hinders fault reactivation. However, once F2 slips, higher slip and72

slip rate are observed when the friction coefficient is larger (Fig. 11(b)),73

similar to the slip behavior observed during the fluid injection phase.74

Table 3. Summary of key parameters and results with different friction coefficient

Case* Injection

time (s)

kf (m2) µ1 µ2 Slip onset

of F1 (s)

Slip onset

of F2 (s)

A2 160 1.0e-15 0.2 0.2 38.12 360.1

B1 160 1.0e-15 0.4 0.4 38.12 -

B2 160 1.0e-15 0.6 0.6 38.12 -

A12 160 1.0e-14 0.2 0.2 35.83 150.8 (in)

B3 170 1.0e-14 0.2 0.4 35.83 -

B4 180 1.0e-14 0.2 0.4 35.83 75.7

B5 160 1.0e-13 0.2 0.4 25.62 145.9 (in)

B6 175 1.0e-13 0.2 0.6 25.62 -

B7 180 1.0e-13 0.2 0.6 25.62 10.2

* all cases have fault orientation α = 30°, µ1 = 0.2, injection rate Q = 0.001

m3/s;

4.3 Fault orientation75

On the basis of case A2, we conduct additional simulations where we76

varied the fault orientation, by changing the fault angle α (tested value are77
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Fig. 11. Seismic slip and slip rate of (a) F1 and (b) F2 with different friction coefficient

45°, 20° and 10°, see Tab. 4).78

During the fluid injection stage, the hydraulic connection of the injection79

well-bore and the fault F1 occurs at 40.68 s, 39.48 s, 38.12 s, and 35.83 s when80

the fault angle increases from 10° to 45°, suggesting that a smaller fault dip81

tends to hinder hydraulic fracture propagation. We infer that this is because82

the pre-existing fault modifies local stress distributions and the latter depends83

primarily on the fault orientation. In addition, as the fault dip decreases,84

the triggered slip and slip rate decrease (Fig. 12(a)), in particular, when the85

fault angle is 10° (case C4), the slip exhibits mainly aseismic behavior and86

the averaged slip rate is only about 2.3 mm/s.87

During the shut-in stage, except case A2, only case C1 with α = 45°88

induces F2 activation at 85.7 s after termination in comparison with 360.189

s in case A2. For the 20° model, the shut-in effect of F2 appears when the90

permeability of FDZ is enhanced from kf1 = 1e-15 m2 to kf3 = 1e-14 m2
91

(case C3). For the 10° model, F2 can be activated not only with even a92

higher FDZ permeability (1e-13 m2), but a higher injection rate 1.6 m3/s in93
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case C3 (we will show that a higher injection rate is more likely to trigger94

shut-in slip in the next section). The results demonstrate that a higher fault95

orientation is more sensitive to F2 reactivation after shut-in. Furthermore,96

it tends to induce a larger shear slippage with a higher slip rate (Fig. 12(b)).97

Table 4. Summary of key parameters and results with different fault angle

Case* Injection

time (s)

kf (m2) α

(°)

Slip onset

of F1 (s)

Slip onset

of F2 (s)

A2 160 1.0e-15 30 38.12 360.1

C1 160 1.0e-15 45 35.83 85.7

C2 160 1.0e-15 20 39.48 -

C3 160 1.0e-14 20 40.16 42.2

C4 160 1.0e-15 10 40.68 -

C5 100 1.0e-13 10 35.07 4.0

* all cases have µ1 = µ2 = 0.2, injection rate Q = 0.001 m3/s except

for case C7, which is 0.0016 m3/s.

4.4 Injection scheme98

In this section, we investigate the effect of injection scheme, by considering99

case A2 as the reference case (Tab. 5).00

In a first step, we change the injection rate to 0.0016 m3/s, 0.0008 m3/s01

and 0.0005 m3/s , corresponding cases E1, E2 and E3 (Fig. 13a), respectively.02

Worth noting is that we adjust the duration of the injection as to maintain03

the same injection volume for all experiments. As expected, lowering the04

injection rate extends the time to reactivate F1. When Q = 0.0016, 0.00105

and 0.0008 m3/s, F2 can be reactivated but with a longer delay at 97.7 s,06
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Fig. 12. Seismic slip and slip rate of (a) F1 and (b) F2 with different fault angle

360.1 s and 410 s after shut-in, respectively. No slip of F2 is observed when07

the injection rate further reduces to 0.0005 m3/s. Either during injection or08

after shut-in, the injection rate has only a limited impact on the total seismic09

slip, though fault slip rates decrease with decreasing injection rates (Fig. 14),10

which results in a more stable energy release mode.11

In a second stage, we keep the injection rate as constant (0.001 m3/s), but12

we change the injection protocol. We consider a step-wise injection schedule13

(a period of constant injection followed by a pause) by maintaining the same14

total volume of fluid injected (Fig. 13b).15

In case E4, the stimulation is divided evenly into 4 injections and 3 pauses16

(i.e., a cycling stimulation), each injection/pulse has a duration of 40 s.17

Since F1 reactivation occurs at 38.12 s < 40 s in case A2, this setting will18

not change the response of F1 during injection. However, the relaxation of19

stimulation during the injection favours pressure relaxation, which prevents20

the reactivation of F2. In case E5, the first injection and suspending time21

in case E4 are changed to 30 s and 50 s, respectively. In this case, F1 is22
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activated during the first pause (47.83 s) due to pressure diffusion and poro-23

elastic stressing, while mainly hydraulic shearing occurs during the second24

injection (80.27 s). Compared to case E4, not only F2 reactivation after25

shut-in is prevented in case E5, but the injection-induced slip and slip rate26

of F1 are significantly reduced owing to the double slip effect, i.e., 1.36 mm27

and 50.4 mm/s for case E4 vs. 0.75/0.18 mm and 26.97/25.95 mm/s for case28

E5. It is equivalent to artificially extend the interval between the pressure29

diffusion and hydraulic shearing, producing a longer and more stable energy30

release.31

Table 5. Summary of key parameters and results with different injection schemes

Case* Injection

time (s)

Injection

rate (m3/s)

Slip onset

of F1 (s)

Slip onset

of F2 (s)

A2 160 0.001 38.12 360.1

E1 100 0.0016 21.85 97.7

E2 200 0.0008 47.24 410.0

E3 320 0.0005 73.17 -

E4 40×4 0.001 38.12 -

E5 30+50+40×2 0.001 47.83/80.27 -

* all cases have kf =1e-15 m2, µ1 = µ2 = 0.2, fault orientation α = 30°.

5. Discussion32

5.1 Comparison with earthquake fault scaling relations33

It is well known that unstable fault slip is accompanied by a cluster of34

induced seismic events (Zoback, 2010; Ellsworth, 2013). To quantify their35
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Fig. 13. Injection scenarios with a constant injection volume: (a) constant injection rate

and (b) cyclic injection rate

strength, Aki (1966) first defined the scalar seismic moment M0 as:36

M0 = GdA (15)

where G is the shear modulus, d and A denote the fault shear displacement37

and fault rupture area, respectively.38

The moment magnitude Mw can be then computed by assuming a GR39

statistics as (Hanks and Kanamori, 1979):40

Mw =
2

3
[log10(M0)− 9.1] (16)

where we consider a GR b-value equal to 1 in deriving Eq. (16).41

We calculate the moment magnitude for each case based on the obtained42

seismic slip. Considering that the fault slip occurs during a very short time,43

we assume that the rupture covers the whole fault, therefore the rupture44

length is identical to the fault length, and we can approximate the sliding45

distance as the average seismic slip computed (Lei et al., 2021). For calcu-46
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Fig. 14. Seismic slip and slip rate of (a) F1 and (b) F2 with different injection scenarios

lating the rupture area, we assume that the rupture width is equal to the47

rupture length, which is supported by a large number of reported earthquakes48

(Yoon et al., 2017).49

We compare the results with two earthquake fault scaling relations. The50

first one describes the relationship between induced magnitude, fault size,51

shear slip and stress drop (Zoback and Gorelick, 2012). In our simulations52

we compute a shear slip between 0.22 and 1.57 mm, corresponding to Mw53

from -0.39 to 0.18. The related stress drop ranges from 4.29 MPa to 19.7954

MPa, suggesting a good consistency with adopted scaling laws (Fig. 15). The55

second comparison relates the magnitude with the rupture area. Although56

with a smaller rupture size, our results are still in good agreement with57

numerous earthquakes (Fig. 16).58

5.2 Comparison induced seismicity during injection and after shut-in59

Our results show that pre-existing faults can be reactivated and exhibit60

dynamic slip under certain conditions even faults and hydraulic fractures61
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Fig. 15. Earthquake parameters scaling for fault slip, fault size, stress drop and magnitude,

modified from (Zoback and Gorelick, 2012)

are non-hydraulically connected, illustrating that seismic events can be in-62

duced during the post-injection period triggered by pore pressure diffusion63

and poro-elastic stress change mechanisms. This is in agreement with field64

observations as those reported in Soultz-sous-Forêt EGS site (Baisch et al.,65

2010). In addition, this post-injection reactivation of fault occurs after a66

period of quiescence, sometimes even exceeding twice of the injection time in67

our simulations (e.g., case A2 and case E2). This delayed phenomenon has68

been also observed in other EGS projects as in Rittershoffen (Lengliné et al.,69

2017).70

Most of the cases that display reactivation of F2 after shut-in we note that71

induced slip and rates computed at F1 during injection are larger than those72

obtained in F2 during the post injection stage. However, there are also some73

cases showing an inverse trend, i.e., F2 produces more shear slip and higher74
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Fig. 16. Moment magnitude as a function of rupture area, modified from (Yoon et al.,

2017)

slip rate than F1. We single out these cases and find that they generally share75

similar conditions, i.e., the diffusivity (permeability) in their nearby regions76

is extremely high (1e-14 m2 or 1e-13 m2), e.g., cases A10 - A12, B3 - B5.77

In these cases, F1 reactivation due to large pressure gradient occurs earlier78

than the direct hydraulic shearing, but this pressure disturbance is smaller79

compared to F2 after shut-in. Thus, the strain energy of F1 is released80

more evenly than F2. The results may provide an explanation for a common81

observation in the field, that is that the post injection might induce larger82

magnitude earthquakes (Häring et al., 2008; Mukuhira et al., 2013). They83

also shed light on mitigating the risk of fluid induced earthquake. As shown84

in case E5, which displays double slip events in F1 during active injection, a85
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lower surrounding permeability (1e-15 m2) significantly reduces the induced86

seismic slip and its slip rates. By injecting the same amount of fluid, although87

cases E5 and E3 both lower the slip of F1 and evade the post-activation of88

F2, case E5 is more efficient because it consumes less time (280 s vs. 320 s).89

Therefore, on the basis of our analysis, we can conclude that a soft cycling90

stimulation strategy might be effective in controlling fluid injection induced91

seismicity, as suggested by (Hofmann et al., 2018; Zang et al., 2019; Zhuang92

et al., 2019).93

Our results also suggest that the permeability beyond the stimulated zone94

is of great importance for the shut-in phase. After shut-in, high pressure in95

the stimulated region diffuses to the surrounding porous matrix, and coupled96

to induced poro-elastic stress changes can lead to activation of F2 and induced97

seismicity, thereby extending the seismic region. The work of McClure (2015)98

showed that the fluid pressure is redistributed and pressure front progresses99

further after shut-in, extending the pressurized area and induces seismicity.00

Mukuhira et al. (2017) studied the behavior of pore pressure migration at01

shut-in phase in Basel and pointed out that large events tend to occur in02

regions with enhanced permeability. In our case, we set large permeability03

outside the stimulated region, causing pore pressure to migrate far field the04

seismic zone after termination.05

5.3 The role of initial stress state06

Our parametric study shows that there are multiple factors affecting fault07

slip behavior both during injection and after shut-in. For example, higher08

permeability reduces the seismic slip but more via double slip effect during09

the injection period and has little impact on the induced fault slip during10
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the shut-in stage (Fig. 10), and the soft cycle injection lowers the seismic11

slip rate effectively (Fig. 14). In contrast, the fault orientation seems to have12

the greatest influence on the fault slip. As shown in Fig. 12, when the fault13

angle decreases, the seismic slip and slip rate drop significantly and the faults14

tend to slip aseismically regardless if during injection or after shut-in. This15

may be related to the initial stress state of the faults. To evaluate the initial16

potential for fault reactivation, we calculate the slip tendency ST, which is17

defined as the ratio between the absolute shear stress and effective normal18

stress (Blöcher et al., 2018):19

ST =
|τ |
|σ′n|

(17)

The initial shear stress and effective normal stress of fault are given by20

(Jaeger et al., 2009):21

τ =
σ1 − σ3

2
sin(2α) (18)

22

σ′n =
σ′1 + σ′3

2
+
σ′1 − σ′3

2
cos(2α) (19)

At the given initial stress state (Tab. 1), the slip tendency ST = 0.034,23

0.069, 0.096, 0.108 for the fault angle α = 10°, 20°, 30° and 45°, suggesting24

an increasing critical condition for fault reactivation. Moreover, a larger ini-25

tial slip tendency leads to higher seismic slip and slip rate under the same26

perturbation (see Fig. 12). To further validate this hypothesis, we conduct27

another simulation by only reducing the minimum principal stress σ3 from28

29 MPa to 24 MPa from case A2. Accordingly, the initial slip tendency in-29

creases from a nominal value of 0.096 to 0.155, approaching further to the30

static friction coefficient (0.2). The results show that with only 8.05 s and31
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28.2 s fluid injection, F1 and F2 are both activated by coupled fluid pres-32

sure diffusion and poro-elastic stressing. This is consistent with the main33

conclusions derived in the study by Lee et al. (2019), where they analyzed34

induced seismicity in Pohang EGS project and found that the fault which35

is responsible for the earthquake, was critically stressed, susceptible to slip36

and very sensitive to even small perturbations. Furthermore, the slip rates of37

F1 and F2 also increases (mainly due to poro-elastic stressing since F1 slips38

aseismically when it connects the injection point at 16.87 s), indicating much39

stronger energy releases. This has important implications for controlling fluid40

injection-induced seismicity, in particular for post-injection induced seismic-41

ity targeting far-field faults. As suggested by (Baisch et al., 2010), post-event42

magnitude is predominantly affected by the fault geometry and fluid pres-43

sure elevation brings stress conditions close to critical values. Mukuhira et al.44

(2013, 2017) also demonstrated that even a minor increase in pore pressure45

was sufficient to initiate shear slip and trigger large events at large differential46

stress. Indeed, many researches even stated that the initial stress controls the47

nature of the fluid induced seismicity (Yoon et al., 2017; Cappa et al., 2018;48

Passelègue et al., 2020). This may also be one aspect to get an insight into49

an observation that a field area of little natural seismicity may have a lower50

propensity to produce felt or damaging earthquakes (Evans et al., 2012).51

Therefore, to mitigate the unwanted seismicity, a good prior knowledge of52

the crust before treatment is required.53
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6. Conclusion54

In this study, we conducted a coupled hydraulic-mechanical numerical55

model to investigate the induced fault slip behavior during injection and56

after shut-in. It shows the capability of generating seismic slip either owing57

to direct hydraulic shearing or fluid pressure diffusion coupled with poro-58

elastic stressing when there is no connection between the hydraulic fracture59

and the pre-existing fault.60

Through parametric study, we found that fault seismic slip can be at-61

tributed to the combined effect of multiple factors but with different em-62

phases. Permeability along the fracture path is of great importance not only63

for the after shut-in stage, but also for the fracturing process. It allows fluid64

pressure diffusion induced poro-elastic stress change to activate the fault65

before the hydraulic shearing. This averages the strain energy release and66

lowers the seismicity magnitude during injection, providing an explanation67

for the occurrence of larger earthquakes after shut-in. It also highlights the68

effectiveness of soft cyclic injection since the fault strain energy can be partly69

released during each relaxation. Moreover, although the larger friction coeffi-70

cient favors fault slip and the soft injection can alleviate the slip, the impact71

of fault orientation on the slip is more dominant. Finally, the combined ef-72

fect of these factors can be largely attributed to the initial slip tendency and73

hence the initial stress state. We confirmed that critically-stressed faults are74

more likely to produce larger shear slip even with only small perturbations.75

Our results show good consistency with some field observations and previ-76

ous studies, which have important implications for mitigating fluid injection77

induced seismicity. In the next step, the influence of fracture networks will78

37



5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

be considered.79

Declaration of Competing Interest80

The authors declare that they have no known competing financial inter-81

ests or personal relationships that could have appeared to influence the work82

reported in this paper.83

Acknowledgements84

This work was supported by the China Scholarship Council (CSC) [grant85

number 201808510128].86

Appendix A: Validation of the hydraulic fracture propagation87

For any complex numerical models involve hydraulic fracture simulation,88

Lecampion et al. (2018) emphasized the necessity of verification against those89

analytical solutions. Here the KGD (Kristianovic-Geerstma-de Klerk) model90

for plane strain hydraulic fracture is selected for validation (Garagash, 2006).91

The scaling solutions for the hydraulic aperture w, the average net pres-92

sure p, and the fracture length l are given by (Detournay, 2004):93





w = ε(t) · L(t)Ω[x′, P (t)]

p = ε(t) · E ′Π[x′, P (t)]

l(t) = L(t) · γ[P (t)]

(A.1)

where x′ = x/l(t) is the scaled coordinate, 0 ≤ x′ ≤ 1. ε(t), L(t), P (t)94

denotes a small dimensionless parameter, a length scale if the same order as95

the fracture length l, and a dimensionless evolution parameter, respectively.96
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The hydraulic fracture propagation is controlled by either toughness-97

dominated regime (κ-regime) or viscosity-regime (M -regime) (Carrier and98

Granet, 2012). The dimensionless viscosity M and toughness κ is given by:99

M = κ−4 = µ′
E

′3Q0

K ′4
(A.2)

where µ′ = 12µ; E ′ =
E

1− v2 ; K ′ = 4

(
2

π

)1/2

KIC .00

The toughness scaling is most appropriate for cases when the viscosity01

scaling M is small. The asymptotic solution F k(Ωk,Πk, γk) is given by:02

F k = F k0 +MF k1 (A.3)

where F k0(Ωk0 ,Πk0 , γk0) is the zero-viscosity solution given by:03





Ωk0 =
π1/3

2
(1− x′2)1/2

Πk0 =
π1/3

8

γk0 =
2

π2/3

(A.4)

and the next term F k1(Ωk1 ,Πk1 , γk1) is:04





Πk1 = Π∗k1 + ∆Πk1

Ωk1 = 4Π∗k1(1− x′2)1/2 +
2

π

∫ 1

0

f(x′, x)∆Πk1(x) dx

γk1 ' −2.72

(A.5)

where05

∆Πk1(x) =
4

3π2/3
ln(1− x′2)− 2x′ arccosx′

π2/3(1− x′2)1/2 (A.6)

06

f(x′, x) = − 4

π
ln

∣∣∣∣∣

√
1− x′2 +

√
1− x2√

1− x′2 −
√

1− x2

∣∣∣∣∣ (A.7)
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Fig. A.1. Geometry and mesh of the KGD model

For the toughness scaling,07





εk =

(
K ′4

E ′4Q0t

)1/3

Lk =

(
E ′Q0t

K ′

)2/3
(A.8)

Fig. A.1 shows the geometry and mesh used in the simulation. Here the08

2D model has a dimension 45 m × 60 m, with a predefined hydraulic fracture09

path at the middle along the x-axis, simulated by cohesive elements with pore10

pressure degree of freedom. The well-bore is simplified to be a point and the11

point injection rate Q is assumed to be constant. Note that only half of the12

space is simulated due to geometric symmetry.13

For cohesive elements, the coarse mesh density may reduce the accuracy14

(Zielonka et al., 2014). Here we use a finer mesh (the smallest mesh size15

around the hydraulic fracture path is 0.5 cm) to circumvent this effect (Turon16

et al., 2007; Ngo et al., 2019). All material parameters used in the simulation17
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Table A.1. Input material properties for the KGD model

Property Symbol Value Unit

Young’s modulus E 17 GPa

Poisson ratio v 0.2 -

Fracture Energy Gc 120 Pa·m
Tensile strength τc 1.25 MPa

Biot’s coefficient b 0.75 -

Biot’s Modulus Mb 68.7 MPa

Permeability k 1.0e-16 m2

Porosity φ 0.2 -

Fluid viscosity η 0.0001 Pa·s
Injection rate Q 0.001 m3·s−1

are given in Tab. A.1. According to Eq. (A.2), we obtain M = 0.0142,18

indicating the toughness-dominated regime.19

In this simulation, we perform 20 s of hydraulic stimulation. The frac-20

ture length, fracture aperture and pressure at the injection point, and the21

corresponding relative errors are given in Fig. A.2. Results show a good22

agreement between our numerical results and the analytical solutions ex-23

cept that the numerically obtained injection pressure has an increasing error24

as time increases. This is due to poro-elastic coupling effect (Carrier and25

Granet, 2012), which is not considered in the analytical model.26
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Häring, M.O., Schanz, U., Ladner, F., Dyer, B.C., 2008. Characterisation36

of the basel 1 enhanced geothermal system. Geothermics 37, 469–495.37

doi:10.1016/j.geothermics.2008.06.002.38

Hearn, E.H., Koltermann, C., Rubinstein, J.L., 2018. Numerical models of39

pore pressure and stress changes along basement faults due to wastewater40

injection: Applications to the 2014 milan, kansas earthquake. Geochem-41

istry, Geophysics, Geosystems 19, 1178–1198. doi:10.1002/2017GC007194.42

Hofmann, H., Zimmermann, G., Zang, A., Min, K.B., 2018. Cyclic soft43

stimulation (css): a new fluid injection protocol and traffic light system44

to mitigate seismic risks of hydraulic stimulation treatments. Geothermal45

Energy 6, 27. doi:10.1186/s40517-018-0114-3.46

Howard, G.C., Fast, C., 1957. Optimum fluid characteristics for fracture47

extension, in: Drilling and production practice, OnePetro.48

47



7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

Hsieh, P.A., Bredehoeft, J.D., 1981. A reservoir analysis of the denver earth-49

quakes: A case of induced seismicity. Journal of Geophysical Research:50

Solid Earth 86, 903–920. doi:10.1029/JB086iB02p00903.51

Jacquey, A.B., Urpi, L., Cacace, M., Blöcher, G., Zimmermann, G.,52
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