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ABSTRACT

Evaluating the physical mechanisms that link hydraulic fracturing (HF) operations to induced earth-
quakes and the anticipated form of the resulting events is significant in informing subsurface fluid in-
jection operations. Current understanding supports the overriding role of the effective stress magnitude
in triggering earthquakes, while the impact of change rate of effective stress has not been systematically
addressed. In this work, a modified critical stiffness was brought up to investigate the likelihood, impact,
and mitigation of induced seismicity during and after hydraulic fracturing by developing a poroelastic
model based on rate-and-state fraction law and linear stability analysis. In the new criterion, the change
rate of effective stress was considered a key variable to explore the evolution of this criterion and hence
the likelihood of instability slip of fault. A coupled fluid flow—deformation model was used to represent
the entire hydraulic fracturing process in COMSOL Multiphysics. The possibility of triggering an earth-
quake throughout the entire hydraulic fracturing process, from fracturing to cessation, was investigated
considering different fault locations, orientations, and positions along the fault. The competition between
the effects of the magnitude and change rate of effective stress was notable at each fracturing stage. The
effective stress magnitude is a significant controlling factor during fracturing events, with the change
rate dominating when fracturing is suddenly started or stopped. Instability dominates when the
magnitude of the effective stress increases (constant injection at each fracturing stage) and the change
rate of effective stress decreases (the injection process is suddenly stopped). Fracturing with a high in-
jection rate, a fault adjacent to the hydraulic fracturing location and the position of the junction between
the reservoir and fault are important to reduce the Coulomb failure stress (CFS) and enhance the critical
stiffness as the significant disturbance of stresses at these positions in the coupled process. Therefore,
notable attention should be given to the injection rate during fracturing, fault position, and position
along faults as important considerations to help reduce the potential for induced seismicity. Our model
was verified and confirmed using the case of the Longmaxi Formation in the Sichuan Basin, China, in
which the reported microseismic data were correlated with high critical stiffness values. This work
supplies new thoughts of the seismic risk associated with HF engineering.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Shale gas, as an important product of unconventional reservoirs
(Xu et al., 2015; Jiang et al., 2017; Celleri and Sanchez, 2021;
Rezlerova et al., 2021), was considered inaccessible in low-
permeability formations (Peduzzi and Harding, 2013; Yehya et al.,
2018, 2022). The extraction of shale gas has become economically
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feasible in recent years through the advent of horizontal drilling
and massive hydraulic fracturing (HF) operations. The HF process is
achieved by drilling a horizontal well followed by pressurizing the
cased well with a mixture of fluids and proppant, namely, HF fluid
(Davis and Fisk, 2017). The HF technique is recognized as the pre-
dominant method of subsurface engineering operations gas
drainage, and geothermal resource development because it en-
hances the permeability of reservoirs and effectively stimulates the
flow of hydrocarbons into wells (Peduzzi and Harding, 2013; Meng
et al,, 2021).

However, as subsurface engineering proliferates and increases
in scale, the number of induced seismic events related to different
anthropogenic activities increases in addition to the vast majority
of natural earthquakes occurring each year (Frohlich, 2012; van
Thienen-Visser et al., 2018; Benson et al., 2020; Yehya et al.,
2022). According to statistics of the Human-induced earthquakes
(HiQuake), by March 2023, a total of 1294 human-induced earth-
quakes with a magnitude M,y of —2.2—7.9 occurred worldwide
(HiQuake, 2023). It is publicly available at www.
inducedearthquakes.org. Among them, 33% of induced earth-
quakes were clearly associated with fracturing operations, such as
in the Sichuan Basin, China, and central and eastern United States
(Bao and Eaton, 2016; Sheng et al., 2022; Li et al., 2023). Therefore,
induced earthquake events during HF operations have resulted in
increasing public concern regarding environmental and safety is-
sues worldwide (Bao and Eaton, 2016; Lei et al., 2017; Brudzinski
and Kozowska, 2019; Atkinson et al., 2020; Sheng et al., 2020;
Wang et al., 2020; Chen et al., 2021).

HF is a complex subsurface coupled fluid flow—deformation
process and involves not only the improvement in the reservoir
permeability but also the variation in stress and strain within the
existing fault system in the formation under the effect of the fluid
pressure (Ellsworth, 2013; Wang et al., 2016; Benson et al., 2020;
Villa and Singh, 2020). In other words, the injection of fluids into a
low-permeability formation (i.e., HF operation) not only has the
potential to enhance the reservoir permeability but also has the
potential to alter the fault stress state under normal stress deflec-
tion, reactivate faults, and induce seismicity (Ellsworth, 2013). A
growing number of field observations suggest that HF operations
are corelated in space and time with nearby detected seismicity
(Davies et al., 2013; Holland, 2013; Bao and Eaton, 2016; Deng et al.,
2016; Schultz et al., 2017; Brudzinski and Kozowska, 2019), such as
in the Longmaxi Formation, Sichuan Basin, China. In experimental
(Eyre et al., 2019; Shan et al., 2021) and theoretical studies (Gan and
Lei, 2020; Chen et al., 2021), the link between HF operations and
triggering seismicity has been investigated. However, we still lack a
thorough understanding of the potential for triggering seismic
events during and after HF operations, including the mechanisms of
HF-induced earthquakes on the one hand and the impacts of in situ
conditions and fracture properties on the likelihood of triggering
seismic events on the other hand.

The occurrence region of these injection-induced earthquakes
can usually not be obtained based on the HF operation period and
area (Bachmann et al.,, 2011; Mignan et al., 2015; Kim et al., 2018;
Sun et al., 2017). However, the stratigraphic characteristics and
distribution of faults in formations play a main role in determining
the likelihood of inducing earthquakes (Yehya et al., 2022). In
previous works, two major physical mechanisms of triggered an
earthquake during fluid injection have been considered. One
mechanism suggests that the pore fluid pressure diffuses through
the rock matrix until it reaches a critically stressed fault core within
the damage zone (Ellsworth, 2013; Schultz et al., 2014; Galloway
et al,, 2018; Hui et al., 2021). Based on the Mohr-Coulomb crite-
rion, the enhancement in pore pressure in the fault core reduces the
effective stress and shear friction strength, thus facilitating
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unstable fault slip that could induce earthquakes (Terzaghi, 1923; Ji
et al., 2022). The other mechanism involves the changes in stress in
the existing fault core due to the solid matrix response to fluid
injection according to the effective stress law (Terzaqhi, 1923), thus
triggering unstable fault slip and inducing earthquakes (Chang and
Segall, 2016a, 2016b; Keranen et al., 2014; Segall and Lu, 2015;
Barbour et al., 2017). The premise of these two mechanisms is that a
critically stressed fault must occur in the formation and that fault
reactivation occurs due to the change in the stress state during fluid
injection for injection-induced seismic events to arise (Alghannam
and Juanes, 2020; Yehya et al., 2022).

The change in the Coulomb failure stress (CFS) is commonly
used as a failure criterion for analysing fault reactivation by fluid
injection (Vilarrasa et al., 2016; Yehya et al., 2018; Fan et al., 2019).
Based on the CFS failure criterion, any natural or anthropogenic
activity that alters the shear stress, normal stress or pore pressure
can drive critically stressed faults towards failure (Fig. 1) (Brudy
et al, 1997; Zoback and Harjes, 1997; Townend and Zoback,
2000). The variation in the CFS value disturbs dormant faults and
promotes fault reactivation (Zoback and Harjes, 1997; Evans et al.,
2012; Yehya et al., 2022). This criterion can only predict whether
a given fault can be reactivated but cannot determine whether fault
slip will result in an aseismic response via creep-sliding or a seismic
response via stick-sliding, i.e., whether fault slip will trigger
earthquakes (Warpinski et al., 2012; Goodfellow et al., 2015;
Guglielmi et al,, 2015; Fan et al.,, 2019). Thus, the likelihood of
injection-induced earthquakes cannot be comprehensively evalu-
ated only by CFS as it can only determine the reactivate behaviour
of fault (Yehya et al., 2022).

In view of this defect, the use of a model combined with rate-
and-state friction (RSF) theory and the single-degree-of-freedom
spring-slider model overcomes this disadvantage (Ruina and
Andy, 1983; Tullis and Weeks, 1986; Linker and Dieterich, 1992;
Rice, 1993; Ruina, 1983; Alghannam and Juanes, 2020; Lu et al.,
2023). RSF theory can be used to characterize the stability of fric-
tional sliding and the evolution of slip behaviour by evaluating the
dependence of the friction velocity (Dieterich, 1972; Dieterich,
1978; Hutka et al., 2023). The frictional strength decreases with
increasing shear slip, and the fault exhibits the potential for
earthquake nucleation. Conversely, the likelihood of an aseismic
response of the fault increases, the concept of the critical stiffness of
the fault, obtained from the combination of RSF theory and simple
spring-slider models (Ruina, 1983; Tullis and Weeks, 1986; Rice,
1993; Lu et al., 2023), is extensively applied to determine the
likelihood of injection-induced earthquakes. In the classical model,
it is composed of several parameters, obtained from direct/double
experiment, controlling the transition from stable to unstable
sliding (Gu et al., 1984; Rice, 1993; Leeman et al., 2016; van den
Ende et al, 2018; Alghannam and Juanes, 2020). Recently, a
modified critical stiffness constitutive law was proposed by
Alghannam and Juanes (2020) to account for the effect of variations
in the pressurization rate on the likelihood of inducing seismicity.
However, the effect of the transient change in the normal stress
resulting from fluid injection on the likelihood of triggering
earthquakes has remained highly overlooked (Improta et al., 2015;
Tang et al., 2018).

Observations for the field monitoring data have further shown
that unstable fault slip during injection-induced earthquakes can
occur either by pore pressure diffusion along the damage zone or
poroelasticity deformation through the rock matrix near reac-
tivated existing faults (Rice and Cleary, 1976; Fisher and Warpinski,
2012; Deng et al., 2016; Tang et al., 2018; Ji et al., 2022). However,
during HF operations, only changes in the pore pressure are un-
likely to cause induced seismic events, as the pore pressure requires
time to diffuse and reach faults during injection transformation and
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Fig. 1. Schematic of the fault reactivation mechanism during hydraulic fracturing, where 7 is the shear stress, ¢ is the normal stress, and p is the pore pressure. Post fluid injection,

three stages can be observed in the variation of stress applied on the fault: (i) In Stage (a), the

fluid is injected and then diffuses into the reservoir but does not arrive to the fault. The

frictional shear strength of the fault is determined by the normal stress on fault. (ii) In Stage (b), the fluid diffuses and arrives to the fault. The pore pressure of fault increases and the

frictional shear strength of fault decreases. The fault is more prone to slipping. (iii) In Stage

stopping (Bao and Eaton, 2016; Deng et al., 2016; Galloway et al.,
2018; Yehya et al., 2022). The shear stress and normal stress of
the rock matrix near the fault vary instantly and significantly and
induce stress deflection in critically stressed faults, thus triggering
earthquakes (Gudmundsson, 2022).

The above observations further demonstrate that most studies
focused on the effect of the fault normal stress magnitude on the
likelihood of induced earthquakes in the fracturing process (Gu
et al., 1984; Rice, 1993; Leeman et al., 2016). For example, Yehya
et al. (2018) assessed the seismic response of faults to HF opera-
tions by estimating the change in the CFS value along a fault in the
Duvernay Formation, Alberta, Western Canada. However, the
change rate of the fault normal stress resulting from the variable
fluid injection rate during HF operation has remained overlooked in
revealing the mechanism of injection-induced earthquakes (Rice,
1993; Alghannam and Juanes, 2020). Furthermore, the coupled
effects on deformation and diffusion in reservoirs and faults during
fracturing must be considered to appropriately reproduce the full
coupling between solid poroelastic deformation and fluid flow. The
spatiotemporal characteristics of the observed microseismicity
signals indicated that the seismic events along the fault at the first
three fracturing stages were directly related to the injection pro-
cess, while the detected seismic events were attributed to fault
relaxation after the fourth fracturing stage (Zhang et al., 2020).

In this study, to accurately predict the likelihood of HF-induced
earthquakes, we developed a modified fault critical stiffness crite-
rion that considers the effect of the magnitude and change rate of
effective stress. We focused on the effects of the fault location,
orientation, and different positions along the fault on the critical
stiffness and the relationship among the CFS value, fault critical
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(c), the frictional shear strength cannot resist the shear stress of fault. The fault slips.

stiffness and earthquake triggering. We estimated the fully coupled
process during HF operations using a three-dimensional finite
element poroelastoplastic model in COMSOL Multiphysics.
Furthermore, we considered a case study of the Longmaxi Forma-
tion shale in Changning, Yibin, Sichuan, southwestern China, where
seismic events were reported during and after HF operations, to
relate the fault response to real seismic data. We analysed and
verified that the variations in the CFS value and critical stiffness of
the fault are correlated with the microseismic activities observed at
various fracturing stages. The new approach and results are re-
ported below.

2. Mathematical model

In the model, the reservoir, fault, and wall rock matrix are
approximated as poroelastic media (Biot, 1941) to investigate the
poroelastic coupling of stresses of the fault and characterize the
effect of changes in stress on triggering earthquakes during HF
operations using the fault critical stiffness (Alghannam and Juanes,
2020; Yehya et al., 2022).

2.1. Coupled poroelastic model

2.1.1. Governing equation of deformation
The relationship of the deformation for the reservoir and fault
can be defined as (Detournay, 1993; Cui et al., 2018)

Gm
——=-Ukki =f; + tmPm

1-2v (1)

Gmui,kk +
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where Gn represents the shear modulus; u and any are the
displacement and Biot coefficient, respectively; pm, is the gas
pressure; subscript m denotes the form of the medium as either a
fault or a reservoir; subscripts i and k denote the directional com-
ponents of the variables; subscript kk denotes the Einstein sum-
mation convention; subscripted comma denotes the time
derivative of a variable; subscript ki denotes the interchanging
indices, representing the components of strain with different di-
rections. The right side of Eq. (1) represents the body force per unit
volume resulting from fluid injection.

2.1.2. Governing equation of fluid flow

In this work, the single-phase flow is assumed and mass con-
servation law together with Darcy's law and storage model is
written as (Biot, 1941; Darcy, 1856)

F) 0(e k
S (167;“) + pma (atV) =V. (pm“—r: (VPm — ng)> (2)

S=¢mxr + (1 — ém)Xp (3)
where pp, represents the fluid density; S is the storage coefficient;
¢m denotes the porosity of matrix; xr is the compressibility of the
fluid; x,, is the effective compressibility of the matrix; « is the Biot
coefficient; ey is the volumetric strain; ky, is the permeability of
both the reservoir and fault; u, is the dynamic viscosity; g is the
gravitational acceleration.

2.2. Coulomb failure stress criterion

The normal stress component ¢ and the shear stress component
7 acting on the fault can be defined in the form of Cauchy's stress.

n
The stress vector T can be expressed as the components of the
stress tensor ¢jj at a given point (Teodor and Ardéshir, 2000). The
magnitude of the normal stress component ¢ can be obtained as

M=

n
c=T-n="T;n;

(4)
with

n
Ti = o,-jnj

Eq. (4) can be expressed as follows:

(5)

The magnitude of the shear stress component 7 can be deter-
mined as

n n n
o=0nn; or ¢ = Tyny + Tyny + Tz,

n
T=(T)* - o?

(6)
n n
Based on the definition of T(), (T)? can be obtained as

n o . on o nn n )
(T) =TxT= T,Tl = (aunj) (Uikn]<) or (T) = cr,-jo,-knjnk (7)

Egs. (5) and (6) denote the normal stress ¢ and shear stress 7,
respectively, on an arbitrary plane.

We use the CFS parameter to assess the potential of fault reac-
tivation, and any positive change in the CFS value impacts the
response of the fault to HF injection perturbation, which could lead
to fault slip. For a cohesionless fault, the change in CFS can be
defined as
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ACFS = A7 — (Ao — Ap) (8)
where s is the coefficient of static friction; A7 denotes the change
in the shear stress; Ac—Ap denotes the change in the effective
stress; Ao and Ap denote the changes in the normal stress and the
pore pressure acting on the fault, respectively, based on the Mohr-
Coulomb model combined with the effective stress law (Terzaghi,
1923). We assumed that compression is positive and tension is
negative. Any natural or anthropogenic activity that alters the shear
stress, normal stress or pore pressure could cause critically stressed
faults to fail (Townend and Zoback, 2000; Bao and Eaton, 2016; Villa
and Singh, 2020). We note that this Coulomb stress change criterion
addresses fault stability without distinguishing whether the
resulting fault slip is seismic or aseismic.

2.3. Modified critical stiffness

The classical critical stiffness of fault in the original study (Rice,
1993) (which is defined as Ky = (¢ — p)(b— a)/dc, where b —a is
the friction stability parameter and d. is the critical slip distance for
state evolution) was considered to be determined by the magnitude
of effective stress. The likelihood of injection-induced earthquakes
rises with the increase in effective stress. In recent years, engi-
neering field data reports that abrupt changes in injection rate and
the occurrence of earthquakes are highly correlated (Kim, 2013;
Tang et al., 2018). The critical stiffness regarding the effect of change
rate of pore pressure (which is defined as Ky = (¢ —p)(b—a)/dc +
ap/vg, where p is the change rate of the pore pressure and vg and «
are the initial velocity and an empirical scaling factor, respectively)
was thus proposed by Alghannam and Juanes (2020) to explain
these observations.

However, the effect of the change in the normal stress on the
likelihood of triggering earthquakes has been ignored in existing
research. In this section, we modified the critical stiffness criterion
by including the change rate of effective stress based on the RSF
theory and spring-slider model.

2.3.1. Rate- and state-dependent friction

A spring-slider model can express the variation of effective
stress in the whole process of fault slip (Rice, 1993; Cueto-
Felgueroso et al., 2017; Alghannam and Juanes, 2020; Lu et al,,
2023). As shown in Fig. 2, the spring-slider model composes a
slider forced by a spring, which represents the combined geometric
fault stiffness.

The shear strength of the fault, 7, can be obtained by the
Mohr—Coulomb model (Pampillon et al., 2018):

9)

where (v, f) represents the friction coefficient and is defined based
on Ruina's slip law (Ruina and Andy, 1983); 7. is the cohesive
strength (hereafter, 7.= 0); ¢ — p denotes the effective contact
pressure; ¢ and p are the normal stress and pore pressure,
respectively, that act on the fault and reservoir. Here, we assumed
that compression is positive.

The tractive force of the slider is defined as the difference be-
tween the shear stress and the shear friction strength of fault
(Segall and Rice, 1995; Iverson, 2005; Mitsui and Cocco, 2010; Chen
and Niemeijer, 2017; Alghannam and Juanes, 2020). The mo-
mentum balance equations for the effective stress variation in the
spring-slider model can be defined as (Rice and Ruina, 1983; Segall
and Rice, 1995; Alghannam and Juanes, 2020; Sun et al., 2023)

e =, 0)(d —p) +7c



Z.-H. Sun, M.-G. Che, L.-H. Zhu et al.

Normal stress o

Spring stiffness k

T VAT |
Permeability k (10'=10%k (10'=10%k
A

Damage zone Damage zone

Fault core

Distance

Steady-slip-rate v,

Petroleum Science 21 (2024) 1081—1098

Fault core
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Fig. 2. Conceptual model of a strike-slip fault connected with a spring-slider model and the typical permeability distribution within the fault damage zone and core.

T¢ — ksU=0 (10)

U=vg—v (11)
where U is the displacement from vy to v; and ks is the shear
stiffness of the spring-slider system.

Ruina's slip law is achieved by the coefficient of friction (Ruina
and Andy, 1983):

M(v,ﬁ):u*+alnvl*+0 (12)
where a is the friction constitutive parameter; v* is the normalized
velocity; u* is a constant that is appropriate for the steady state at
velocity v*; and @ is the state variable.

Rate-and-rate model proposed by Linker and Dieterich (1992)
integrates the effective stress principle, which can be expressed
as follows:

o

- (13)

; v v

where d. is the characteristic distance; b is a constitutive parameter
(indirect effect); « is an empirical scaling factor; ¢ —p is the
effective stress magnitude; and ¢ — p is the change rate of effective
stress.

2.3.2. Linear stability analysis

To quantify the variation in the effective stress, a linear stability
analysis of the system was conducted in the quasi-steady state in
which sliding remained constant, but the effective stress evolved.
Egs. (12) and (13) were linearized to a quasi-steady state and
substituted into Eq. (10), resulting in the following:

o8+ (0-p) _
Vo

s

ksU (14)

where " is the normalized state variable.
Adding the time derivative of Eq. (12) yields the following:
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. g (6~ p)  b(a —p) .
"*a(a—m{‘ R A
g vo(0 —p)] 4=
+a(a—m{ e }9 (1s)
’*7 0((0'—p) b % Vo p*
*(vow—p)‘d_c)" “al

The solutions to Eq. (15) are of the forms 7* = ReA;e’ and §* =
ReA,e’, in which Re denotes the real part of the operator, A; and A,
are constants, A is the growth rate, and t is the time. Substituting the
above form into Eq. (15), we can obtain

Pl ()
o pla "

When the real part of 4; is negative for all values of i, the per-
turbations due to fluid injection are damped, and the system re-
mains stable. In the opposite case, the real part of 4; is positive for
some values of i, the destabilizations increase exponentially, and
the system is unstable. According to the discriminant of the above
equation root, the following can be obtained

a(G~p) , (b-a)o-p)

" 0 (17)

Kcrit: -

As indicated, two forms, effective stress magnitude (W)

and the change rate (%0’")), compose the critical stiffness.
Accordingly, when the shear stiffness of the fault is higher than its
critical stiffness (Eq. (17)), the slider becomes unsteady, and seismic
slip of the fault can be triggered. Conversely, the slider remains
steady or aseismic slip of the fault is induced.

3. Numerical model setup

We applied the model proposed above to investigate the effect
of different factors on the variation of the critical stiffness in the HF
process. The proposed model was implemented in—and solved
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using—COMSOL Multiphysics (version 5.4). The coupling process of
reservoir deformation and fluid flow were achieved through Egs.
(1)—(3) . Darcy's law together with storage model and the defor-
mation equation in Navier term were employed to address fluid
diffusion and mechanical deformation in the formation, respec-
tively. In COMSOL Multiphysics (version 5.4), all of the coupling
equations (Egs. (1)—(3)) were solved within a single iteration step.

3.1. Engineering background and model geometry

Horizontal well Ning 201-H1 is located at the southern edge of
the Sichuan Basin in Changning, Yibin, Sichuan, southwestern
China. Changning, Sichuan Basin, is a lowland region adjacent to
the Yungui Plateau to the south and southeast and is flanked by the
Tibetan Plateau to the west and northwest (Guo et al., 2011; Liang
et al., 2014) (Fig. 3). The target formation of the Ning 201-H1
exploration well is the Yibin Longmaxi Formation shale. The
Longmaxi Formation shale in Yibin, Sichuan, with a thickness of
288 m, has been the most successful shale gas exploration play in
recent years and is expected to be a major unconventional resource
play in China (Zou et al., 2010; Zhao et al., 2016, 2018; Jia et al.,
2022). The total length of the Ning 201-H1 well is 3790 m, with a
vertical depth of approximately 2000 m. The initial fracturing
design of the Ning 201-H1 well involved 12 stages and has been
adjusted to include 10 fracturing stages due to engineering prob-
lems such as severe casing deformation. The injection rate at each
fracturing stage is 9 m>/s with each injection period lasting
approximately 3 h (Zhang et al., 2020). A vertical well, Ning 201,
with eight downhole geophones was used to monitor the occur-
rence of microseismicity.

During HF operations, fault reactivation is evidenced by severe
casing deformation (Zhang et al., 2020). The monitored micro-
seismic signals further verified that the fault existing in the for-
mation experienced seismic slip-inducing earthquakes. Therefore,
it is very important to investigate the mechanisms of the rela-
tionship between HF and induced fault seismic slip to appropriately
correct for HF operations.

Fig. 4(a) shows the microseismic events attributed to HF stim-
ulation of well N201-H1 (Zhang et al., 2020). The red oval denotes a
pre-existing fault that was activated during stimulation due to its
direct connection to the hydraulic fractures. We constructed a
geological system represented by a prismatic block
(4000 m x 1800 m x 888 m) divided into three smaller blocks
represented the reservoir (4000 m x 1800 m x 288 m) and the fault
architecture, including both the fault core and the fault-damage
zone (in total: 101 m x 1800 m x 888 m) as well as the
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surrounding rock based on on-site monitoring data analysis (Zhang
et al,, 2020), as shown in Fig. 4(a). The stress regime is a strike-slip
faulting regime, with the value of oymax for the y direction is
greatest, followed by oy for the z direction, and finally by 6},,;, for
the x direction (Anderson, 1905). The fault is dipping 30° from the y
direction. A conceptual model of the fault zone structure was
adopted and involves a 10-cm-wide fault core embedded in a 10-m-
wide fault-damage zone (Rice and James, 2006). The lower-
permeability fault core is composed of gouges (Caine et al., 1996;
Vrolijk et al., 2016). The higher-permeability damage zone contains
fractures with different scales and subsidiary faults (Min et al.,
2009). The permeability of both the reservoir and the fault-
damage zone was set to 1.0 x 10~ m?, with a value of 1.0 x
10~'® m? specified for the surrounding rock and fault core.

3.2. Model meshing

A geometric mismatch initially occurred because the width of
the fault core was at the scale of fractions of a metre, whereas the
reservoir was at the scale of kilometres. To resolve this issue, the
mesh was densified towards the fault to achieve a smooth transi-
tion from the metre scale to the kilometre scale, as shown in
Fig. 4(b). After meshing, the model consisted of 82,346 tetrahe-
drons and 5460 hexahedrons, with an average element quality of
0.636. The horizontal well was represented by a horizontal line
including 10 mass sources, 300 m/1200 m from the fault core and
located at the centre along the y direction. Calculation location of
numerical simulation was joined with the reservoir and fault core
with the same y-coordinate as that of the 10 mass sources, as
shown in Fig. 4(a). When the fault is activated due to HF operations,
there will be an increase in the permeability of the fault core, which
was not considered in this simulation model.

3.3. Boundary conditions and parameters

The solid mechanics and Darcy's law modules in COMSOL
Multiphysics were adopted to implement the coupled process of
reservoir/fault deformation and fluid diffusion. The fixed feature
was applied to the base of the simulation model. The other surfaces
of the model were free to deform. Hydraulic fluid was injected into
the reservoir, and the pressure pulse diffused horizontally towards
the fault. The surrounding boundaries were considered as no-flow
boundaries. The injection sources during HF operation were acti-
vated one after the other, by injecting 9 m?/s water per mass source
for 3 h followed by 6 h of zero injection. The whole HF operation
process was continued for 90 h, followed by a 180-hour shut-off
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Fig. 3. Position of the horizontal well Ning 201-H1 and its well plan.
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period to represent the effects of fluid transfer in the fault and sliding) depending on the value of the critical fault stiffness ket

reservoir (Zhang et al., 2020). To achieve a strike-slip faulting (Goodfellow et al., 2015; Guglielmi et al., 2015; Spagnuolo et al.,
regime, the gradients of the three principal stresses, gy, Fymax, and 2016; Fan et al., 2019; Yehya et al., 2022). Thus, in this section, we
Thmin, Were set to 21.0, 28.0, and 18.0 kPa/m, respectively, and the first confirmed the fault in the slip state by calculating the changes
pore pressure gradient was set to 12.5 kPa/m. The stresses along the in Coulomb stresses (Eq. (17)) and then evaluated whether fault slip

z, y and x directions in the 3D simulation model (oy, 6ymax, and could trigger earthquakes by estimating the modified fault critical
ohmin) therefore reached 49.0, 56.0 and 36.0 MPa, respectively. stiffness (Eq. (17)). Here, we analysed the evolution of the CFS and

Representative parameters were selected from the literature kerit values of the faults during and after HF operation and specif-
and are listed in Table 1. ically focused on the significant impact of the change rate of

effective stress on the likelihood of induced earthquakes. The
specific location of analysis is the low-permeability fault core at the
junction position in the fault and the reservoir. The following
subsections explain the obtained simulation results.

4. Model results

A slip-oriented fault in the nearly critical state must exist for an
injection-induced seismic event to occur. The CFS criterion only
addresses fault stability without differentiating whether the
resulting fault slip is seismic (stick-sliding) or aseismic (creep-
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Table 1
Model parameter.
Parameter Value Reference
Young's modulus E, GPa 20 Cui et al. (2018); Zhang et al. (2008)
Poisson's ratio v 0.25
Porosity ¢, 0.1
Reservoir permeability k;, m? 1.0 x 10715 Chen et al. (2019); Yehya et al. (2018)
Fault zone permeability k;, m? 1.0 x 1074
Fault core permeability k¢, m? 1.0 x 10718
z-direction stress oy, kPa/m 21.0 Fan et al. (2019); Zhang et al. (2020)
x-direction stress op,min, kPa/m 18.0
y-direction stress oymax, KPa/m 28.0
Rate of hydraulic fracturing Q, m3/s 9.0
Initial pore pressure Py, kPa/m 12.5
Velocity-weakening parameters a—b —0.3 x 1072 Marone (1998)
Normalized frictional parameter « 1.0 x 1072
Characteristic slip distance d., m 0.01
Initial slip velocity vo, m/s 1.0 x 107 Aharonov and Scholz (2018); Ito and Ikari (2016)
Compressibility of the fluid y;, Pa~" 4.0 x 10710
Compressibility of the matrix x,,, Pa~' 1.0 x 107

4.1. Evolution of the fault normal stress and pore pressure

Throughout the whole process of HF operation, the effective
stress variation of the fault core can be separated into four stages
due to the net impact of the changes in the normal stress and pore
pressure on the effective stress, as shown in Fig. 5.

(i) At the first stage, because the position of the first fracturing
well is far from the fault, no variation of fluid pressure in the
fault core observed (as shown in Fig. 5) as the fluid diffuses
into the reservoir but pore pressure front has not yet arrived
at the fault. However, the increase in the pore pressure of the
fault core associated with fluid injection causes volumetric
expansion in the perturbed part of the reservoir, which ex-
erts an added compression effect on the low-permeability
fault due to the stress transfer effects of the poroelastic
rock matrix (Segall and Fitzgerald, 1998; Fan et al., 2019; Villa
and Singh, 2020). As shown in Fig. 5, the normal stress of the
fault increases at an increasing rate during each injection
period and increases relatively slowly during each shut-in
period. The evolution of the effective stress of the fault
core is dominated by that of the normal stress as the change

(a) Hydraulic fracturing operation
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(ii)

in the pore pressure remains zero. The effective stress of the
fault core thus increases at an increasing rate during each
injection period and increases relatively slowly during the
shut-off period.

At the second stage, the fluid diffuses and arrives at the fault,
and the pore pressure of the fault core starts to increase at a
certain rate. The decrease in the distance between the frac-
turing well and fault leads to a more pronounced poroelastic
effect in the reservoir. The compression effects on the fault
become more significant, resulting in a higher increasing rate
of the normal stress; thus, the normal stress of the fault core
increases more significantly than that at the first stage. The
increasing rate of the normal stress is far higher than that of
pore pressure at this stage. Thus, the effective stress of the
fault core increases at a more significant increasing rate
during each injection period and shut-off period relative to
the first stage.

(iii) At the third stage, the normal stress of the fault core still

(b)

Change rate of stress, MPa/h

increases but at a lower increasing rate due to the stress
release effects when the whole HF operation is stopped. The
pore pressure of the fault core continues to increase with
fluid diffusion. However, the change rate of the normal stress

Hydraulic fracturing operation
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Fig. 5. Evolution of the effective stress and its components (i.e., the pore pressure and normal stress) in the fault core. (a) Change in stress; (b) Change rate of stress.
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of the fault core is still much higher than that of the pore
pressure. As a result, a lower enhancing rate is observed for
the effective stress of the fault core at this stage.

(iv) At the fourth stage, both the normal stress and pore pressure
of the fault core increase at a lower increasing rate due to
further stress release effects and fluid diffusion. At this stage,
the change rate of the pore pressure of the fault core is higher
than that of the normal stress. Thus, the change rate of
effective stress changes to negative and the effective stress of
the fault core rapidly decreases.

(v) At the fifth stage, the normal stress of the fault core further
decreases with increasing stress release due to the self-
equilibrium effects in the entire geological system. The
pore pressure of the fault core increases at a lower increasing
rate. The effective stress of the fault core decreases at an
increasing rate but still keeps negative and the change rate of
effective stress gradually approaches 0.

4.2. Coulomb stress changes

For a critically stressed fault, any positive change in the CFS
value affects the fault response to the perturbation and could lead
to fault slip. The fault exhibits a tendency to slide and possesses the
prerequisite for triggering seismic slip (stick-sliding) once the shear
stress is larger than its shear friction strength, i.e., the CFS value
remains positive. In the simulation model, the friction coefficient
was set to 0.5, and the shear friction strength varied with effective
stress based on the Mohr—Coulomb model. As shown in Fig. 6, the
shear stress in fault core sharply decreased with increasing friction
strength during the injection period of HF operation and gradually
increased with decreasing friction strength during the period after
HF operation.

Thus, during each injection period of HF operation, the CFS value
of the fault core sharply decreased with a sudden drop in the rate
(ACFS), indicating that the slipping fault generated a stability
response to injection with decreasing shear stress and increasing
friction strength. However, before nearly 70 days, the CFS value
remained positive, indicating fault slip. After nearly 70 days, the CFS
value became negative with a negative change in CFS. After nearly
90 days, the CFS value increased with a positive change in CFS and
became positive again after nearly 195 days. During and after the

(a) Hydraulic fracturing operation
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whole process of HF operation, CFS alternated between positive and
negative values, which indicates that the fault was sliding or
occurred in a critical sliding state. Thus, it is necessary to evaluate
whether the slip state of the fault facilitates the triggering of
seismicity.

4.3. Evolution of the critical stiffness

4.3.1. Impact of the effective stress magnitude (classical critical
stiffness changes)

The classical critical stiffness, proportional to the change in the
effective stress, can be separated into five stages as shown in Fig. 7.

(i) At the first stage, the effective stress of the fault core in-
creases during each injection period and increases relatively
slowly during each shut-off period. According to the classical
critical stiffness criterion (Rice, 1993), the evolution of the
critical stiffness is proportional to the change in the effective
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Fig. 7. The evolution of the modified critical stiffness, and its components, i.e.
magnitude and change rate of effective stress.

(b) Hydraulic fracturing operation
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Fig. 6. Evolution of the CFS value and the solution term, i.e., shear stress and shear friction strength. (a) Change in CFS; (b) Change rate of CFS.
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stress. The classical critical stiffness of the fault core thus
increases during each injection period and increases rela-
tively slowly during each shut-off period with increasing
magnitude of the effective stress of the fault core, which
triggers fault slip and rises the likelihood of induced
seismicity.

(ii) At the second stage, as fluid front approaches to the fault
core, the effective stress increases dramaticly than that of
previous stage with increasing compression effects. Also a
significant enhancement in classical critical stiffness is also
observedduring injection and shut-off periods, indicating
that the fault causes more significant seismic slip in response
to fracturing and increases the risk of triggering seismicity.

(iii) At the third stage, the effective stress of the fault core con-
tinues to increase, but it increases at a slow decreasing rate
after the end of HF operation, increasing the classical critical
stiffness. At this stage, the classical critical stiffness rises to
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the maximum value, i.e., to the highest risk of inducing
earthquakes.

(iv) At the fourth stage, the effective stress of the fault core shows

(v

(b)

CFS, MPa

ACFS

(d)

Critical stiffness k., 10° N/m?

a dramatic delining due to the rapidly decreases causing by
the increased gas pressure. As a result, a negative value in the
changing rate of effective stress appears. Correspondingly,
the classical critical stiffness of the fault core decreases
driving aseismic slip of the fault and reducing the likelihood
of induced seismicity.

) At the fifth stage, the effective stress of the fault core de-
creases at an increasing rate but still keeps negative. The
classical critical stiffness of the fault core decreases with
decreasing effective stress of the fault core, which facilitates
aseismic slip of the fault and decreases the risk of triggering
seismicity.
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Fig. 8. Comparison of stability profiles for the different injection rates. (a) Shear stress and shear friction strength; (b) Magnitude and change rate of CFS; (c) Effect of the effective
stress magnitude in critical stiffness and effect of the change rate of effective stress in critical stiffness; (d) Evolution of the critical stiffness.
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4.3.2. Impact of the change rate of effective stress

The dominate role of change rate of effective stress on the
critical stiffness of the fault can also be divided into five stages as
shown in Fig. 7.

(i) At the first stage, the change rate of effective stress of the
fault core suddenly increases at the start of each injection
period and suddenly decreases at the end of each injection
period. The critical stiffness of the fault core is negatively
correlated with change rate of effective stress based on Eq.
(17). During each fracturing injection period, the change rate
of effective stress suddenly increases at the beginning of
injection, reducing the critical stiffness and driving aseismic
slip of the fault. The change rate of effective stress abruptly
decreases at the end of injection, increasing the critical
stiffness and facilitating seismic slip of the fault.

(ii) At the second stage, the change rate of effective stress of the
fault core increases more significantly than that at the first
stage at the beginning of each fracturing period, lowering the
critical stiffness and driving aseismic slip of the fault. The
change rate of effective stress decreases more significantly at
the end of each fracturing period, increasing the critical
stiffness and promoting seismic slip of the fault.

(iii) At the third stage, the change rate of effective stress de-
creases rapidly, increasing the critical stiffness of the fault
core and triggering seismic slip.

(iv) At the fourth stage, the change rate of effective stress of the
fault core becomes negative and decrease slower than that at
the third stage, enhancing the critical stiffness of the fault
core and initiating slip of the fault. At this stage, the critical
stiffness increases to its maximum value, which is the state
with the highest risk of triggering seismicity.

(v) At the fifth stage, the change rate of effective stress gradually
increases and approaches 0 (but remained negative),
reducing the critical stiffness of the fault core and driving
aseismic slip of the fault.

4.3.3. Modified critical stiffness changes
As illustrated above, the modified fault critical stiffness (Eq. (17))
are impacted by both magnitude and change rate of effective stress.

Fault 1

Fault 2

Petroleum Science 21 (2024) 1081—1098

The former term enhances the value of fault critical stiffness, and
the later term decreases the value in our case study. The modified
variation in the critical stiffness of the fault core can be separated
into five stages, as shown in Fig. 7:

(i) At the first stage, the critical stiffness decreases at the
beginning of each injection period, triggering aseismic slip of
the fault and reducing the likelihood of seismicity, as
controlled by the increasing rate of the effective stress. At
each constant-injection stage, the critical stiffness slightly
increases, dominated by the increased effective stress
magnitude. The critical stiffness suddenly increases at the
end of each injection period, mainly due to the decreasing
rate of the effective stress, resulting in fault seismic slip and
enhancing the potential of seismicity.

(ii) At the second stage,no significant difference of critical stiff-
ness of the fault core is observed when compared with the
first stage. This is mainly because that variation in pore
pressure of fault core is much lower than that in the normal
stress. Meanwhile, the extrusion effect applied on the fault
core enhances dramaticly than at the first stage as the pore
pressure is approaching. The critical stiffness thus increases
and then decreases more intensely at this stage relative to
the first stage, resulting in more dramatic seismic slip and
aseismic slip of the fault, respectively.

(iii) At the third stage, the increase in effective stress magnitude
and the decrease in change rate of effective stress jointly
increase the critical stiffness, which promotes seismic slip of
the fault.

(iv) At the fourth stage, the critical stiffness is reduced by the
decreasing effective stress while raised by the decreasing
change rate. As a result, the critical stiffness first increases
and then decreases due to the competition effect of the
magnitude of, and change rate in effective stress. At this
stage, the modified critical stiffness increases to its
maximum value, which is the highest risk of triggering
earthquakes.

(v) At the fifth stage, the decrease in effective stress magnitude
and the increase in the change rate of effective stress jointly
reduce the critical stiffness, thus driving aseismic slip of the
fault and reducing the likelihood of earthquakes.

Fig. 9. Schematic of a numerical model with two fault positions.
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5. Discussion

In this section, we analyse the impact of the hydrogeological
factors, i.e., fault permeability distribution, fault position, HF region,
and HF injection rate on the evolution of seismicity during hy-
draulic fracturing.

5.1. Injection rate in hydraulic fracturing

To investigate the impact of HF operation on the likelihood of
seismic slip of the fault (i.e., evolution of the critical stiffness), three
injection rates were designed under a constant-injection scenario:
6,9, and 12 m’/s.

As illustrated in Fig. 8(a), the increased shear strength and the
decreased shear stress during each injection period of HF operation
jointly reduced CFS and drove it towards a negative value, trig-
gering a stability response of fault slip to fracturing. The shear
strength increased, and the shear stress decreased after the end of

(a) Hydraulic fracturing operation
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HF operation, enhancing CFS and converting it to a positive value.
Additionally, the stability response of the fault core with a higher
injection rate occurred earlier during HF operation, manifested as
more significant changes in the stress strength and shear stress.
Reactivation of the fault core (CFS>0) occurred later after the end of
HF operation. As shown in Fig. 8(a) and (b), all three cases of
different injection rates provided prerequisites for fault slip at the
beginning of HF operation, i.e., CFS>0.

It can be observed that a higher injection rate would lead to a
significant value of the critical stiffness of the fault core when in-
jection was suddenly started and stopped during HF operation, as
shown in Fig. 8(c) and (d), respectively. The critical stiffness of the
fault core with a higher injection rate decreased faster because of its
larger enhancement in the change rate of effective stress of the fault
core when injection was suddenly started, triggering a stability
response of the fault core to injection. On the contrary, when in-
jection was suddenly stopped, the critical stiffness of the fault core
at a higher injection rate increased faster with a larger decrement in

(b) Hydraulic fracturing operation
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Fig. 10. Analysis of the stress for Fault 1 and Fault 2. (a) Shear stress and shear friction strength; (b) Magnitude and change rate of CFS; (c) Effect of effective stress magnitude in
critical stiffness and effect of change rate of effective stress in critical stiffness; (d) Evolution of the critical stiffness.
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Fig. 11. Schematic of a numerical model with different locations along the fault in detail.

the change rate of effective stress of the fault core. After the end of
the entire HF process, the critical stiffness of the fault core with a
higher injection rate increased more significantly due to the larger
increase in the effective stress and reached its maximum, exerting
the most unstable impact of the fault and thus more likely to excite
fault seismic slip.

We could conclude that a higher injection rate could stabilize
the slipping fault earlier and more significantly during HF opera-
tion. However, a higher injection rate during HF operation could
cause greater enhancements in CFS and critical stiffness of the fault
core after the end of HF operation, resulting in reactivation of the
fault relatively late and potentially yielding a higher likelihood of
seismic slip of the fault. To avoid seismicity of the fault under HF
operation, the injection rate should be reduced. However, during
the period of HF operation, to avoid seismicity of the fault relatively
far away from the fracturing well, the injection rate should be high
enough to create a normal compressive stress that can stabilize the
fault. Thus, an optimum injection strategy based on different fac-
tors needs more extensive study. In future studies, the injection rate
should be estimated, and the permeability distribution and the
relative positions of faults and injection wells should be considered.

5.2. Fault position and hydraulic fracturing region

We next consider two cases in which ten injection wells are
activated one after the other gradually towards Fault 1 or far away
from Fault 2 (Fig. 9) to investigate the response at various relative
locations of the fault and fracturing wells to HF operation.

As shown in Fig. 10(a), the shear stress of Fault 2 decreased
earlier than that of Fault 1 as the nearer fracturing wells at the early
time of HF operation. The shear strength of Fault 2 increased earlier
than that of Fault 1 due to the nearer fracturing wells at the early
time of HF operation. The CFES of Fault 2 converted to a negative
value earlier than that of Fault 1, representing that Fault 2 turns to
stability state earlier, due to the earlier stability response of Fault 2
to injection relative to Fault 1 and the shorter distance between the
fracturing wells and Fault 2. Two locations of the fault exhibited
reactivation behaviour, as shown in Fig. 10(a) and (b), which
occurred earlier in Fault 1 than in Fault 2.

As shown in Fig. 10(c) and (d), the critical stiffness of Fault 2
increased, triggering an unstable response of the fault at the early
time of HF operation, due to the decreased change rate of effective
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stress of the fault core during each stopping period of injection.
During HF operation, the critical stiffness of Fault 2 always excee-
ded Fault 1. After HF operation, the critical stiffness of Fault 1
increased more notably with decreasing change rate of effective
stress of the fault core at the end of the last injection. Therefore,
after HF operation, the critical stiffness of Fault 1 exceeded Fault 2.
This is an interesting observation regarding the role of the fault
location and how the likelihood of induced earthquake evolution
with injection time differs depending on the relative position of the
fracturing wells and fault. The case of Fault 2 was characterized by
earlier dramatic variation in the critical stiffness, due to a more
intense increased effective stress at early time of HF operation and
reached its maximum value (highest risk of triggering earthquakes)
at the HF operation stage. However, the critical stiffness of Fault 1
rapidly increased after HF operation and reached the maximum
value and triggered a higher probability of unstable fault slip.

5.3. Different positions along the fault

In this section, three positions were selected to illustrate the
impact of different positions in the fault core on critical stiffness
evolution, as shown in Fig. 11. Among them, position B refers to the
junction of the fault and the reservoir, while positions A and C
located 100 m above and below position B, respectively (Fig. 11).

The CFS value at all three positions decreased with decreasing
shear stress and increasing normal stress, thereby inducing a sta-
bility response of the slipping fault to injection during HF opera-
tion. The shear stress and normal stress of the fault core at position
B changed more significantly after HF operation, respectively,
which resulted in the largest decrease in CFS. The CFS value at
position B thus changed and reactivated the fault later than that at
positions A and C, as illustrated in Fig. 12(a) and (b), respectively.
When comparing the cases of positions A and C, the value at po-
sition C changed more notably than that at position A during and
after HF operation, respectively, indicating a greater response in the
lower region of the fault to HF operation.

In addition, the evolution of the critical stiffness at position C in
the fault core was more notable than that at position A, as the initial
value of the critical stiffness was increased, as shown in Fig. 12(c)
and (d), respectively. The critical stiffness of the fault core at posi-
tion B increased more significantly than that at positions A and C
due to the most intense reduction in the change rate of effective
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(b) Hydraulic fracturing operation
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Fig. 12. Comparison of the stability profiles for the different locations along the fault. (a) Shear stress and shear friction strength; (b) Magnitude and change rate of CFS; (c) Effect of
effective stress magnitude in critical stiffness and effect of change rate of effective stress in critical stiffness; (d) Evolution of the critical stiffness.

stress after HF operation, which is more potentially to cause un-
stable sliding induced by faults. The upper region (position A) of the
fault core, as mentioned above, could stabilize the slipping fault
earlier and more significantly during HF operation.

The lower region (position C) of the fault core could reactivate
the fault more obviously after the end of HF operation. However,
the region at the junction between the reservoir and fault (position
C) could yield a greater enhancement in the critical stiffness of the
fault core after the end of HF operation, which is the region most
likely to induce seismicity.

5.4. Explanation of the field observations and model verification

Field microseismic data, as shown in Fig. 13, were obtained by
eight downhole geophones in the pre-existing vertical well Ning
201 (Zhang et al.,, 2020). Fig. 13(a) shows the evolution of the
number of microseismic events, cumulation moment and injected
fluid volume with fracturing time across 10 fracturing stages.
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Fig. 13(b) shows the number of microseismic events during the
pumping of each stage and the following shut-in period. Although
the injected volume at each fracturing stage remained the same, an
extremely large increment in seismic moments occurred after stage
2, resulting in severe casing deformation. Zhang et al. (2020) ana-
lysed the monitored microseismic events and divided them into
two groups based on the locations relative to the pre-existing fault
(fault-related events and fracture-related events).

As indicated by the numerous fault-related events (red-filled
circles) in Fig. 13, many fault-related microseismic events occurred
at the first four stages. The number of fault-related events gradually
decreased as the fracturing operation moved away from the fault
and decreased sharply after stage 3 (Zhang et al., 2020) as shown in
Fig. 13(b). As discussed in chapter 5.2, the correlation between the
fault position and HF sequence could be explained by the variation
in the critical stiffness gradually decreasing as the fracturing pro-
cess moved away from the fault (Fig. 13(b)). The fault near the
fracturing operation region exhibited a higher potential of
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Fig. 13. Field microseismic events monitored via pre-existing vertical well Ning 201 (Zhang et al., 2020). (a) The number of microseismic events, cumulation moment, and injected
fluid volume with fracturing time. The red-filled circles and black-filled circles represent fault-related events and fracturing-related events, respectively. The grey and blue lines
denote cumulation moments and fluid injection volume, respectively. (b) The number of microseismic events during the pumping stages and the following shut-in stages.

triggering earthquakes.

Additionally, as shown in the blue and grey lines of Fig. 13(a), the
cumulative moment was positively correlated with the volume of
injected fluid, and the largest increment in seismic moments al-
ways occurred at the end of injection at each fracturing stage (a
sudden decrease in the fluid injection rate). This fascinating rela-
tionship between the variation in the fluid injection rate and the
sudden increase in seismic moments could be explained by the
proposed critical stiffness criterion. The critical stiffness first
decreased, stabilizing the fault at the beginning of fluid injection at
each fracturing stage. The critical stiffness then gradually increased
at the fracturing stage under a constant fluid injection rate. The
critical stiffness greatly increased and reached its maximum value
at the fracturing stage after the fluid injection rate suddenly
decreased at the end of each fracturing stage. Thus, the occurrence
of a large seismic moment at the end of the fracturing stage in the
field could explain why the critical stiffness increases as the in-
jection rate suddenly reduces.
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6. Conclusions

A three dimensional fully coupled poroelastic model consisting
of a reservoir and pre-existing faults was established to estimate
the likelihood of induced earthquakes during multistage HF oper-
ations based on the engineering background of the Longmaxi For-
mation in the Sichuan Basin, China. CFS was first used to determine
whether the fault exhibited a slip trend as a prerequisite for trig-
gering seismic slip during HF operation. The modified critical
stiffness model was proposed for estimating the likelihood of
induced earthquakes during and after HF operation. The critical
stiffness was positive correlated to the effective stress of fault and
was negative correlated to the change rate of effective stress.
Additionally, the fault response to stress perturbation resulting
from HF operation was affected by the injection rate during frac-
turing, fault orientation, and position along the fault with respect to
HF operations. Based on this work, the following conclusions could
be drawn:

(a) Ateach fracturing stage, the critical stiffness decreased at the
beginning of each injection period, slightly increased at each
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constant-injection stage, and then suddenly increased with
the injection rate suddenly stopped. Then, the critical stiff-
ness varied more dramatically as the fracturing stages
approached the fault. After HF operation was stopped, the
critical stiffness increased to its maximum value, reaching
the highest likelihood of triggering earthquakes. Finally, the
critical stiffness decreased, driving aseismic slip of the fault
and reducing the likelihood of earthquakes.

(b) The change rate of effective stress dominated the critical
stiffness evolution when the injection rate suddenly varied at
each fracturing stage. Conversely, the effective stress
magnitude played a major role in the variation in the critical
stiffness at the constant-injection stage during each frac-
turing period. The critical stiffness reached its minimum
value after the first period of injection. Conversely, the crit-
ical stiffness arrived at its maximum value after the stopping
of each fracturing stage. After the end of HF operation, the
critical stiffness of the fault core triggered the maximum
likelihood of yielding a seismic response.

(c) Locating the fracturing stage far away from the fault and
reducing the rate of injection during HF operation are the
best options for minimizing seismicity. The junction area
between the reservoir and fault is likely to a more unstable
position of the fault during HF operation, while the fault core
above the reservoir is safer than that below the reservoir.

(d) The largest moment magnitude after HF operation was
stopped and the phenomenon that the fault near the frac-
turing operation region exhibited a higher potential of trig-
gering earthquakes in the shale gas exploration field in
Longmaxi Formation, Sichuan Basin, China, could be suitably
explained by modified critical stiffness.
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