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Abstract: Pressure buildup induced by geological carbon sequestration (GCS) will decrease the effective stresses in the storage formation,
and geomechanical effects of overpressure may affect fault stability, possibly resulting in felt induced seismicity. Predicting the geomechan-
ical stability of faults is of crucial importance for the safety of GCS. We applied a numerical approach to evaluate the potential magnitude of
fault slippage for a specific stress regime. Next, we focused on the geometry and structures of fault zones through comprehensive analyses of
the thickness of the overburden (H), the fault dip (Φ), and the distance between the fault and the injection well (D). Based on the relationships
of D, H, and Φ with the corresponding fault behavior, we obtained a traffic light indicator diagram to assess the risk of induced seismicity at
a specific level of each factor. To overcome the complicated relationship between factor variations and the corresponding fault slippage,
we introduced a danger surface in the traffic light indicator diagram with a security threshold of inducing moderate to strong seismicity to
distinguish the danger zone. This approach provides physically sound outcomes for prioritizing the well location to avoid the risk of inducing
strong seismicity. DOI: 10.1061/(ASCE)GM.1943-5622.0001573. © 2019 American Society of Civil Engineers.
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Introduction

Geological carbon sequestration (GCS) is widely regarded as an
effective approach for achieving large reductions in greenhouse
gas emissions to alleviate climate change during the next several
decades (IPCC 2005). According to the International Energy
Agency (IEA), GCS has the potential to contribute to 20% of the
total carbon emissions reduction (IEA 2006). Fully commercial
GCS projects will require the geological sequestration of large
volumes of carbon dioxide (CO2) to effectively reduce greenhouse
gas emissions (e.g., >20 Mt) (Gerstenberger et al. 2013). As a re-
sult of the pressure buildup arising from such huge amounts of CO2

injection into the deep subsurface, GCS could cause stress changes
sufficient to bring about the reactivation of pre-existing faults via

seismicity over time (Mazzoldi et al. 2012; Zoback and
Gorelick 2012).

In the context of GCS, the key issues for the reactivation of pre-
existing faults are leakage of the trapped gas and induced seismicity
(IPCC 2005; Lei et al. 2008; Li et al. 2013). Fault reactivation may
increase the porosity and permeability of fault zones and thus pro-
vide leakage pathways into surrounding formations (Réveillère
et al. 2012). However, CO2 leakage is unlikely to occur because
the heterogeneity of faults hinders the upward migration of CO2

in the crystalline basement, where fault reactivation usually occurs
(Vilarrasa et al. 2016; Li et al. 2004). More importantly, such
human-induced seismicity accompanied by fault reactivation is a
major environmental concern that may be felt by the local commu-
nity and may put at risk successful project completion, because
moderate to strong seismicity can cause damage to infrastructure
or injury (Gerstenberger et al. 2013; Rutqvist et al. 2015). To
date, several underground fluid injection projects have been
halted because of induced seismicity, e.g., the enhanced geothermal
system (EGS) project within the city of Basel in Switzerland
(Häring et al. 2008) and the wastewater disposal projects at Guy,
Arkansas (Horton 2012) and near Youngstown, Ohio (Ellsworth
2013). Faults are tectonic fractures that result in discontinuity in
geological formations, across which relative displacements of
adjacent layers have occurred (Childs et al. 1996; Vishal et al.
2015). The largest earthquakes associated with fluid injection
and fluid retrieval operations often are induced by fault slippage
(Gutierrez et al. 2000). The reactivation of faults during injection
or depletion can be assessed using different approaches. Two com-
monly used methods for evaluating the potential reactivation of
faults are analytical and numerical solutions (Gerstenberger
et al. 2013). The reactivation of faults caused by injection or pro-
duction is a complex problem that requires comprehensive analyses
of initial and induced stresses versus the strength properties of the
fault zone material. Some of these aspects can be captured by
numerical modeling (Cappa and Rutqvist 2012; Gerstenberger
et al. 2013; Rohmer et al. 2014; Rutqvist et al. 2013). Numerical
and physical models that fully couple fluid flow within a porous
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and fractured medium to the elastic behavior of the medium to ac-
count for nonlinearity effects can provide critical insight into the
response of geological systems during fluid injection or depletion.
For hydrocarbon applications, geomechanical modeling has been
widely used to estimate reservoir compaction, surface subsidence,
wellbore stability, and so forth (Zhou and Burbey 2014a; Zhu et al.
2015). Recently, this methodology has been extended to GCS to
evaluate cap rock integrity or fault reactivation during CO2 injec-
tion and storage (Rohmer et al. 2014; Shukla et al. 2011; Vidal-
Gilbert et al. 2009; Wang et al. 2016).

Analytical approaches are powerful tools for a preliminary
evaluation of the fault reactivation potential. They have been
widely used in CO2 storage, geothermal reservoirs, and waste
disposal sites (Holloway 1997; Langhi et al. 2010). However, the
analytical approach relies on many assumptions and simplifica-
tions, and thus has limitations in explaining real fault behavior
during fluid injection or depletion. First, analytical approaches can-
not consider a change of stress around faults. Some approaches can
consider the change in the total stress magnitude. However, fluid
injection or depletion changes not only the magnitude but also the
direction of the principal stresses (Murphy et al. 2013; Rutqvist
et al. 2007). This factor may introduce uncertainties in the esti-
mated fault reactivation potential. Next, the slip tendency estimated
using an analytical approach and the change in reservoir pressure
can be applied only to the reservoir boundary; i.e., the calculated
fault reactivation derived from an analytical approach may provide
limited information on the slip tendency (Rice and Rudnicki 1979).
Such analytical approaches may require additional validation.

The magnitude of induced earthquakes is a function of the fault
rock mechanical properties and the size of the slip patch, which is
affected by the pore-pressure buildup as well as the geometry, struc-
tures, and characteristics of fault zones (Koestler and Milnes 1992;
Sabetamal et al. 2018; Li et al. 2006). Numerous studies have been
conducted on the geometry, structures, and characteristics of fault
zone properties over the last decades (Luther et al. 2013; Sylvester
1988). A fault zone typically consists of two substructures: the fault
core, and the fault damage zone. A fault core generally comprises
gouge and cataclasite, and damage surrounding the core of faults
is represented by deformation over a range of scales from micro-
fracturing of the rock matrix to macroscopic fracture networks
(Mitchell and Faulkner 2009). The concentration of deformation
adjacent to larger faults causes slippage in the damage zone, which
is crucial for the hydromechanical behavior (Koestler and Milnes
1992; Yin et al. 2018). The assessment of injection-induced fault
reactivation requires knowledge of the in situ stresses and charac-
teristics of fault zones, including burial depth and fault dip. Both
the magnitude and orientation of in situ stresses relative to the fault
orientation are significant for fault reactivation analysis and geo-
mechanical modeling (Zoback and Gorelick 2012). The level of
risk for each event varies between sites, depending on the character-
istic of burial depth and fault dip (Shapiro et al. 2011).

The slippage on the fault surface is influenced by many factors.
Some factors are intrinsic to the surface (such as the Young’s
moduli, Poisson’s ratios, permeability, and porosities in the rock
layers), and other factors (such as the fault burial depth, fault
dip, and distance between the injection well and fault surface)
are controllable during site selection and injection well placement.
Specifically, fault instability can be effectively avoided through
risk management of these three controllable factors. Substantially
reduced levels of risk associated with fluid injection can be
achieved by placing CO2 injection wells in optimal locations.
Kumar (2007) applied an optimization approach based on the
conjugate gradient method and used a commercial simulator as
a black box for the calculation of numerical gradients to minimize

structurally trapped CO2 in heterogeneous two-dimensional (2D)
models. Nghiem et al. (2010) considered the optimal location and
operating strategies for a water injection well situated above a CO2

injection well in a three-dimensional (3D) saline aquifer model.
Cameron and Durlofsky (2012) applied a Hooke–Jeeves direct
search algorithm to minimize the mobile fraction of CO2 at the end
of a 1,000-year injection and storage operation in a brine aquifer;
the optimization variables included the CO2 injection well locations
and injection rate schedules as well as the timing and injection/
production volumes of brine. In addition, the potential behaviors
involving fluid injection for all fault orientations and dips were
studied using an analytical approach (Mildren et al. 2002; Sibson
1998).

To optimize the site performance and management, guidelines
include setting the acceptable level (i.e., magnitude range) and
outlining the control measurements, which should be established
before injection commences (Gerstenberger et al. 2013). A site per-
formance and management system, referred to as the traffic light
system, which has been proposed for enhanced geothermal sys-
tems, was introduced in this work (Bommer et al. 2006; Majer
et al. 2007). With the purpose of reducing the risk of fault reacti-
vation by optimizing well placement, we extended the previous
studies in several important ways. First, rather than using analytical
approaches, we applied a numerical approach to evaluate the po-
tential magnitude of the fault slippage for a specific stress regime.
Next, we focused on the geometry and structures of fault zones
using comprehensive analyses of the fault burial depth, fault dip,
and well location. Based on the corresponding fault behavior, we
obtained a traffic light indicator diagram to indicate the risk of in-
duced seismicity at a specific level of each factor. Furthermore, to
overcome the existence of the complicated relationship between
factor variations and the corresponding fault slippage and to guide
well placement to effectively reduce the risk of inducing strong
seismicity, we introduced a danger surface in the traffic light
indicator diagram with a security threshold to distinguish the
danger zone.

Methodology

Theoretical Background

Rock masses exhibit anisotropic and heterogeneous properties
that are greatly dependent on the types of rock, diagenetic and geo-
logical processes, and burial depths (Jaeger et al. 2009; Zhou and
Burbey 2014b). To capture the coupled fluid and geotechnical
behavior of these systems, the hydromechanical coupling approach
is a very powerful and practical mathematical approach (Coussy
2004). The static poroelastic field equation can be given as
follows:

2Gεij ¼ σij − v
1þ v

σkkδij þ
3ðvu − vÞ

Bð1þ vÞð1þ vuÞ
pδij ð1Þ

Δm ¼ 3ρ0ðvu − vÞ
2GBð1þ vÞð1þ vuÞ

�
σkk þ

3

B
p

�
ð2Þ

where σij and εij = components of stress and strain; p = pore pres-
sure; ρ0 = pore-fluid density; G = shear modulus; δij = Kronecker
delta; B = Skempton’s B coefficient; vu and v = undrained and
drained Poisson’s ratios, respectively; andΔm = fluid mass change
per unit volume (Rice and Cleary 1976).

Before the fluid has time to diffuse appreciably, the poroelastic
medium is in the undrained state (σkk ¼ 3σ and Δm ¼ 0), and the
undrained pore pressure could be mathematically implied as

© ASCE 04019162-2 Int. J. Geomech.
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p ¼ −Bσ. Afterward, the pore fluids flow to regions of dilation
from regions of compression, and the pore-pressure change can
be implied as (Roeloffs 1996)

p ¼ − 2GBð1þ vuÞ
3ð1 − 2vuÞ

εkk ð3Þ

In the fault-slip modeling, an implicit finite-element method
(FEM) is used for problems involving contacts. In the standard
Coulomb friction model, no fault slippage will occur when the
equivalent frictional stress (τ eq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ21 þ τ22

p
) is less than the criti-

cal stress [τ crit ¼ Ψðσn − pÞ], where τ1 and τ2 refer to the two
shear stresses on the plane. If the equivalent stress is at the critical
stress, relative motion will occur, and the direction of the slip
coincides with the frictional stress under an isotropic frictional
condition

τ i
τ eq

¼ υiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
υ21 þ υ22

p ð4Þ

where υi = slip rate in direction i; and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
υ21 þ υ22

p
= magnitude of

slip rate corresponding to equivalent stress (Zhou and Burbey
2014b).

Traffic Light System

The traffic light system is aimed at managing risks related to the
fault burial depth, the fault dip, and the distance between the injec-
tion well and fault surface. The system may use two or more thresh-
olds to define the risk of the project in terms of induced seismicity.
The thresholds for the risk of inducing felt earthquakes, in terms of
guiding decisions regarding the well location, were as follows:

Green: In the green zone, no felt seismicity is induced over the
entire ranges of fault burial depth and fault dip.

Amber: In the amber zone, there is a limited magnitude of in-
duced fault slippage at certain fault dips and at a certain depth.
Pumping is permitted to proceed with caution, possibly at reduced
injection pressure, and observations are intensified.

Red: In the red zone, the fault in all scenarios is at high risk of
suffering induced felt seismicity. To mitigate the risk, the red zone
should be avoided in well setting.

In this study, coupling of a traffic light system with numerical
modeling provided a basis for quantifying the risk of seismicity
beyond injection, because numerical physical modelling may pro-
vide a basis for optimal well location prior to the start of operations
or before acceptable induced seismicity limits are exceeded. To
thoroughly investigate the relationship between the controllable
factors and the fault behavior, based on numerical simulation,
we introduced a traffic light indicator diagram to evaluate the mag-
nitude of the fault slippage, using three axes that represent the fault
burial depth (H), the fault dip (Φ), and the distance between the
injection well and fault surface (D).

Simulations were performed in the lower portion of a sedimen-
tary basin simplified to a rectangle 1,500 × 800 m.

The thickness of the overburden (H) of the reservoir was set to
five equal-sized levels, ranging from 800 to 3,200 m. A vertical
stress existed from the weight of the overburden rock with a bulk
density ρ of 2,600 kg=m3, and the horizontal stress was scaled by a
factor of 0.6 with respect to the vertical stress. The initial pore pres-
sure was assumed to be hydrostatic. The main feature of the model
was the 0-m offset fault located at the center of the model dip (Φ)
from 10° to 90°, with a 20-m length along the dip and a 500-m-long
fault surface. We assumed that the fault core had the same proper-
ties along the entire fault, and the hydraulic conductivity of the fault
zone was assumed to be isotropic.

The boundary conditions were fixed in the lateral direction on
both sides of the model, and the bottom of the model was fixed in
the vertical direction (Fig. 1). The layers were considered to be
elastic, whereas the faults had an elastoplastic behavior described
by aMohr–Coulomb mechanical model. The values for the material
properties in Table 1 were abstracted from observations and
variations observed in Shenhua carbon capture and storage (CCS)
demonstration projects (Lei et al. 2008; Li et al. 2013; Pereira et al.
2014). The material properties for each material are presented in
Table 1. The nephograms are presented in Fig. 2 to show the
pore-pressure distribution during fluid injection.

Numerical Solution

Stability studies using constitutive relations to describe fault slip-
page in the laboratory have provided explanations of the depth
cutoff of crustal earthquakes (Dieterich 1981; Ruina 1983). The
predicted earthquake cycles involve overall features that appear
to be in good agreement with the normal stress, slip rate, and slip
history of strike-slip earthquakes along a fault; however, the initia-
tion depth for the seismic activity appears to change unpredictably
with small changes in the constitutive description (Tse and Rice

Fig. 1.Model conceptualization.H = thickness of the overburden from
the reservoir to the ground surface; D = distance between the injection
well and the fault; and Φ = fault dip.

Table 1. Mechanical properties for each region considered in model

Stratum Permeability (m2) Porosity
Young’s

modulus (GPa)
Poisson’s
ratio

Cohesion
(MPa)

Friction angle
(degrees)

Reservoir 1.00 × 10−11 0.2 42 0.3 — —
Caprock 1.00 × 10−16 0.01 30 0.37 — —
Host rock 1.00 × 10−16 0.01 30 0.37 — —
Fault 1.00 × 10−14 0.1 10 0.3 1 14

© ASCE 04019162-3 Int. J. Geomech.
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1986). A survey of the induced seismic responses to different
geometries of fault zone structure not only showed that the seismic
responses share some common features but also revealed unique
characteristics for each individual case, indicating the complexity
of such problems (Evans et al. 2012).

In the process of reservoir development, one wishes to drill
wells at the optimal locations because of the advantages of con-
struction convenience and long-term safe storage. Computational
optimization techniques were applied to well placement by many

researchers (Cameron and Durlofsky 2012; Kumar 2007; Zhang
et al. 2010). The goal of the present study was to determine the
well location that minimizes the magnitude of the induced seismic-
ity. The fault behavior obviously is very site-specific and depends
on the local in situ stress conditions and mechanical properties of
the rock (Evans et al. 2012). To study the relationship between the
controllable factors and the corresponding fault slippage, we used a
traffic light detection method to describe the magnitude of induced
fault slippage. First we calculated the induced fault slippage with

Fig. 2. Pore-pressure (Pa) distribution at different times after the start of injection: (a) t ¼ 1 day; (b) t ¼ 1 month; (c) t ¼ 1 year; and (d) t ¼ 10 year.

© ASCE 04019162-4 Int. J. Geomech.
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the 2D numerical model at every specified level of H (800, 1,400,
2,000, 2,600, and 3,200 m), D (140, 280, 350, 420, 560, and
700 m), and Φ (10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, and 90°),
and the discrete induced fault slippage value is shown in Fig. 3,
with the shading indicating the magnitude of fault slippage at every
specific level of each factor.

Results and Discussion

Effect of Distance between Injection Well and Fault

It is well accepted that the maximum increase in the pore pressure
occurs near the injection well zone and that farther locations expe-
rience less pore-pressure increase. A lower pore pressure corre-
sponds to a higher effective stress and a lower risk of failure
(Vilarrasa et al. 2016). Fig. 4 illustrates the profiles of induced fault
slippage along the 500-m fault plane in the 3,200-m reservoir, with
a fault dip of 70° after 20 years of fluid injection; the induced fault
slippage was influenced by different injection wells 140, 280, 420,
560, and 700 m horizontally from the fault. The induced fault
slippages presented similar variation tendencies: the upper portion
of the fault plane slipped downward and the lower portion of the
fault plane slipped upward. Moreover, the induced fault slippage
became violent at 180 and 320 m, resulting in squeezing at the
middle position (near 250 m) of the fault plane, and the induced
slippage here was reduced to zero. In addition, there was a clear
negative correlation between the magnitude of induced slippage

and the distance between the injection well and the fault (D):
the maximum induced fault slippages at D of 140, 280, 420, 560,
and 700 m were 0.0188, 0.0150, 0.0125, 0.0107, and 0.0093 m,
respectively, and the maximal induced fault slippages here were

Fig. 3. Three-dimensional discrete induced fault slippage for burying depth (H) at five levels equally spaced over the range 800–3,200 m, fluid flow
distance (D) at five levels equally spaced over the range 140–700 m, and fault dip (Φ) at nine levels equally spaced over the range 10°–90°: (a) front
view; (b) back view; (c) left-side view; (d) right-side view; (e) top view; and (f) bottom view.

Fig. 4. Profiles of maximal induced fault slippage along the 500-m
fault plane influenced by different injection wells 140, 280, 420,
560, and 700 m horizontally from the fault in the 3,200-m reservoir,
with a fault dip of 70° during fluid injection.

© ASCE 04019162-5 Int. J. Geomech.
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0.0071, 0.0056, 0.0047, 0.0040, and 0.0035 m, respectively. In ad-
dition, because of the reduced pore-pressure increase at locations
farther from the injection zone, this negative correlation between
the magnitude of induced slippage and D was not site specific
but existed at every thickness of the overburden and fault dip.

Effect of Thickness of Overburden and Fault Dip

The relationship between the variation of H=Φ and the correspond-
ing maximal fault slippage when the injection well is 140 m from
the fault during 20 years of fluid injection is presented in Fig. 5.
The induced fault slippage generally decreased with depth when the
fault was gentle or steep, at fault dips of 10°, 20°, 30°, and 90°.
Taking 90° as an example scenario, the profiles of induced fault
slippage along the fault plane influenced by different H when the
injection well is 700 m from the fault are shown in Fig. 6. The
induced fault slippages exhibited similar variation tendencies to
that shown in Fig. 4, and a negative correlation was found between
the magnitude of the induced slippage and the thickness of the
overburden (H): the maximal induced fault slippages at H of 800,
1,400, 2,000, 2,600, and 3,200 m were 0.00232, 0.00164, 0.00127,
0.00104, and 0.0009 m, respectively.

At these fault dips, the induced fault slippage increased with
depth below 2,200 m, and at 60°, the induced fault slippage was
relatively large at all depths. The strength of the fault surface is
governed by the Mohr–Coulomb yield criteria, and the fault slip-
page is calculated by a master-subordinate contact algorithm. The
magnitude of fault slippage is significantly affected by the favor-
able failure angle, which is determined by the material property of
the system. Because the internal friction angle was 15° in the fault,
30° in the caprock, and 40° in the sandstone reservoir, despite other
influencing factors, the favorable failure angle was about 60° as
calculated by the Mohr-coulomb yield criteria. Thus, the fault dip
at the favorable failure angle, which was about 60°, would cause
large slippages. The fault slippage includes two parts, the slippage
in the caprock and in the reservoir. According to the quantification
of the seismic moment presented by Hanks and Boore (1984), we
adopted average fault slippage to present the mechanical response
of the fault surface to fluid injection. At certain fault dips near the
favorable failure angle, below 2,200 m the shear stress exceeded the
reactivation threshold at larger portion on the fault plane in the cap-
rock, and thus the slippage accounted for a greater proportion of the

fault; as a result, the average fault slippage increased with depth
below 2,200 m for certain fault dips near the favorable failure angle.

Danger Surface

The moment magnitude scale (Mw) is used by seismologists to
measure the size of seismicity in terms of the energy released.
In this model, fault slippages correspond to the coseismic phase of
an earthquake, and the magnitude is based on the seismic moment
(denoted M0) of the earthquake; from the relationships presented
by Hanks and Boore (1984), the quantification of the seismic mo-
ment (M0) is equal to the rigidity of the earth (Φ) multiplied by the
maximal amount of slippage in the fault (d) and the size of the area
that slipped (A) (Hanks and Boore 1984). Because our simulations
were conducted in a plane-strain model, a unit lateral extent for
rupture (A) can be assumed. The moment magnitude (Mw) of an
earthquake is given in terms of the seismic moment (M0) of an
earthquake: Mw ¼ ðlog10M0 − 9.0Þ=1.5 (Thatcher and Hanks
1973). Seismicity of Mw > 3.0 is defined as minor seismicity,
which often can be felt by people and shaking of indoor objects
can be noticeable (Richter 1935). For this reason, in this study,
we used Mw ¼ 3.0 as a security threshold, with a corresponding
fault slippage (d) of 12 mm.

To overcome the existence of the complicated relationship be-
tween the variation of H=Φ and the corresponding fault slippage
and to effectively guide well placement to reduce the risk of induc-
ing strong seismicity, we introduced a danger surface in the traffic
light indicator diagram (Fig. 4) with a security threshold of 12 mm
to distinguish the danger zone. Fig. 7(a and b) display the danger
surface in the 3D traffic light indicator diagram; the area underneath
this black surface is defined as the danger zone that may induce
damage seismicity. Figs. 7(b–d) display the top view, front view,
and right-side view of the 3D diagram, respectively. The distance
from the injection well to the fault (D) is the key factor [Fig. 7(a)],
and three zones were developed based on their probability of induc-
ing felt seismicity.

Green zone (D > 350 m): No felt seismicity is induced over the
entire ranges of fault burial depth and the fault dip.

Amber zone (230 < D < 350 m): Only a limited magnitude
of induced fault slippage occurs at certain fault dips (Φ ¼ 10°,
20°, 30°, and 90°), and most cases are safe for operation of fluid

Fig. 5. Relationship between the variation ofH=Φ and the correspond-
ing maximal fault slippage when the injection well is 140 m from the
fault during 20 years of fluid injection.

Fig. 6. Profiles of maximal induced fault slippage along the fault plane
influenced by different values of H at a fault dip of 90° with the
injection well 700 m from the fault.
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injection at a certain depth (H > 1,196 m). At some fault dips
(Φ ¼ 40°, 70°, and 80°), the induced fault slippage increases with
depth below 1,196 m (Fig. 5), and at 60°, the induced fault slippage
is relatively large at all depths [Fig. 7(b)]. Pumping is permitted to
proceed with caution, possibly at reduced injection pressure, and
observations are intensified.

Red zone (D < 230 m): The fluid injection near a fault at
shallow depth (H < 1,196 m) for all fault dips is at high risk of
suffering induced felt seismicity [Figs. 7(a and c)].

Conclusions

Underground fluid injection activities could induce fault-slip that
results in devastating damage to caprock stability. In this work,
with the purpose of reducing the risk of fault reactivation by opti-
mizing well placement, we focused on the geometry and struc-
tures of the fault zones based on comprehensive analyses of the

fault burial depth, fault dip, and well location, and applied a
numerical approach to evaluate the potential magnitude of the fault
slippage for a specific stress regime. Based on the relationships
of D, H, and Φ (where D is the distance between the fault and
the injection well, H is the burial depth of the target reservoir,
and Φ is the fault dip) with the corresponding fault behavior,
we obtained a traffic light indicator diagram and a danger surface
to indicate the risk of induced seismicity at a specific level of each
factor. The following conclusions can be drawn based on the
investigation:
1. Because of the reduced pore-pressure increase at locations

farther from the injection zone, the negative correlation between
the magnitude of the induced slippage and the distance between
the fault and the injection well (D) is not site-specific but exists
at every thickness of the overburden and fault dip.

2. The induced fault slippage events had similar tendencies (with
the upper portion of the fault plane slipping downward and the
lower portion of the fault plane slipping upward) and became

Fig. 7. (a) Traffic light indicator diagram; (b) danger surface; (c) front view of the 3D diagram; and (d) right-side view of the 3D diagram.
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violent at 180 and 320 m, resulting in squeezing at the middle
position of the fault plane; the induced slippage here was re-
duced to zero.

3. The induced fault slippage generally decreases with depth
when the fault is gentle or steep. The fault dip at the favorable
failure angle, which was about 60°, would cause large slippages.
At certain fault dips near the favorable failure angle, below
2,200 m the shear stress exceeded the reactivation threshold over
a larger portion of the fault plane in the caprock, and the average
fault slippage increased with depth below 2,200 m for certain
fault dips near the favorable failure angle.

4. The distance from the injection well to the fault (D) is the key
factor to avoid felt seismicity [Fig. 7(a)]. In the traffic light
indicator diagram, no felt seismicity would be induced in the
green zone, and in the amber zone, felt seismicity is unlikely
at certain fault dips (10°, 20°, 30°, and 90°). In the red zone,
the risk is high for induced felt seismicity for all fault dips.
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