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Abstract: Subsurface fluid injection and extraction can reactivate faults and induce earthquakes.
In current research, faults are typically described as symmetrical structures and the presence of
asymmetric structures is often overlooked. The reality is that numerous asymmetric faults exist
within the Earth’s crust. The architectural and permeability characteristics of fault zones differ
significantly between symmetrical and asymmetrical faults. These differences may have a great
influence on fault stability during fluid injection or extraction. In this study, the impact of fault zone
structures on fluid-induced slips and seismic activity were investigated through numerical analysis.
The findings indicated that symmetrical faults were more likely to induce larger slips and earthquakes
during various subsurface fluid operations. For asymmetric faults, larger induced slips occurred
when fluid was operated in a hanging wall reservoir than in a footwall reservoir. In symmetrical
faults, the opposite was true. When evaluating the stability of a fault in subsurface fluid engineering,
the fault structure and fluid pattern and their combined effects must be considered comprehensively.

Keywords: fault zone; fault slip; fluid injection—-production; asymmetric fault; symmetrical fault;
induced earthquake

1. Introduction

Numerous subsurface fluid injection and extraction activities have been conducted
by humans for a variety of purposes, including resource extraction, energy generation,
and environmental management, among others. Fluid extraction engineering is employed
in the production of oil [1], natural gas [2], shale gas [3], coalbed methane [4], tight sand-
stone gas [5], geothermal energy [6], and so on. Fluid injection engineering is applied in
wastewater injection into deep wells [7], CO, geological storage [8], hydraulic fracturing
for resource extraction [9], and so on. Many engineering projects involve both subsurface
fluid injection and extraction, for example, enhanced oil recovery by water or gas (N2,
COg, etc.) [10-12]; enhanced geothermal systems (EGSs), in which cold fluid is injected
into geothermal reservoirs to capture heat [13-15]; enhanced water system recovery (EWR),
where gas is injected into deep saline formations to obtain water and liquid minerals [16,17];
and the extraction of shale gas (or coalbed methane) via hydraulic fracking [18-20]. Fluid
injection or extraction will directly lead to changes in the effective stress within the target
area, disrupting the original stress balance. The stress perturbation may cause faults to slip
and even induce earthquakes.

Fault activation and earthquakes induced by subsurface fluid injection or extraction
have become significant factors influencing the efficacy and safety of the aforementioned
engineering activities and have attracted considerable attention. Research has indicated that
numerous large earthquakes in Oklahoma were induced by oil production activities [21].
Gas extraction in the Netherlands led to a series of earthquakes, causing substantial dam-
age to numerous buildings [22]. In 2011, the extraction of groundwater in Lorca, Spain,
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induced a 5.1-magnitude earthquake, leading to heavy casualties and extensive property
damage [23]. In 2012, a 4.8-magnitude earthquake was induced by wastewater injection in
Timpson, East Texas, which was followed by a sequence of smaller earthquakes [24]. Dur-
ing the period from 2 December to 8 December 2006, fluid injection in Basel, Switzerland,
triggered over 10,000 seismic events. Among these, four earthquakes with magnitudes
exceeding 3.0 caused extensive damage and widespread public panic [25]. In 2017, South
Korea experienced a 5.5 magnitude earthquake triggered by an EGS development. The
event led to significant damage and prompted the government to halt the project [26].
Hydraulic fracturing in western Canada has been associated with fault activation and earth-
quakes, sparking broad public concern [27]. Overall, it can be seen that both subsurface
fluid injection and extraction can induce fault activation and earthquakes (see Figure 1).
This issue significantly hinders the advancement of subsurface engineering projects involv-
ing fluid injection or extraction. Consequently, assessing the risks of induced seismic events
and managing fault stability have emerged as critical concerns in recent years [28-33].
The key issue is to reveal the induced slip behavior of faults in the complex fluid—solid
coupling process. Numerical simulation has become an indispensable method, offering
several key advantages: (1) the capability to model complex geological structures [34,35];
(2) the flexibility to simulate varied fluid flow conditions [36,37]; and (3) the ability to solve
multi-field coupling [38]. In this work, our investigation focused on analyzing the behavior
of induced fault slips and earthquakes using numerical modeling techniques.
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Figure 1. Schematic diagram of fluid-induced earthquakes.

Faults are geological structures that are the result of tectonic movements. Rock layers
fracture under crustal stress and glide along a plane, resulting in a fault. Faults typically
develop over a long period, creating a complex zone that consists of a primary fault plane
and surrounding fractured rock masses. This zone also includes an array of secondary
faults and fracture planes called a fault zone. Faults are complex geological entities, and it
is difficult to solve fluid—solid coupling problems through theoretical calculations. There-
fore, numerical simulation has become an indispensable research method. In numerical
simulations, the geometry of faults, material properties, and boundary conditions must
be appropriately simplified to make the calculations feasible and ensure the reliability
of the simulation results. At present, the widely accepted fault structure model is the
symmetrical dual structure shown in Figure 2a. In this model, the fault zone consists of a
high-permeability fault core and a low-permeability damage zone [39-41]. There is also a
model that further subdivides fault zones based on this symmetrical dual structure [42].
Another frequently employed model in numerical simulations simplifies the fault as a zone
of homogeneous rock layers [43—-45]. In summary, the representation of faults in numerical
simulations is predominantly characterized by symmetrical structures.
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Figure 2. Structure of the symmetrical fault (a) and the asymmetric fault (b).

However, the final forms of fault zones are not always symmetrical structures. Numer-
ous asymmetric faults exist in the Earth’s crust. A large number of studies have confirmed
that inclined faults often present an asymmetric structure [46-50]. The asymmetric fault
zone is primarily evident through the structural and permeability differences between
the hanging wall and the footwall, as illustrated in Figure 2b. During the growth of a
fault, it usually forms an active wall and a passive wall [51]. The active wall—commonly
referred to as the hanging wall—typically undergoes more severe slippage, forming an
induced fracture zone. On the other hand, the footwall remains relatively motionless,
forming a sliding crush zone. As a consequence, the active wall experiences a higher level
of fragmentation than the passive wall [51]. Furthermore, during the violent sliding of
the hanging wall, fault gouges and loose sediment are more likely to be forced into the
fractures and pores of the footwall—a phenomenon known as clay smear. Clay smear is
recognized as a critical mechanism in fault sealing [52-54]. Consequently, the porosity and
permeability of the sliding crush zone are generally found to be significantly lower than
those of the induced fracture zone.

To fully reveal the behavior of induced fault slips under the complex fluid—solid
coupling process, considering the impact of the fault zone’s structural symmetry is crucial.
In this paper, we studied it by numerical simulation. We considered two categories of fault
zones: one with a symmetrical structure and another with an asymmetric structure. To
make the study more comprehensive and convincing, we considered six different fluid
patterns which can represent all the operations involved in the various subsurface fluid
injection and production engineering techniques. The slip characteristics of the faults under
the different fluid patterns were then studied.
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2. Theoretical Background
2.1. Sliding Model

The software ABAQUS 6.14 was used to accomplish the numerical simulation. Due to
the potential for significant fault slips under conditions of excess pore pressure, the sliding
formulation employed in this study was chosen to be of the finite-sliding type. It allows for
arbitrary separation, sliding, and rotation of contact surfaces. As shown in Figure 3, slave
node S1 may come into contact anywhere along the master surface. While in contact, it is
constrained to slide along the master surface. Figure 3 also shows the possible evolution
of the contact between node S1 and its master surface. Node S1 is in contact with the
element face with end nodes M2 and M3 at time t;. The load transfer at this time occurs
between node S1 and nodes M2 and M3 only. Later on, at time t;, node S1 may find itself
in contact with the element face with end nodes M5 and M6. Then, the load transfer will
occur between node S1 and nodes M5 and M6.

Master sur‘face_/t':11 ~ — ‘
+ q

Slave surface |
A [t=0

S1
827153 T4 Is5 S6

Figure 3. Contacting bodies and the trajectory of node S1 in finite-sliding contact.

We used the master—slave contact method to calculate the slip under the finite-sliding
interaction. The surface of the surrounding rock was chosen as the master surface, and
the surface of the fault was chosen as the slave surface, due to the greater stiffness of the
rock mass compared to the fault. Figure 4 shows the slave surface (node 71) and the master
surface (node 1y, node 13, and node n4). n and t are, respectively, the normal and the
tangent. The variable & is the overclosure of the surfaces, where nh = x — x1. The slip
between the surfaces can be solved as follows:

dN; dN;
déh = —6x;- | n——Njt + tN;——+ 'n 4 tN; ionNjt | dx; (1)
ds ds /
(N an;
dés = ox;( t s N t —nN,— 75 an‘pant dx] (2)
where s is the slip; N; is the interpolation function; and pj, is the segment curvature, defined
def dx alx
aspn = —nga/ |
Slave surface
m
iz
n
n; l
ny
ny X3 *
X4
Master surface
X2

Figure 4. Slide line segment.

The ABAQUS theory manual [55] can be referred to for a detailed derivation.
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2.2. Material Model
The reservoir and fault were set as porous elastic material. The seepage behavior was
controlled by Darcy’s law:

f= —%Vp 3)

where f is the volumetric flux vector, y is the viscosity, « is the intrinsic permeability of the
medium, and Vp is the pressure gradient vector.
The governing equation of fluid mass (K) conservation is as follows [56]:

o+ V(o0 f) =0 @

The mechanical behavior of the reservoir was controlled by a porous elastic material
model [57,58]:

g O ) 3(vu —0) )
2Gei = 0~ 3y 05 T BT 0y on) PO ©)
_ 3po(vu — 0)
Am = 3EB( + o) (1 + o) O +3/B) ©)

where G is the shear modulus, ¢;; is the strain, 0;; is the stress, oy is the mean stress
deviation, p is the pore pressure, v, is the undrained Poisson’s ratio, v is the drained
Poisson’s ratio, J;; is the Kronecker delta, Am is the change in fluid mass per unit volume,
and py is the density of the pore fluid in the reference state. B is Skempton’s coefficient:

1/K — 1/K;

b= k—1/k+ (1/K; —1/Ky)

(7)

where K is the drained bulk modulus, Kg is the solid grain’s bulk modulus, K ris the pore
fluid bulk modulus, and 1/K}, is the unjacketed pore compressibility.

2.3. Seismic Computational Model

The seismic moment model (Aki, 1967) was used to estimate the induced earth-
quake [59]:
My = uDS (8)

where M) is the seismic moment, y is the rigidity of the fault (Pa), D is the rupture area of
the fault (m?), and S is the average slip displacement of the fault (m).

Then, the moment magnitude scale (M) of the induced earthquake can be obtained
by the following formulation [60]:

My = %(logMo -9.1) )

3. Numerical Modelling
3.1. Model Setup

The finite-element software ABAQUS has significant advantages in nonlinear analysis,
which encompasses material, geometric, and boundary nonlinearities. Contact analysis
belongs to a typical nonlinear problem of boundary nonlinearity. The boundary conditions
cannot be fully given at the beginning of the calculation. During the calculation process, the
contact area and the pressure between contact bodies will vary with load and deformation.
Computing the value of a fault slip along the surrounding rock is a typical boundary
nonlinear contact issue. So, ABAQUS was selected to accomplish the simulation of the fault.

A basic model (Figure 5) was designed to simulate the subsurface fluid injection and
extraction engineering at the fault. As shown, the length and height of the model were,
respectively, 3200 m and 1000 m. The thickness of the reservoir was 60 m. The fault was
normal, with a length, thickness, and inclined angle of 700 m, 30 m, and 60°. The distance
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from the top of the fault to the top of the model fault was 260 m. The distances from the
top of the fault to the left and right boundaries were 1140 m and 2050 m, respectively.

Fault category I Fault category II

Fault core Sliding crush zone

Damage zone

/ Induced fracture zone
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surface

Se

1

Pore Pressure=10 MPa
2050 m

260 m

1140 m

i EREE
o -

g Overburden ' 2 :
=l E ' £
2l g -— &,
3 8 1 2
B Footwall Reservoir =,
'é - Hanging wall Reservoir E ' g

; O

Underburden . 1 !

g Fault zone of .

o '

Pore Pressure=20 MPa '

! o P =~ ~ o al~—
3200 m !

Figure 5. Basic model.

In order to reveal the influence of fault structure on the behavior of fluid-induced
slips, we designed two categories of fault zone: a symmetric fault (Fault Category I) and
an asymmetric fault (Fault Category II), both with the same length, thickness, and angle.
Fault Category I consisted of the fault core (low permeability) and damage zone (high
permeability). The thickness of the fault core was 6 m. Fault Category II consisted of a
sliding crush zone (low permeability) and an induced fracture zone (high permeability).
The thickness of the sliding crush zone was 12 m. The physical and mechanical properties
of the fault core and the sliding crush zone were also the same (Table 1). The model’s
representation of fault dimensions and subsurface property values was conceptual. For
this information, we relied on observed variations in the caprock, fault, and reservoir
characteristics within the Qiabugia Geothermal Field in Qinghai Province’s Gonghe Basin,
China. The unmeasurable parameters were largely estimated using established selection
guidelines, and data from additional scholarly sources were referred to [42,61-63].

Table 1. Physical parameters of the rock mass.

Property g(egrllrslig))r Young( é I1\)/1:71())du1us Pmssoz)s Ratio Por((_))slty Permeability (m/s)
Overburden 2600 20 0.37 0.01 1x 10716
Reservoir 2200 25 0.30 0.2 1x 1077
Underburden 2600 30 0.33 0.36 1 x 10716
Fault core 2500 10 0.3 0.05 1x 10715
Damage zone 2000 10 0.3 0.2 1x1077
Sliding crush zone 2500 10 0.3 0.05 1x 10715
Induced fracture zone 2000 10 0.3 0.2 1x 107
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It is the fluid changes in a reservoir that directly induce fault activation during sub-
surface fluid engineering. In order to reveal the influence of the relative spatial position
between the reservoir and the fault, two categories of reservoirs were designed. As shown
in Figure 6, they were located at the upper and lower parts of the fault, respectively.

Reservoir categories at differnt location

Figure 6. Reservoir categories.

The boundary conditions were as shown in Figure 5. The bottom boundary was
fixed, such that vertical and horizontal displacement was not allowed. The left and right
boundaries were only constrained horizontally. The top boundary was free, and both
vertical and horizontal displacement were allowed. To simulate the actual depth of the
fault, a surface pressure of 1.0 x 107 MPa was loaded on the top boundary. The initial pore
pressure was hydrostatic, with 10 MPa on the top and 20 MPa on the bottom.

3.2. Fluid Injecting and Extracting

The initial stresses were geostatic. After initial geostress balancing, the fluid injection
and extraction were simulated. To thoroughly elucidate the characteristics of the induced
fault slip behavior by various subsurface fluid injection and extraction operations, we con-
sidered six distinct fluid flow patterns. As shown in Figure 7, Patterns I and II represented
fluid injection engineering, such as wastewater injection into deep wells. Pattern I repre-
sented fluid injection into the footwall reservoir, while Pattern II illustrated fluid injection
into the hanging wall reservoir. Pattern III and Pattern IV represented fluid extraction engi-
neering, such as oil exploitation. Pattern III represented fluid extraction from the footwall
reservoir, while Pattern IV represented fluid extraction from the hanging wall reservoir.
Pattern V and Pattern VI represented fluid injection and extraction engineering, such as
EOR and EWR, which were described in the introduction. The six different fluid patterns
can represent all the operations in the various subsurface fluid injection and production
engineering methods.

Pattern ITT Pattern IV

Extraction . X
| Extraction{ |

Pattern V
Injection

Injection

Figure 7. Diagram of the six different injection and extraction patterns.
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In all six fluid patterns, the injection pressure and the extraction pressure were under
10 MPa. After the simulation, the induced fault slips and earthquakes could be investi-
gated to assess the influence of different fluid operations on the stability of faults with
different structures.

4. Results and Discussion
4.1. Upper Reservoir
4.1.1. Fluid Pattern I

Figure 8 displays the slip displacement of the symmetrical fault (represented by the
black line) and the asymmetric fault (represented by the red line) under Fluid Pattern I
when the reservoir was located in the upper part of the fault. The results indicated that
the slip behaviors of the two categories of fault were nearly the same. When fluid was
injected into the footwall reservoir, the two faults both slid down along the fault plane. The
asymmetric fault exhibited a maximum slip displacement of just 15.77 mm. In contrast,
the symmetrical fault’'s maximum slip displacement reached 30.35 mm, which is nearly
double that of the asymmetric fault. The average slip displacement of the asymmetric
fault was 4.40 mm, while that of the symmetrical fault was 16.47 mm. The average slip
of the symmetrical fault was nearly four times that of the asymmetric fault. According to
the seismic computational model in chapter 2, the My, of the induced earthquake of the
symmetrical fault was 3.15 and that of the asymmetric fault was 2.77. The results revealed
that the induced slip and earthquake of the asymmetric fault were significantly larger than
those of the symmetric fault when fluid was injected into the footwall reservoir.

5 —&— Symmetrical fault
—— Asymmetric fault
0 -
) AVG=4.40 mm
g 51
g
£ -10
o
g
& -15
2
&
@ 207 AVG=16.47 mm
Ei
= =25
230
-35

T T T T T T
0 100 200 300 400 500 600 700
Location (m)

Figure 8. The induced fault slip displacement of the upper reservoir—Fluid Pattern I.

Figure 9 illustrates the pore-pressure distribution of the symmetrical fault and the
asymmetric fault after fluid injection into the footwall reservoir. When the fault was
symmetrical, there was a noticeable increase in pore pressure within the left damage zone
(as shown in Figure 9a). In contrast, for the asymmetric fault, the pore pressure within the
fault remained largely unchanged (refer to Figure 9b). The symmetrical fault comprised
a low-permeability fault core surrounded by a high-permeability damage zone, which
prevented the formation of lateral sealing. As depicted in Figure 9a, upon fluid injection
into the footwall reservoir, the fluid directly flowed into the left damage zone of the fault.
The fluid could not flow into the fault core due to its low permeability. Therefore, the
pore pressure in the footwall reservoir and the left damage zone of the fault was obviously
increased. For the asymmetric fault, the low-permeability sliding crush zone was docked
with the injected reservoir. Fluid could not flow into the fault. As can be seen from
Figure 9b, the pore pressure of the fault was almost unchanged. According to the principles
of effective stress proposed by Biot [57] and Rice [58], the effective stress is reduced when
pore pressure increases. According to the Mohr—Coulomb strength criterion, a decrease
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in effective stress leads to a reduction in the shear strength of the fault plane, which may
in turn cause shear failure and slip. In the numerical model, the Coulomb friction model
was also used to describe the tangential behavior of the contact pair of the fault and its
surrounding rock. This model incorporates a critical shear stress (T.;t) between the two
contacting surfaces. When the shear stress exceeds the critical shear stress, the contact
pair may experience instability and slip. The increase in pore pressure within the fault can
directly reduce the critical shear stress, leading to fault sliding. The greater the increase
in pore pressure, the more pronounced the induced fault slippage became. Consequently,
when fluid was injected into the footwall reservoir, the slippage of the symmetrical fault
was significantly greater than that of the asymmetric fault.
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Figure 9. The pore—pressure distribution of the symmetrical fault (a) and the asymmetric fault
(b) under Fluid Pattern I.

Figure 10 shows the distribution of shearing stress for the symmetrical fault (Figure 10a)
and the asymmetric fault (Figure 10b). The shearing stress of the symmetrical fault was
obviously larger than that of the asymmetric fault. We set a path on the footwall fault plane
to obtain the shear stress data, as shown in Figure 11. As can be seen, the shear stress of the
symmetrical fault was greater than that of the asymmetric fault. By calculation, the average
shear stress along the fault plane of the symmetrical fault was 1.55 MPa, while that of the
asymmetric fault was only 0.80 MPa. This further confirmed that the structure of a fault
might greatly affect the distribution of fault stress. When the fluid was injected into the
footwall reservoir, the asymmetric fault would be more stable than the symmetrical fault.
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Figure 10. The shear stress distribution of the symmetrical fault (a) and the asymmetric fault (b) under

Fluid Pattern I.
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Figure 11. The shear stress along the fault plane of the symmetrical fault (a) and the asymmetric fault
(b) under Fluid Pattern I.

4.1.2. Fluid Pattern II

Figure 12 shows the slip displacement of the symmetrical fault and the asymmetric
fault when fluid was injected into the hanging wall reservoir. The slip behaviors of the two
categories of faults were also similar. The symmetrical fault exhibited the same varying
tendency as the asymmetrical fault, with the upper part sliding downward and the middle
and lower parts sliding upward. The maximum slip displacement of the symmetrical
fault was 14.74 mm, and that of the asymmetric fault was 15.11 mm. The average slip
displacement for the asymmetric fault was 8.96 mm, while the symmetrical fault exhibited
an average of 7.85 mm. The results for the two faults were quite close to each other. Based
on calculations, the induced earthquake moment (M) for the symmetrical fault was 2.94,
and for the asymmetric fault, it was 2.98. Although the asymmetric fault induced a slightly
larger earthquake, the difference was not statistically significant. The reason was that
both the induced fracture zone of the asymmetric fault and the right damage zone of
the symmetrical fault had a high permeability. When fluid was injected into hanging
wall reservoir, it could flow into both the induced fracture zone and the damage zone.
Figure 13 displays the pore-pressure distribution of the two faults after fluid injection
into the hanging wall reservoir. Overall, the pore pressure within the asymmetric fault
(Figure 13a) was higher and had a wider distribution range than that within the symmetrical
fault (Figure 13b). The reason was that the asymmetric fault’s induced fracture zone was
thicker than the symmetrical fault’s right damage zone. Fluid injection resulted in a greater
reduction in effective stress for the asymmetric fault. As a result, it experienced a slightly
higher level of induced slip and seismic activity.

15 - —&— Symmetrical fault
—&— Asymmetric fault

AVG=8.96 mm
M =298

-5+
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M,=2.94
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(=]
|
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Figure 12. The induced fault slip displacement of the upper reservoir—Fluid Pattern II.
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Figure 13. The pore-pressure distribution of the symmetrical fault (a) and the asymmetric fault
(b) under Fluid Pattern II.

4.1.3. Fluid Pattern III

Figure 14 shows the results under Fluid Pattern IIL. The slip trends of the two faults
were also similar and exhibited a reserved trend consistent with that observed under
Pattern I. On the one hand, the slip displacement of the symmetrical fault was larger than
that of the asymmetric fault. The asymmetric fault had a maximum slip displacement of
11.85 mm, with an average of 4.08 mm. In contrast, the symmetrical fault’s maximum slip
displacement was 13.32 mm, with an average of 5.18 mm. The induced earthquake (M) of
the symmetrical fault was 2.82. In comparison, the asymmetric fault had an M, of 2.73. On
the other hand, compared with Fluid Pattern I, the difference between the results for the
two faults under Pattern III was less significant.

—&— Symmetrical fault
—— Asymmetric fault

AVG=5.18 mm
M,=2.82

Fault slip displacement (mm)

AVG=4.08 mm
M,=2.75

T T T T
0 100 200 300 400 500 600 700
Location (m)

Figure 14. The induced fault slip displacement of the upper reservoir—Fluid Pattern III.

When fluid was extracted from the footwall reservoir, the induced slippage and earth-
quake of the symmetrical fault were only slightly larger than those of the asymmetric fault.
The difference between the two faults was not significant, which differed from the results ob-
served for Pattern I. When fluid was extracted from the reservoir, the primary cause of fault
sliding shifted from the Mohr—Coulomb strength criterion to the compressive deformation
of the reservoir. Since both the reservoir and the fault consisted of porous elastic materials,
compressive deformation occurred in response to increasing load. Fluid extraction directly
reduced pore pressure, which was equivalent to applying load. Therefore, when fluid was
extracted, the region experienced a decrease in pore pressure and underwent compressive
deformation. Excessive deformation can also lead to fault slipping. Since the sliding crush
zone of the asymmetric fault was connected to the footwall reservoir, the pore pressure in
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the fault remained almost unchanged when fluid was extracted from the reservoir. The
fault slip was primarily caused by the compressive deformation of the reservoir. For the
symmetrical fault, the slip was caused by a combination of the compressive deformation of
the reservoir and the damage zone on the fault’s left side. As a result, the induced slippage
and earthquake of the symmetrical fault were larger than those of the asymmetric fault.

Figure 15 presents nephograms of the vertical displacement for the symmetrical and
asymmetric faults. From these images, it is evident that fluid extraction led to significant
compression of the rock formations. We selected the fault and its surrounding area for
analysis. When the fault was symmetrical, both the pore pressure in the reservoir and the
left fault damage zone decreased. This reduction led to compressive deformation in the
fault and its surrounding areas (Figure 15a). As indicated by the purple dashed ellipse,
the vertical displacement in the upper part of the fault and its top-right surrounding area
was downward, while the vertical displacement in the bottom-left area of the fault was
upward. When the fault was asymmetric, the area indicated by the purple dashed ellipse
was obviously small (Figure 15b). This was because the sliding crush zone of the fault was
impermeable. When fluid was extracted, only the reservoir underwent compression and
induced the surrounding fault areas to deform. Therefore, the slip region and degree of
the asymmetric fault were smaller than for the symmetrical fault. Next, we compared the
outcomes of Fluid Pattern III with those of Fluid Pattern I. Under Pattern I, the induced
average slip of the symmetrical fault was 12 mm greater than that of the asymmetric fault.
Under Pattern III, the difference was only 1.1 mm. The induced slippage differences of
the two faults under Pattern III were less significant than those under Pattern I. It can be
concluded that the degree of fault slippage caused by compressive deformation is lower
than that caused by shear slippage.

uu2 @
+5.595¢-03
+1.9426-03
{.707e-03

u, U2 (b)
+3.379e-03
+1.735e-03
+9.184e-05
-1.551e-03

-1.634e-02

Figure 15. The vertical displacement distribution of the symmetrical fault (a) and the asymmetric
fault (b) under the upper reservoir—Fluid Pattern III

4.1.4. Fluid Pattern IV

Figure 16 shows the slip displacement of the symmetrical fault and the asymmetric
fault under Fluid Pattern IV. When fluid was extracted from the hanging reservoir, the slips
of the symmetrical fault and the asymmetric fault exhibited similar varying tendencies and
quantities. The maximum slip displacements of the symmetrical fault and the asymmetric
fault were 14.76 mm and 18.43 mm, respectively. The average slip displacements were
5.07 mm for the symmetrical fault and 5.97 mm for the asymmetric fault. The induced
earthquake (M) of the symmetrical fault was 2.81, while that for the asymmetric fault
was 2.86. The induced slippage and earthquakes of the symmetrical fault were slightly
larger. The right damage zone of the symmetrical fault and the induced fractured zone of
the asymmetric fault were connected to the hanging wall reservoir. Both zones had high
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permeability. When fluid was extracted from the hanging wall reservoir, the pore pressure
in both zones decreased. The compressive deformation of the reservoir and the fault zone
led fault to a loss of stability and to sliding. The induced fracture zone of the symmetrical
fault was thicker than its right damage zone, resulting in greater induced slippage and
seismic activity for the symmetrical fault. However, the impact was not significant. The
difference in slippage between the two faults was minimal.

—#— Symmetrical fault
20 —e— Asymmetric fault

g 151
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Figure 16. The induced fault slip displacement of the upper reservoir—Fluid Pattern IV.

4.1.5. Fluid Pattern V

Fluid Pattern VI represented fluid being injected into the footwall reservoir and simul-
taneously extracted from the hanging wall reservoir. Figure 17 shows the slip displacement
of the two faults under Fluid Pattern V. The slip tendencies of the symmetrical fault and
the asymmetric fault were similar, with the upper part sliding upward and the lower part
sliding downward. The maximum slip displacement of the asymmetric fault was 17.78 mm,
with an average of 6.84 mm. In contrast, the symmetrical fault exhibited a maximum slip
displacement of 23.28 mm, with an average of 13.83 mm. The M, values of the asymmetric
fault and the symmetrical fault were 2.90 and 3.10, respectively. The average displacement
of the symmetrical fault was more than double that of the asymmetric fault, with the
induced earthquake magnitude being larger by 0.2. The differences in the results between
the two faults were still quite pronounced.

20
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—&— Asymmetric fault
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Figure 17. The induced fault slip displacement of the upper reservoir—Fluid Pattern V.
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4.1.6. Fluid Pattern VI

Fluid Pattern VI represented the fluid being injected into the hanging wall reservoir
and simultaneously extracted from the footwall reservoir. Figure 18 shows the slip dis-
placement of the symmetrical fault and the asymmetric fault. The slip tendency of the
faults under Fluid Pattern VI was the opposite of that under Pattern V. The maximum slip
displacement of the asymmetric fault was 17.37 mm, with an average of 6.46 mm. The
maximum slip displacement of the symmetrical fault was 10.75 mm, with an average of
10.85 mm. The My, of the induced earthquake of the asymmetric fault was 3.03. The My,
of the induced earthquake of the symmetrical fault was 2.88. The induced slippage and
earthquake of the symmetrical fault were larger than those of the asymmetric fault, which
was the opposite of what occurred under Pattern V.

20 4 —=&— Symmetrical fault
AVG=10.85 mm —e— Asymmetric fault
M,=3.03

AVG=6.46 mm
M,=2.88

Fault slip displacement (mm)

T T T T T T
0 100 200 300 400 500 600 700

Location (m)
Figure 18. The induced fault slip displacement of the upper reservoir—Fluid Pattern VI.

4.2. Lower Reservoir

Figure 19 illustrates the fault slip displacement for both the symmetrical and asym-
metric faults under the six fluid patterns in the lower reservoir.

Figure 19a shows the slip of the faults under Fluid Pattern I. The asymmetric fault
exhibited a maximum slip displacement of 13.40 mm and an average slip displacement
of 2.03 mm. In comparison, the symmetrical fault had a maximum slip displacement of
28.21 mm, with an average of 19.44 mm. The M, of the induced earthquake of the asym-
metric fault was 2.55. In contrast, the M, of the induced earthquake for the symmetrical
fault was as high as 3.20. The induced slippage and seismic activity of the symmetrical
fault were considerably greater than those of the asymmetric fault, with an M, difference
of 0.65. The induced slippage and earthquake of the symmetrical fault were much larger
than those of the asymmetric fault, with the M, being larger by 0.65.

Figure 19b shows the slip of the faults under Fluid Pattern II. The maximum slip
displacement of the asymmetric fault was 14.26 mm, with an average slip displacement of
9.40 mm. The maximum slip displacement of the symmetrical fault was 15.58 mm, with an
average slip displacement of 7.92 mm. The induced earthquake of the asymmetric fault
had an M, of 2.99, while the symmetrical fault’s induced earthquake registered an M, of
2.94. Consequently, the slippage and seismic activity induced by the symmetrical fault
were slightly less than those of the asymmetric fault. Compared to the results from the
upper reservoir, both the asymmetric and symmetrical faults showed a slight increase in
their results when fluid was injected into the lower reservoir.

Figure 19¢ showed the slip of the faults under Fluid Pattern III. The maximum slip
displacement of the asymmetric fault was 9.97 mm, with an average slip displacement
of 1.59 mm. The maximum slip displacement of the symmetrical fault was 15.25 mm,
with an average slip displacement of 9.35 mm. The My, of the induced earthquake of the
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Fault slip displacement (mm) Fault slip displacement (mm)
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asymmetric fault was 2.47, while that of the induced earthquake of the symmetrical fault
was 2.99. The induced slippage of the symmetrical fault was obvious larger than that of
the asymmetric one. The earthquake of the symmetrical fault was larger than that of the
asymmetric fault by 0.52.
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Figure 19. The induced fault slip displacements of the lower reservoir under the six fluid patterns:
Pattern I (a), Pattern II (b), Pattern III (c), Pattern IV (d), Pattern V (e), and Pattern VI (f).

Figure 19d shows the slip of the faults under Fluid Pattern IV. The maximum slip
displacement of the asymmetric fault was 17.04 mm, with an average slip displacement
of 522 mm. The maximum slip displacement of the symmetrical fault was 15.08 mm,
with an average slip displacement of 4.28 mm. The M,, of the induced earthquake of the
asymmetric fault was 2.82, while that of the induced earthquake of the symmetrical fault
was 2.76. The induced slippage and earthquake of the symmetrical fault were slightly
smaller than those of the asymmetric fault.
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Figure 19e shows the slip of the faults under Fluid Pattern V. The maximum slip
displacement of the asymmetric fault was 17.59 mm, with an average slip displacement
of 525 mm. The maximum slip displacement of the symmetrical fault was 19.72 mm,
with an average slip displacement of 11.35 mm. The M,, of the induced earthquake of the
asymmetric fault was 2.82, while that of the induced earthquake of the symmetrical fault
was 3.04. The induced slippage and earthquake of the symmetrical fault were larger than
those of the asymmetric fault.

Figure 19f shows the slip of the faults under Fluid Pattern VI. The maximum slip
displacement of the asymmetric fault was 14.98 mm, with an average slip displacement of
9.28 mm. The maximum slip displacement of the symmetrical fault was 13.72 mm, with
an average slip displacement of 9.34 mm. The M, values of the induced earthquake of
the asymmetric fault and the symmetrical fault were both 2.99. The induced slippage and
earthquake of the symmetrical fault were almost the same as those of the asymmetric fault.

We thus obtained results for fault slips and induced earthquakes for the three cate-
gories of reservoir and six fluid injection—production patterns (as shown in Table 2).

Table 2. Induced slip of asymmetric and symmetrical faults under different fluid patterns and

reservoir categories.

. Asymmetric Fault Symmetrical Fault
Reservoir Fluid Pattern Average Slip Induced Induced
Category (mm) Earthquake (M) Average Slip (mm) Earthquake (M)

I 4.40 2.77 16.47 3.15

II 8.96 2.98 7.85 2.94

Upper I 4.08 2.75 518 2.82
reservoir v 597 2.86 5.07 2.81
\% 6.84 2.90 13.83 3.10

VI 10.85 3.03 6.46 2.88

I 2.03 2.55 19.44 3.20

II 9.40 2.99 7.92 294

Lower III 1.59 247 9.35 2.99
reservoir v 522 2.82 4.28 2.76
\% 525 2.82 11.35 3.04

VI 9.28 2.99 9.34 2.99

First, we compared the outcomes of Fluid Pattern I with those of Pattern II. For both
categories of reservoirs, the induced average slippage and earthquake of the asymmetric
fault under Pattern II were greater than those under Pattern I. Taking the upper reservoir
as an example, the average slip of Pattern I was only 4.40 mm and that of Pattern II was
as high as 8.96 mm. This revealed that for the asymmetric fault, injecting fluid into the
hanging wall reservoir was more dangerous than injecting fluid into the footwall reservoir.
For the symmetrical fault, however, the opposite was the case. Taking the lower reservoir
as an example, the average slip of Pattern I was 19.44 mm and that of Pattern II was only
7.92 mm. Therefore, for the symmetrical fault, injecting fluid into the footwall reservoir
was more dangerous. Similarly, comparing the results for Fluid Pattern III with those
for Pattern IV, we found that extracting fluid from the hanging wall reservoir was more
dangerous when the fault was asymmetric. When the fault was symmetrical, extracting
fluid from the hanging wall reservoir was more dangerous than extracting fluid from the
footwall reservoir.

Then, we compared the results of induced slippage and earthquake for the symmetrical
fault and the asymmetric fault for the two categories of reservoir. It was found that the
induced slip of the asymmetric fault was smaller than that of the symmetrical fault for
Fluid Patterns I, III, and V. For Fluid Patterns II, IV, and VI, however, the induced slip of the
asymmetric fault was larger than that of the asymmetric fault. For the same fault, the fault
slip results under different fluid patterns were significantly different. Furthermore, under
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the same fluid patterns, the slip results for the faults with different structures also varied.
This tells us that fault stability is the result of various factors. When evaluating the stability
of faults in subsurface fluid engineering, it is essential to consider the fault structure, fluid
patterns, and their combined effects comprehensively.

Among all the average slip results, the maximum obtained for the asymmetric fault
was 1085 mm. This was much larger than that obtained for the symmetrical fault (19.44 mm).
Among all the results for the induced earthquake, there were five situations under which
My, was larger than 3.0. These situations were as follows: upper reservoir—Fluid Pat-
tern VI—asymmetric fault; upper reservoir—Fluid Pattern I—symmetrical fault; upper
reservoir—Fluid Pattern V—symmetrical fault; lower reservoir—Fluid Pattern I—symmetrical
fault; lower reservoir—Fluid Pattern V—symmetrical fault. Among these situations, four
concerned the symmetrical fault and only one concerned the asymmetric fault. It was
thus revealed that in various subsurface fluid injection and extraction engineering projects,
symmetrical faults may pose a greater risk than asymmetric faults. The reason in the cases
considered here is that both the left and right damage zones of the symmetrical fault were
highly permeable. In contrast, for the asymmetric fault, only the induced fracture zone in
the hanging wall exhibited high permeability.

5. Conclusions

Faults are geological structures formed as a result of tectonic movements. Numerous
asymmetric faults exist in the Earth’s crust. Despite this, current research on the risk
assessment of induced earthquakes and the control of fault stability often describes fault
zones as if they were symmetrical structures. In this paper, we concentrate on examining
the impact of the structural symmetry of fault zones on fluid-induced slip and the potential
for seismic activity. The results of the study can provide some useful references. The main
conclusions were as follows:

(1) The stability of a fault was the result of a variety of factors. For the same fault,
the fault slip results under different fluid patterns were significantly different. Si-
multaneously, under the same fluid pattern, the slip results for faults with different
structures also varied. When evaluating the stability of faults in subsurface fluid
engineering, the fault structure, the fluid pattern, and their combined action must be
considered comprehensively.

(2) When fluids were injected into a subsurface reservoir, the primary cause of fault
slippage was the reduction in shear strength due to a decrease in effective stress.
When fluid was extracted from the reservoir, the main cause of fault sliding was often
the increase in effective stress, which could lead to compressive deformation of the
reservoir rock. When fluid was injected into the footwall reservoir, the asymmetric
fault was more stable than the symmetrical fault. When fluid was injected into the
hanging wall reservoir, in contrast, the symmetrical fault was more stable.

(3) When the fault was asymmetric, it was more dangerous if fluid was injected into or
extracted from the hanging wall reservoir than from the footwall reservoir. When
the fault was symmetrical, injecting fluid into or extracting fluid from the footwall
reservoir posed a greater danger.

(4) In numerous subsurface fluid injection and extraction projects, symmetrical faults
are generally regarded as posing a higher risk compared to asymmetric faults. The
reason is that symmetrical faults typically have high permeability in both the left and
right damage zones. For asymmetric faults, however, only the induced fracture zone
exhibits high permeability. Comprehensive investigation of the effect of fault zone
symmetry on fault slips is essential for accurately assessing the risks associated with
subsurface fluid injection and extraction.
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