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a b s t r a c t

Hydraulic fracturing-induced casing deformation and fault activation have greatly hindered the safe and 
efficient development of shale oil and gas resources. In this study, statistical analysis, physical tests, and 
numerical simulation methods are used to comprehensively analyze hydraulic fracturing-induced fault 
activation and casing deformation processes. This study is based on the Longmaxi Formation of LZ block, 
a deep shale gas reservoir in the southwest Sichuan Basin (China), as a geological background. A large 
amount of field data on fracturing from the LZ Block is counted, and the main influencing  factors are 
analyzed. The main factors of hydraulic fracturing-induced fault slip are (from strong to weak) pa
rameters related to fluid injection volume, parameters related to segments and clusters, and parameters 
related to injection rate. Combined with physical experiments and numerical simulations, the fault 
activation law during fracturing has been studied. The degree of casing deformation and fault slip are 
linearly correlated. For hydraulic fractures to cross faults is very difficult,  fault activation and casing 
deformation can only be mitigated as much as possible. We find  that the number of clusters per 
segment and the injection rate are negatively correlated with the fault slip distance. Reducing the fluid 
injection volume can mitigate the fault slip distance. Therefore, low injection rates, low fluid volumes, 
and more clusters per segment are recommended for fracturing in high-risk segments. It is important to 
note that the scale and risk of fault activation induced by well-factory fracturing is much higher 
compared to single-well fracturing. In situations with extremely high risk, the injection volume should 
preferably not exceed 800 m3 to minimize the risk of geological and casing deformation.
© 2025 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Before the green transition of the energy system is realized, 
natural gas is an important transition fuel (Papantonis et al., 2025). 
In the process of carbon neutrality, the demand for natural gas is 
gradually climbing. There is an urgent need to fill  the huge gap 
between natural gas supply and demand through the development 
of shale gas (Chen et al., 2020; He et al., 2023). In the commercial 
development of shale oil and gas resources, hydraulic fracturing is 

the most important technology (Fu et al., 2024). However, the 
widespread utilization of hydraulic fracturing involves the risk of 
inducing earthquakes (Ellsworth, 2013). Stress and pore pressure 
changes induced by fluid injection are the main cause of induced 
earthquakes (Moein et al., 2023). Previous studies have shown that 
the magnitude of fluid injection-induced earthquakes depends on 
the volume of fluid  injected and the size of the fault at critical 
stress (Schultz et al., 2018; Li et al., 2023). Fortunately, to date, 
hydraulic fracturing has not caused earthquakes of magnitude 
larger than 5.7 (Bao and Eaton, 2016; Schultz et al., 2021). It is 
worth noting that damage to assets in the underground, such as 
casing deformation (wellbore deformation), often occurs as a 
result of hydraulic fracturing-induced earthquakes.

In shale gas reservoir development (Southwest China), the 
probability of casing deformation is more than 40%. When casing 
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deformation occurs, subsequent fracturing work cannot be carried 
out normally, which seriously hinders the safe and economic 
development of shale gas resources (Zhao et al., 2021). Many new 
fracturing and cementing techniques have been proposed and 
explored, but the problem of casing deformation remains unre
solved (Shen et al., 2024; Yan et al., 2024). It has been shown and 
pointed out that casing deformation is a shear deformation caused 
by fault slip (Lei et al., 2024). And the degree of casing deformation 
is positively correlated with fault slip (Zhang et al., 2021). This 
means that to mitigate casing deformation, it is necessary to 
control or avoid fault slip. The main trigger for fault activation and 
slip is the increase in pore pressure within the fault after fracturing 
fluid injection (Hui et al., 2021). Moreover, once the fault activation 
is triggered, the fault will continue to slide even if the injection is 
stopped immediately (Das and Zoback, 2011). The distribution of 
microseismic events can assess hydraulic fracturing induced fault 
activation. Based on microseismic findings,  it has been reported 
that hydraulic fracturing activates faults with (vertical) lengths of 
about 10–20 m and, in rare cases, over 100 m (Rutqvist et al., 2013). 
The number of events associated with the fault decreases gradu
ally as the fracturing location moves away from the fault. The 
cumulative seismic moment is positively correlated with the 
injected fluid volume (Sun et al., 2024). Reducing the injection rate 
can effectively mitigate casing deformation and fault slip (Zhang 
et al., 2020). The activation of faults can be controlled by a novel 
hydraulic fracture caging method (Madenova et al., 2025; Frash 
et al., 2025). This method is to deploy multiple production wells 
around the injection wells like a cage to prevent the faults to be 
widespread activated by reducing the formation fluid pressure. It 
seems feasible, but drilling more wells to control fractures is too 
expensive for shale gas development.

The Sichuan Basin has the largest seismic activity in the world 
that is associated with hydraulic fracturing of shale gas wells 
(Schultz et al., 2020), on top of the natural seismicity caused by the 
complex geological and structural settings of that area (Fig. 1(a) 
and (b)). Especially in the LZ block, the stress regime is strike-slip 
and the formation is significantly overpressurized (much higher 
than hydrostatic pressure). The pressure coefficient of the target 
reservoir is approximately 2.0. The LZ block mainly develops deep 
Longmaxi Formation shale gas, as shown in Fig. 1(c). The depth of 
the target reservoir is about 3800 m. During the fracturing process, 
fault reactivation and casing deformation problems occur very 
frequently in the LZ block. To investigate how to mitigate hydraulic 
fracturing-induced casing deformation and fault activation, we 
collected data from 79 wells exhibiting fracture-induced casing 
deformation and a total of 1935 fractures in LZ block. The principal 
fracturing parameters influencing  casing deformation are 
analyzed using statistical methods. The relationships between 
hydraulic fracturing and faults, as well as between faults and 
casing, were examined through physical experiments and nu
merical simulations, respectively. A field-scale 3D fracture prop
agation model for hydraulic fracturing is established based on the 
3D discrete element method to quantitatively study the activation 
and slip processes of faults during hydraulic fracturing. Further
more, the activation and slip behaviors of the faults are investi
gated under various parameters such as fluid injection rate, fluid 
injection volume, approach angle of the faults, and fracturing 
technique. Several field applications (in LZ block) have also been 
conducted to validate the conclusions of the theoretical study.

2. Methods

2.1. Data analysis methods

To analyze the effect of hydraulic fracturing parameters on 
casing deformation, statistical analysis methods will be used to 
analyze fracturing data from the field. There may be some corre
lation between the different indicators. Therefore, correlation 
analysis methods need to be used. The formula for calculating the 
correlation (PCC, Pearson correlation coefficient)  between the 
different indicators is as follows: 

γxy =
Sxy

SxSy
(1) 

where, γxy is the correlation coefficient, Sxy is the covariance, Sx is the 
standard deviation of the indicator x, Sy is the standard deviation of 
the indicator y. If the value of the correlation between two indicators is 
greater than 0.5 or below − 0.5, they are defined  as being strongly 
correlated. To analyze the degree of influence of different indicators on 
casing deformation, gray relational analysis (GRA) and entropy weight 
method (EWM) are used. The dataset needs to be preprocessed before 
the gray correlation analysis. Make each type of indicator divided by 
its mean value to eliminate the effect of the dimension. If there are n 
wells and each well has m indicators. Then, the gray correlation be
tween the influence factor xi (i =1, 2, …, n) and the casing deformation 
x0 can be calculated by the following equation: 

γi =
1
n

∑n

k=1

min
i

(

min
k

|x0(k) − xi(k)|
)

+ ρ max
i

(

max
k

|x0(k) − xi(k)|
)

|x0(k) − xi(k)| + ρ max
i

(

max
k

|x0(k) − xi(k)|
)

(2) 

where, ρ is the resolution factor, here ρ = 0.5. Before using the 
entropy weighting method, the samples should be positively 
normalized to remove the effect of dimension. All samples are 
denoted as matrix Yi (i = 1, 2, …, n; j = 1, 2, …, m). Then, the en
tropy weight of each indicator can be expressed as: 

Wj =
1 − Ej

m −
∑

Ej
(j = 1;2;⋯;m) (3) 

Here, 

Ej =

⎧
⎨

⎩

ln (n)− 1
∑n

i=1

Pij ln Pij Pij ∕= 0

0 Pij = 0

(4) 

Pij =
Yij

∑n

i=1
Yij

(5) 

where, P is the weight of each data within the indicator, Ej is the 
information entropy of indicator j. Considering the importance of 
different fracturing parameters in the fracturing design process, 
the most representative parameters among the strongly correlated 
parameters are selected to analyze their gray correlation and en
tropy weight.
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2.2. Direct shear test

The test samples are obtained from the shale outcrops of the 
Longmaxi Formation in Southwest China, which are dark black 
carbonaceous shales (Zhao et al., 2023; Chang et al., 2024). The test 
sample for the straight shear test is a rectangular block with di
mensions of 50 × 50 × 30 mm. To eliminate the effect of shale 
laminations on the shear results in the test, the direction of sample 
laminations is required to be perpendicular to the sheared surface. 
Half of the sample is soaked by the fracturing fluid in the autoclave 
until the weight of the sample no longer changes. Direct shear 
tests at normal corresponding forces of 2.0, 4.0, 6.0, and 8.0 MPa 
are carried out on the RMT-150C rock mechanics testing system 

(Fig. 2(a)), respectively. The horizontal loading rate is 0.6 mm/min. 
The test is stopped when the peak strength is present. The cohe
sion and angle of internal friction of the sample can be fitted based 
on the Mohr-Coulomb criterion.

2.3. Simulation of casing deformation

To study the relationship between fault slip and casing defor
mation, a numerical model needs to be established, which con
tains a wellbore and a simplified  fault. The linear elasticity 
constitutive model is adopted and numerically discretized based 
on the finite element method, as follows (He et al., 2024). 

Fig. 1. Geologic background of the LZ block: (a) seismic activity (as reported by the USGS) and active faults (Zelenin et al., 2022) in Sichuan Basin, China, with the location of some 
shale gas blocks including the LZ Block (Xie et al., 2025), and N201 and YS108 Blocks (Meng et al., 2019; Tan et al., 2020); (b) seismic activity in the Sichuan Basin of China in recent 
years; (c) area, reservoir thickness and depth of the LZ block (Li et al., 2024).

Fig. 2. Direct shear test: (a) the RMT-150C rock mechanics testing systems; (b) the internal friction angle of the weak structural surfaces of the shale; (c) the cohesion of the weak 
structural surfaces of the shale.
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∫

Ω

BΤ
uDBu ûdΩ −

∫

Ω

NΤtdΩ = 0 (6) 

where, B is the geometric matrix, D is the matrix of elasticity co
efficients,  û is the node displacement, N is the matrix of form 
function, t is the external load on the node. The simulation of 
interface damage is based on the cohesive damage model, and the 
B-K criterion is chosen. To eliminate boundary effects, the physical 
model should have side lengths of the cross-section in the radial 
direction of the borehole that is more than 10 times larger than the 
empirical diameter based on Saint Venant’s Principle. The size of 
this cross-section is 3 × 3 m in this study (see Fig. 2(a)). The nu
merical solution of the model is based on Abaqus.

2.4. Simulation of fault activation

2.4.1. Analytic model
Based on the fracture containing infinitely dimensioned flat 

plate problem under shear stress in elastodynamics, the analytical 
solution model for the displacement of a type II fracture can be 
expressed as follows: 

uτ =
4τ0
É

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

l0:5
2
− l2

√

(7) 

where, E′ = E/(1− υ2), E is Young’s modulus, υ is Poisson’s ratio (see 
Table 3), τ0 is shear stress, uτ is shear displacement, l0.5 is half 
length of the fracture, l is distance from the center of the fracture. 
Considering the effect of fluid pressure in the fracture, the shear 
stress on the surface of a closed fracture can be expressed as (Liu 
et al., 2019): 

τ0 = τxy − μ(σn − p*) (8) 

where, τxy is the shear stress on the fracture surface by the far-field 
stresses, μ is the friction coefficient of the fracture surface, σn is the 
normal stress at the fracture surface, p* is the fluid pressure inside 
the fracture. Further, the tangential displacement of the closed 
fracture can be expressed as: 

uτ =4
(

1 − υ2
) [

τxy − μ(σn − p*)
]
a

E

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

lh
2
− l2

√

(9) 

The normal and tangential stresses on the fracture surface 
induced by far-field  stresses can be calculated by the following 
equation: 

σn =
1
2
(σH + σh) +

1
2
(σH − σh)cos2β

τxy =
1
2
(σH − σh)sin2β

(10) 

where, σH is the maximum horizontal principal stress, σh is the 
minimum horizontal principal stress, β is the approximation angle 
(the angle between the fault and the direction of the maximum 
horizontal principal stress).

2.4.2. Numerical model
To study the process of hydraulic fracturing and fault activation, 

a fracture propagation model is established which considers the 
hydro-mechanical coupling process. Both the stress field and the 
flow  field  are discretized by the finite  difference method. The 
motion equation of each node in the stress field can be expressed 
as (He et al., 2025): 

a =

∫

S
σijnjds + Fi

m
+ gi (11) 

where, a is the acceleration of the node, σ is the stress of the node, 
nj is the stress direction vector, m is the mass in the control domain 
of the node, F is the external load, g is the body force. The fluid flow 
equation can be expressed as: 

v = −
k
μf
∇p (12) 

where, k is the permeability, μf is the fluid viscosity, p is the fluid 
pressure. When the fluid  flows inside the fracture, the fracture 
permeability can be expressed as: k = w2/12, w is the fracture 
width (He et al., 2025). In this study, Mohr-Coulomb law is used to 
simulate the fracture propagation process. Both shear and tensile 
fracture processes are integrated into the model. For the unfrac
tured matrix, the tensile normal force is limited to: 

fmax = − σcAc (13) 

where, σc is the tensile strength, Ac is the fracture area. The 
maximum shear force allowed is: 

f s
max = CAcσn tanϕ (14) 

where, C and ϕ are the cohesion and the internal friction angle. If a 
fracture occurs, the tensile strength and cohesion are zero, 
regardless of whether the node is in tension or shear.

3. Results and discussion

3.1. Analysis of casing deformation and fault slip

This study is based on the deep shale gas LZ block in southern 
Sichuan, China. A total of 1935 fracturing data from 79 wells with 
fracturing-induced casing deformation are collected and statisti
cally analyzed. All of these wells are located in the LZ block and the 
horizontal sections are in the Longmaxi Formation. Twenty in
dicators are selected to investigate the factors that influence casing 
deformation. The results of the correlation analysis among the 
indicators are shown in Fig. 3(a). We found that parameters such 
as proppant/acid injection volume, segment length, and number of 
clusters are strongly correlated with the total injection volume. 
This is because the different injection fluids  or additives in the 
fracturing fluid  are usually in a fixed ratio to the total injection 
volume for convenience during fracturing design. Segment or 
cluster changes can directly affect the total injection volume. 
Based on GRA and EWN (Sections 2.1), respectively, the degree of 
influence  of different indicators on casing deformation slip is 
analyzed, and the results are shown in Fig. 3(b) and (c) respec
tively. The top 30% of influencing  factors obtained by GRA are 
fractured segment length, acid injection volume, injection rate per 
cluster, proppant injection volume, cluster spacing, injection rate 
per single perforation hole, and number of clusters per segment. 
The top 30% of influencing  factors obtained by EWN are the 
number of clusters per segment, segment length, injection rate, 
cluster injection rate, cluster spacing, injection rate per single 
perforation hole, and total number of perforation holes. Compre
hensively analyzing the results of PCC and the connection between 
the parameters during fracturing design, we found that the 
influencing factors are (from strongest to weakest) the parameters 
related to fluid  injection volume, the parameters related to 
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segments and clusters, and the parameters related to injection 
rate. In addition, recent studies have shown that hydraulic 
fracturing-induced earthquakes are also associated with larger 
injection volumes and that the magnitude of earthquakes is line
arly related to the fluid injection volume (Schultz et al., 2018).

According to reported studies (Zhang et al., 2021; Lei et al., 
2024), fracturing induces fault activation and slip, and fault slip 
induces casing deformation. To analyze the relationship between 
fault slip and casing deformation, a geologic model (Fig. 4(a)) 
containing a fault and a horizontal wellbore is established based 

Fig. 4. Numerical simulations and physical experiments on fault activation and casing deformation: (a) the geologic model containing a fault and a horizontal; (b) the casing 
deformation caused by fault slip; (c) casing deformation under different fault shear displacements.

Fig. 3. Results of field data analysis: (a) results of correlation analysis between indicators; (b) results of gray correlation analysis; (c) results of entropy weighting method.
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on the numerical model in Section 2.3. One side of the fault is fixed, 
and slip is achieved by applying additional loads to the formation 
on the other side. The input parameters of the model are shown in 
Tables 1 and 2. The casing deformation caused by fault slip is 
shown in Fig. 4(b). Statistics of fault slip and casing deformation 
under different loads (Fig. 4(c)) show that fault slip and casing 
deformation are linearly correlated (almost identical). The main 
reason for fault activation is the pore pressure raising caused by 
fluid  injection during the fracturing process. In addition to the 
effect of fluid pressure, through tests (Section 2.2), we have found 
that the fracturing fluid entering the fault will cause the cohesion 
and internal friction angle of the weak structural surfaces of the 
shale to be reduced (Fig. 2(b) and (c)) (Dou et al., 2020). This will 
directly make the faults more susceptible to being activated, which 
will further increase the activation scale of the faults.

3.2. Fault activation and slip induced by hydraulic fracturing

Before studying how to reduce the scale of fault activation 
induced by hydraulic fracturing, the interaction law between hy
draulic fracturing fractures and faults needs to be known. It has 
been reported that the higher the fluid injection rate per fracture, 
the easier it is to cross the weak structural surface (Xu et al., 2019; 
Zheng et al., 2022). Initially, we planned to increase the fluid in
jection rate per fracture by decreasing the number of clusters and 
hoped to hydraulic fracture across the fault. Therefore, in the cases 
with a small number of clusters (four clusters per section), we 
carried out the study of the interaction law of hydraulic fractures 
and faults. The numerical model used is shown in Section 2.4.2. 
The study object is the deep shale gas reservoir of the LZ block in 
Southwest China, and the input parameters of the numerical 
model are shown in Table 3. Comparing the lengths of activated 
faults under different injection rates and approximation angles of 
the faults (Fig. 5(a)), we found that it is very difficult to cross the 
faults by the common fracturing techniques. Even if a few indi
vidual hydraulic fractures can cross the fault at a large approxi
mation angle, the fractures cannot continue to propagate, and a 
large amount of fluid  will continue to enter the fault. This will 
probably cause a higher risk of fault activation. On the other hand, 
we also found that the activation length of a fault is negatively 
correlated with the approximation angle of the fault. This is 
because the normal stress on the fracture surface is lower with a 
smaller approximation angle of the fault, which means that the 
fault is easier to activate. It is worth noting that the fact that faults 
are more readily activated does not mean that fault slip distance 
will increase since the decrease of normal stress may follow the 
reduction of shear stress. After comparing the fault slip distance 

under different injection rates and fault angles (Fig. 5(b)), we 
found that the hydraulic fracturing-induced fault slip distance 
does not increase monotonically with the decrease of the fault 
approximation angle. Instead, there is a peak at the approximation 
angle of the fault close to the internal friction angle of the fault. 
The slip distance of faults with an approximation angle of 15◦ is 
only 44.50%–75.31% of that of faults with an approximation angle 
of 30◦, with an average of 55.71%.

Under specific  fault conditions, how to design engineering 
parameters that can reduce the length and slip distance of acti
vated faults is a major problem for scholars and engineers. 
Therefore, under maximum risk conditions (the approximation 
angle of fault is 30◦), we compared activated fault lengths and slip 
distance under different numbers of clusters, injection rates, and 
volumes of injected fluids (Fig. 6). We find that the slip distance of 
the activated fault and its length is positively correlated, as shown 
in the gray zone in Fig. 6(a). In the analytical model (Section 2.4.1), 
the slip distance of the activated fault is linearly correlated with its 
length, and the results of the numerical and analytical models have 
a good concordance. Moreover, the slip distance of the activated 
fault is positively correlated with the fluid injection volume (Fig. 6
(b)). In the early stage, the maximum shear displacement of the 
activated faults increases gradually with the increase of the fluid 
injection volume. In the late stage, the fluid injection volume and 
the maximum shear displacement of the activated faults are 
approximately linearly related. This law is consistent with the 
shear damage process of fluid-injected  fractures in the reported 
study reported by Bhattacharya and Viesca (2019). We found that 
an injection volume of 1600 m3 can demarcate the early stage and 
the late stage. When the injection volume is larger than 1600 m3, 
the slip distance of the fault is linearly related to the injection 
volume, as shown in the green zone in Fig. 6(b). When the injec
tion volume is less than 1600 m3, it is a nonlinear stage (the red 
zone in Fig. 6(b)). When the injection volume is less than 1600 m3, 
increasing the number of clusters per segment can mitigate the 
fault slip. The fault slip can be mitigated by adopting a lower in
jection rate. Comparing the relationship between the injection rate 
per cluster and the fault slip (Fig. 6(c)), we found that the fault slip 
can also be mitigated by using a lower single-cluster injection rate.

3.3. Wide-scale activation of faults induced by well-factory 
fracturing

Generally, during the fracturing of shale reservoirs, the fluid 
volume injected per segment is rarely more than 2000 m3. Ac
cording to the results in Section 3.2, the maximum fault slip dis
tance is less than 36 mm when the injection volume is 2000 m3, 

Table 1 
Physical model and geologic parameters for fault slip and casing deformation simulation.

Parameters Value Unit Parameters Value Unit

Casing inner diameter 139.7 mm Maximum horizontal principal stress 82.0 MPa
Casing thickness 12.7 mm Minimum horizontal principal stress 55.0 MPa
Borehole diameter 215.9 mm Stress gradient 0.023 MPa/m
Overburden stress 50.6 MPa Casing internal pressure 75.0 MPa

Table 2 
Material parameters for the simulation of fault slip and casing deformation.

Material Young’s modulus, GPa Poisson’s ratio Density, kg⋅m3 The angle of internal friction, ◦ Cohesive, MPa

Casing 210.0 0.30 7850.0 – –
Cement 10.0 0.17 1800.0 27.0 8.0
Rock 32.0 0.20 2500.0 38.0 12.5
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which means that the casing deformation will also be less than 
36 mm. However, in the deep shale gas fracturing process in 
Southwest China, several wells have casing deformations of even 

more than 60 mm. This is possible because the length of the 
activation fault is underestimated. While analyzing the field frac
turing data, we found that frac hits (Hou et al., 2022) caused by 

Fig. 5. Numerical simulation of hydraulic fracturing and fault activation under four clusters per segment: (a) the lengths of activated faults under different injection rates and 
approximation angles of the faults; (b) the fault slip distance under different injection rates and approximation angles of the faults.

Fig. 6. Lengths and slip distances (shear displacements) of activated faults under different injection rates, number of clusters per segment, and injection volume: (a) maximum 
shear displacement of faults at different fault activation lengths; (b) maximum shear displacement of the fault at different fluid injection volumes; (c) maximum shear 
displacement of the fault at different fluid injection volumes and injection rates.

Table 3 
Input parameters for numerical simulation of the hydraulic fracturing-induced fault activation process.

Parameters Value Unit Parameters Value Unit

Young’s modulus 32.0 GPa Fault initial aperture 0.1 mm
Poisson’s ratio 0.20 – Fault tensile strength 0 MPa
Matrix cohesion 3.7 MPa Maximum horizontal principal stress 100.0 MPa
Matrix internal friction angle 40.0 ◦ Minimum horizontal principal stress 85.0 MPa
Fault cohesive 1.5 MPa Vertical stress 92.0 MPa/m
Friction angle within the fault 33.0 ◦ Pore pressure 75.0 MPa
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fault activation occurred frequently. This means that it is possible 
that multiple fracturing of multiple wells will lead to a wider-scale 
activation of the fault.

To study the cumulative process of fault activation and fault slip 
during well-factory fracturing, we implemented a numerical 
model containing three horizontal wells and a fault is established. 
Each well is fractured in the high-risk section (fracturing segment 
close to the fault), and Well 1, Well 2, and Well 3 are fractured one 
by one. The fault activation process is simulated under different 
fluid  injection volumes, as shown in Fig. 7. Comparing the 
maximum shear displacement of the faults at different injection 
rates, we found that the maximum shear displacement of the 
faults at the end of the fracturing of Well 1 shows an approxi
mately linear increase with the increase of the fluid injection rate, 
which is consistent with the conclusion in Section 3.2. It is note
worthy that Well 2 and Well 3 show an exponential rise in fault 
slip distance when fracturing is completed. According to the re
sults of numerical simulations, the reason for this phenomenon is 
that faults are activated several times and communicated, as 
shown in Fig. 7(a) and (b). Frac hits will occur when the injection 
volume per segment exceeds 1000 m3 (Fig. 7(b)). When the in
jection volume is 1200 m3, the maximum shear displacement has 
exceeded 40 mm (Fig. 7(c)), which means that there is an 
extremely high probability that serious casing deformation will 
occur. In the simulation of single-well fracturing, when the in
jection volume is 3600 m3, the maximum fault slip distance still 
does not exceed 50 mm (see Fig. 6). In the well-factory fracturing 
mode, the maximum fault slip distance even exceeded 80 mm 
when the injection volume per segment is 1800 m3 (Fig. 7(d)). This 
proves that our previous speculation is correct. When the well 
field  fracturing technique is used, the injection volume per 
segment is usually about 2000 m3 in Southwest China’s shale 
reservoirs. Combined with the results of numerical simulation, we 
suggest that in the high-risk fracturing stages, the injection vol
ume per segment should be no more than 800 m3 to reduce the 
geological risk (Frac hits and casing deformation) as much as 
possible. If only a maximum shear displacement of less than 
30 mm is expected, the injection volume per segment should be no 
more than 1000 m3.

3.4. Field application studies

In laboratory experiments and numerical simulations, it is 
extremely difficult to completely realize the in-situ conditions of 
the reservoir. Especially in numerical modeling, a moderate model 
simplification  is usually essential. Therefore, to validate the con
clusions of the previous studies, we chose to carry out some field 
application studies. We carry out some field application studies of 
fracturing in a deep shale gas reservoir (LZ block). The fracturing 
process is monitored by surface microseismic, and the monitoring 
service is provided by BGP (Bureau of Geophysical Prospecting 
INC). First, we would like to verify whether the hydraulic fracture 
can cross the faults. During design, fracturing segments are cate
gorized according to the risk of casing deformation. If a fracturing 
segment intersects with a fault, then it is defined  as a high-risk 
segment. Fracturing segments adjacent to high-risk segments are 
defined  as medium-risk segments. The other segments are low- 
risk segments, which means that common fracturing design pa
rameters can be used, and the risk of fault activation and casing 
deformation is minimal. The distribution of faults can be obtained 
from curvature bodies interpreted from 3D seismic data, and the 
curvature calculation service is provided by Schlumberger. In the 
design of the well package on the L1 platform, the injection vol
ume per segment is 2000 m3, and the injection rate is 16 m3/min. 
In the low-risk segment, there are 6–8 clusters per segment. In the 
high-risk and medium-risk sections, there are 4 clusters per 
segment. Reservoir curvature and microseismic monitoring results 
are shown in Fig. 8(a). We found that it is difficult to achieve hy
draulic fracture across the fault by reducing the number of clus
ters. Moreover, the large amount of fluid entering the fault may 
increase the risk of fault activation and casing deformation. This 
justifies  the conclusions of Section 3.2 and means that the acti
vation of faults seems to be unavoidable in the process of hydraulic 
fracturing. To reduce the risk of fault activation, we tried to 
minimize the injection volume of high-risk segments in the frac
turing design of the well group on the L2 platform. The injection 
volume is 1800 m3 in the low-risk segments and 1200 m3 in the 
high-risk and medium-risk segments. On the L2 platform, there is 
a large-scale fault that crosses multiple wells, and the 

Fig. 7. Numerical simulation of hydraulic fracturing and fault activation in the well-factory fracturing model under different injection volumes: (a) distribution of activated faults 
with fluid injection volume is 800 m3; (b) distribution of activated faults with fluid injection volume is 1000 m3; (c) distribution of activated faults with fluid injection volume is 
1200 m3; (d) maximum shear displacement of activated faults at different fluid injection volumes.
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approximation angle is about 30◦ (Fig. 8(b)). During hydraulic 
fracturing, an extremely severe casing deformation occurred on 
the right side of the well, causing subsequent fracturing to be 
interrupted. The distribution of microseismic events near the fault 
is shown in Fig. 8(c). We observed that hydraulic fracturing of 
multiple wells leads to the activation of the fault at several 
different locations. When these activation faults are connected, the 
scale of fault activation increases exponentially and induces severe 
casing deformation. This means that the injection volume in the 
high-risk segments should be further reduced under the well- 
factory fracturing model. This is also consistent with the conclu
sions in Section 3.3. Based on the conclusions obtained in Sections 
3.2 and 3.3, we optimized the fracturing design of the L3 platform. 
In the L3 platform, there is a large-scale fault with an approxi
mation angle of less than 15◦, as shown in Fig. 8(d). For a high-risk 
fault with an approach angle of 30◦, the maximum injection vol
ume in well-factory fracturing mode is 800 m3. Considering that 
the slip distance of the fault with an approximation angle of 15◦ is 
estimated to be 55.71% of the slip distance of the fault with an 
approximation angle of 30◦, the maximum injection volume in the 
risk segment of the L3 platform is 1436 m3. Finally, during the 
fracturing process on the L3 platform, the injection volume in the 
low-risk segment is 1800 to 2000 m3 per segment, with 6 clusters 
per segment. In the high-risk segment, the injection volume per 
segment is 1400 to 1500 m3, with 10–11 clusters per segment. The 
results of microseismic monitoring of the fracturing process are 
shown in Fig. 8(e), which indicates that there is no serious casing 
deformation during the fracturing process, and all the fracturing is 
completed successfully.

4. Conclusions

Various methods have been used to study hydraulic fracturing- 
induced fault activation and casing deformation. A large amount of 
field data on fracturing is counted, and the main influencing fac
tors are analyzed based on statistical methods. Combined with 
physical experiments and numerical simulations, the fault acti
vation law during fracturing has been studied, and the optimiza
tion method of hydraulic fracturing parameters is proposed. The 
field  application study verifies  the correctness of the theoretical 
results, and the conclusions obtained are as follows:

(1) The degree of casing deformation and fault slip are linearly 
correlated. The main factors of hydraulic fracturing-induced 
fault slip are (from strong to weak) parameters related to 
fluid injection volume, parameters related to segments and 
clusters, and parameters related to injection rate. If the 
fracturing fluid enters the fault, the cohesion and internal 
friction angle of the weak structural surface of the shale will 
be reduced.

(2) Using common hydraulic fracturing techniques, it is very 
difficult for hydraulic fractures to cross faults. Even if a few 
hydraulic fractures can cross the fault with a fault approxi
mation angle greater than 60◦, the fractures cannot continue 
to propagate. This means that large amounts of fluid can be 
injected into faults and increase the risk of fault activation.

(3) The risk of hydraulic fracturing-induced fault activation is 
the greatest when the approximation angle of the fault is 
close to the angle of internal friction. The number of clusters 

Fig. 8. Reservoir curvature distribution and microseismic monitoring results: (a) curvature and microseismic event distribution of the L1 platform; (b) curvature and micro
seismic event distribution of the L2 platform; (c) distribution of microseismic events near faults of the L2 platform; (d) curvature distribution of the L3 platform; (e) distribution of 
microseismic events for each well of the L3 platform.
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per segment and the injection rate are negatively correlated 
with the fault slip distance. Reducing the fluid  injection 
volume can mitigate the fault slip distance. Therefore, low 
injection rates, low fluid  volumes, and more clusters per 
segment are recommended for fracturing in high-risk 
segments.

(4) When only one well needs to be fractured, the fault slip 
distance increases linearly with increasing injection volume. 
However, the scale of fault activation will be larger when 
fracturing in a well field. The maximum fault slip distance 
increases exponentially with increasing injection volume. In 
situations with extremely high risk, the injection volume 
should preferably not exceed 800 m3.

(5) Mapping the faults in advance using three dimensional 
seismic surveys (where the curvature attribute is calculated 
from) is absolutely essential to determine if a shale gas well 
is located in a high-risk area for casing deformation or not.
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