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The Rongchang area, boasting abundant shale gas resources, has emerged as
a pivotal region for reserve augmentation and production increase. Influenced
by the Huayingshan Fault Zone, a multitude of faults have developed within this
area. During the shale gas development process, the injection of high - pressure
fluids and hydraulic fracturing operations are likely to trigger alterations in the
stress field adjacent to the faults, thereby exerting an impact on the fault stability.
Through the comprehensive utilization of geological and geophysical data, this
research delves deeply into the contemporary in - situ stress environment of
the Wufeng - Longmaxi Formation in the study area. In combination with the
Coulomb criterion, it assesses the stability of the faults in the study area and
probes into the factors influencing fault stability. The findings reveal that the
contemporary in - situ stress relationship in the study area is characterized by
SHmax > Sv > Shmin, placing it in a strike - slip stress environment. The evaluation
of fault stability demonstrates that the faults in the western and southern parts
of the study area exhibit poor stability, while those in the northeastern part
possess relatively better stability. Moreover, it has been discovered that there
exist disparities in stability along the same fault. There is a necessity to establish
a fault model to further explore the stability factors. The results indicate that
in the study area, faults with a dip angle of occurrence less than 10°, as well as
those with an azimuth angle less than 30° and a dip angle greater than 60°, enjoy
good stability. Conversely, for faults with an azimuth angle exceeding 50°, their
stability diminishes as the dip angle increases. When the azimuth angle reaches
70° and the dip angle is greater than 70°, the stability is rather poor. This clearly
indicates that the occurrence of faults stands as a crucial factor influencing fault
stability. As the pore pressure rises, the range of azimuth angles and dip angles of
potentially unstable faults gradually expands, signifying that pore pressure is also
an essential factor affecting fault stability. This research furnishes a theoretical
foundation for circumventing potential risks and attaining efficient development
during the shale gas development process.
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1 Introduction

The Wufeng Formation-Longmaxi Formation shale in the
Rongchang area has a large development thickness, with high-
quality geological conditions for shale gas reservoirs and huge
resource potential, making it a key area for future shale gas
exploration and development (Lei, et al., 2014). Since multiple faults
in the southern section of the Huayingshan Fault Zone run through
the study area, the instability of faults may trigger earthquakes,
leading to damage to the integrity of the shale gas reservoir,
reducing the permeability and productivity of the reservoir, and
further causing the deformation of the wellbore and increasing
the development cost. Therefore, the stability of the faults in the
study area has an important impact on the efficient development
of shale gas.

The target the Wufeng Formation-Longmaxi
Formation shale geological layers in the Rongchang area, are mostly
within the depth range of 2000-3,500 m. The TOC values in the
shale geological layers are generally between 1.5% and 5%; the

reservoir,

reservoir has a relatively high porosity, usually at 2%, presenting
high-quality reservoir conditions. Different degrees of research
have been carried out on the factors of fault stability. Zhang’s
suggested that seismic activity alters the regional stress field to some
extent, leading to fault sliding (Zhang, et al., 2024). Yi’s conducted a
preliminary analysis of the seismic source structure and tectonic
deformation characteristics in the Rongxian-Weiyuan-Zizhong
region, identifying the stress state and deformation patterns of
the seismogenic structures and highlighting the distinct regional
characteristics of these patterns (Yi, et al., 2020; Yi, et al., 2019).
Lis suggested that the earthquakes in the southeastern Sichuan
region are the result of local stress field disturbances, which
trigger the activity of detachment layers and the thrust motion of
overlying blind faults. They also noted a certain temporal and spatial
correlation with local industrial activities, hypothesizing that these
seismic events may be closely related to resource extraction activities
(Li, et al., 2022). Zhang’s argued that hydraulic fracturing operations
for shale gas and associated wastewater reinjection significantly
increase seismic activity in the exploration area (Zhang, et al., 2021).

The above research shows that previous studies mainly used
natural seismic events, focal mechanisms, and the spatiotemporal
relationship of earthquakes to study the stress changes before and
after earthquakes that lead to fault slippage, and there has been
no research on the evaluation of fault stability by fault occurrence
and its influence. Therefore, this study selects the southern section
of the Huayingshan Fault in the Rongchang area as the research
object, uses geological, geophysical, geomechanical and other data
for three-dimensional in-situ stress simulation, and combines the
Coulomb fault slip theory to carry out a stability evaluation of the
faults in the study area. Based on the evaluation results, it simulates
the influence of different fault occurrences and pore pressures on
stability, which is of great significance for avoiding potential risks
during the development of shale gas in the Rongchang area and for
the exploration and development of shale gas.

2 Geological background

The Sichuan Basin is bounded by the Huayingshan Fault Zone
and the Longquanshan Fault Zone. To the west of the Longquanshan
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Fault Zone is the Western Sichuan Depression tectonic area; to the
east of the Huayingshan Fault Zone is the Eastern Sichuan Fold
tectonic area; the area between the two is the Central Sichuan
Gentle Uplift area, which is characterized by broad and gentle
anticline and syncline structures (Liu, et al., 2024; Jiang, et al., 2023;
Zhang, et al,, 2019). The study area is located in the transition
zone from the Central Sichuan Gentle Uplift area to the Eastern
Sichuan Fold tectonic area. It is adjacent to Dazu County in the
north, Weiyuan in the west, and Luzhou in the south. The basement
fault of Huayingshan runs through the study area, and multiple
faults have developed within the area. The southern end of the
Huayingshan Fault shows a convergence in the northeast direction
and a divergence in the southwest direction, presenting a broom-
shaped distribution pattern, and the faults in the upper strata
develop in a hereditary manner. During the period of neotectonic
movement, the Yibin-Rongchang Fault in the middle and southern
sections of the Huayingshan Fault strongly reactivated with right-
lateral strike-slip movement, becoming an important seismogenic
fault (Ju et al., 2027; Jiang, et al., 2024; Jiang, 2021) (Figure 1).

3 Research methods

In the field of geomechanics, in-situ stress calculation and
Coulombs fault slip theory are important methods for analyzing
fault stability. Firstly, using Huang Rongzun’s model [Equations 1,
2], based on the results of in-situ stress tests, it is calculated
that eH is 0.0021 and eh is 0.0014. The finite element numerical
simulation method is adopted to calculate the in-situ stress of the
study area (Jiang, et al., 2023; Zheng, et al., 2017; Liu, et al., 2009;
Zhou, et al., 2007). Furthermore, by using the failure function CFF
(Coulomb failure function) defined by Coulomb [Equations 3-5],
and combining with the friction slip tests on the samples of the
Longmen Shan Fault Zone conducted by He Changrong and others,
itis concluded that the friction coefficient p of the natural fault gouge
is between 0.3 and 0.4 (Zhu, et al., 2024; He and SPIERS, 2011;
Zhou, et al., 2007; Zoback, et al., 2003). In this study, the minimum
friction coefficient g = 0.3 is selected for analysis to explore the
stability differences among faults with different occurrences, so as
to analyze the stability of the faults.

v
SHmax = (: +sH)(Sv—och)+och (1)

Shmin = (ﬁ +sh)(SV—ocPP) +aP, (2)

In the formula, SHmax and Shmin are the maximum and
minimum horizontal principal stresses respectively; Pp is the
formation pore pressure, in MPa; Sv is the vertical stress, in MPa;
v is the Poisson’s ratio, dimensionless; « is the Biot coefficient,
dimensionless; eH and eh are the tectonic stress coefficients of the
maximum and minimum horizontal principal stresses respectively,

dimensionless.
T/0, =Y 3)
0,=S,— P, (4)
CFF=1-u(S,-P,) (5)

frontiersin.org


https://doi.org/10.3389/feart.2025.1569084
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Huo et al.

10.3389/feart.2025.1569084

Fault Zone
EI Place Name

[®] Well Location
[3] ResearchArea

P

P,

FIGURE 1
Location of the study area and distribution map of faults.

7 is the shear stress on the fault plane; y is the friction
coefficient; on is the effective normal stress on the fault plane;
Sn is the normal stress resolved on the friction surface; Pp is the
pore pressure.

According to the CFF, the stability state of the fault plane can be
determined: when the CFF is negative, the shear stress is insufficient
to overcome the sliding resistance, and the fault plane remains
stable; when the CFF reaches zero, the shear stress is equal to the
sliding resistance, and the fault is in a critically stable state, with the
possibility of sliding existing; when the CFF is positive, the shear
stress is sufficient to overcome the sliding resistance, and the stability
of the fault is destroyed, resulting in sliding (Chen, et al., 2021;
Zoback, et al., 2003).
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4 Evaluation of fault stability

4.1 Three-dimensional in-situ stress
simulation analysis

The present-day in-situ stress values of the study area can
be obtained through methods such as on-site measurement,
experimental testing, logging calculation, numerical simulation, and
obtaining the stress field by fitting the sliding direction of the
seismogenic fault plane (Liu, et al., 2024; Li et al., 2024; Zheng, et al.,
2017). This paper calculates the present-day in-situ stress field of the
study area based on the finite element numerical simulation method
(Qiao, et al,, 2024; Zhou, et al., 2007). By comprehensively using the
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FIGURE 2
Flow chart of three-dimensional in-situ stress simulation.
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Distribution map of the principal stress of a single well.
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FIGURE 5
Results of the fault stability evaluation.

geological, logging, seismic and other data of the study area, a three-
dimensional fine structural interpretation of the target formation
in the study area is carried out. The intersecting relationships
between faults, and between strata and faults are sorted out. A
three-dimensional structural geological model of the study area is
established. The structural model is subjected to three-dimensional
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finite element meshing. Combined with the rock mechanical
parameters of single wells, a three-dimensional rock mechanical
model is established. Furthermore, by using the in-situ stress test
results of the target formation in the comprehensive study area and
the in-situ stress analysis results of imaging logging, it is determined
that the loading boundary condition for this stress simulation is
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that the direction of the maximum horizontal principal stress is an
azimuth angle of 110°. The numerical simulation of the present-
day in-situ stress field of the study area is carried out to analyze the
characteristics of the in-situ stress in the study area (Figure 2).

The results show that the main range of the principal stress
SHmax of a single well in the study area is between 98 and 110 MPa,
the main range of Shmin is between 88 and 98 MPa, and the main
range of Sv is between 92 and 103 MPa (Figure 3). The main range
of the in-situ stress SHmax of the target formation, the Wufeng
Formation-Longmaxi Formation, is between 101 and 108 MPa, the
main range of Shmin is between 93 and 97 MPa, and the main
range of Sv is between 94 and 102 MPa. The magnitude of the
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principal stress in the study area shows the relationship of SHmax
> Sv > Shmin (Figure 4).

According to the magnitude relationship among SHmax, Sv and
Shmin, the stress environment of the study area is judged. When
Sv > SHmax > Shmin, it indicates that the area is in a normal
fault stress environment; when SHmax > Sv > Shmin, it indicates
that the area is in a strike-slip fault stress environment; and when
SHmax > Shmin > Sy, it indicates that the area is in a reverse fault
stress environment (Anderson, 1951; Brooke-Barnett et al., 2015).
Therefore, the relative magnitude relationship of the present-day
stress in the study area is SHmax > Sv > Shmin, indicating that the
area belongs to a typical strike-slip stress environment.
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Stability simulation under 80 MPa pore pressure.

4.2 Evaluation of fault stability

Based on the present-day in-situ stress field of the study area and
Coulombss fault slip theory, and combined with the characteristics
of the faults, an evaluation of fault stability is carried out. The results
show that there are significant differences in the stability of different
faults. Generally speaking, the faults in the western and southern
parts of the study area have poor stability, while the faults in the
northeastern part have better stability. Through further analysis in
combination with the occurrence of the faults, the faults trending in
the north-northeast direction generally have good fault stability; the
faults trending in the northeast and north-northeast directions have
relatively poor stability (Figure 5).
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5 Discussion

Based on the results of the evaluation of fault stability,
it is found that there are obvious differences in the stability
along the same fault. At the same time, during fracturing
development, the injection of high-pressure fluids will lead to
changes in pore pressure,
in the effective normal stress and result in changes in fault
stability (Li, et al., 2024; Hui, et al, 2021; Chen, et al., 2021).

Therefore, it is necessary to explore the influence of fault occurrence

which in turn will cause changes

and pore pressure on fault stability, and establish a model
for the stability of fault occurrence and pore pressure in the
study area.
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5.1 The influence of fault occurrence on
fault stability

According to the fault occurrence situation in the study area, the
range of the fault azimuth angle is set to be from 10° to 90°, with an
interval of 20°, and the range of the dip angle is from 10° to 90°,
with an interval of 10°. By analyzing the measured pressure data
in the study area, the formation pore pressure is determined to be
75 MPa. A fault model is established to explore the influence of fault
occurrence on fault stability. The simulation results show that there
are obvious differences in the fault stability of faults with different
occurrences. Specifically (Figure 6), when the fault dip angle is less
than 10°, and for faults with an azimuth angle less than 30° and a dip
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angle greater than 60°, the fault stability is the best; when the fault
azimuth angle is greater than 50°, with the increase of the dip angle,
the fault stability gradually decreases, and when the fault azimuth
angle is 70° and the dip angle is greater than 70°, the stability of the
faults with this occurrence is the worst. The results indicate that the
fault occurrence is a key factor affecting fault stability.

5.2 The influence of pore pressure on fault
stability

Pore pressure has an important influence on fault stability. In
order to deeply explore how pore pressure affects the fault stability
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Stability simulation under 90 MPa pore pressure.

in the study area, based on the fault model of the study area, the
simulation of fault stability is carried out by gradually increasing the
formation pore pressure in the study area. First, the pore pressure is
increased from 75 MPa to 80 MPa for the simulation of fault stability.
The results show that for the faults in the study area with an azimuth
angle greater than 70° and a dip angle greater than 60°, they cross
the fault instability line on the Mohr circle, and the faults slip; when
the azimuth angle is 50°, with the increase of the dip angle, the fault
stability gradually deteriorates; while for the fault occurrences with
a dip angle less than 10° and an azimuth angle less than 30° and a
dip angle greater than 60°, the fault stability is the best (Figure 7).
Furthermore, the pore pressure in the study area is increased
to 85 MPa for the simulation of fault stability (Figure 8). Compared

Frontiers in Earth Science 09

with the simulation results at a pore pressure of 80 MPa, the number
of unstable faults in the study area increases significantly, and the
number of faults with deteriorated stability also increases, which has
a significant impact on the fault stability. Specifically, for the faults
within the range of an azimuth angle greater than 50° and a dip angle
greater than 50°, they cross the fault instability line on the Mohr
circle, and the faults slip; for the faults with a dip angle in the range
of 30°-50°, their fault stability decreases with the increase of the
azimuth angle; when the fault occurrence is with an azimuth angle
greater than 50° and a dip angle of about 40°, the faults with this
occurrence are in a critical state of sliding; when the fault dip angle
is less than 10° and the azimuth angle is less than 30° and the dip
angle is greater than 70°, the fault stability is the best.
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When the pore pressure in the study area is increased to 90 MPa
(Figure 9), the results show that for the faults with an occurrence of
an azimuth angle greater than 50° and a dip angle greater than 30°,
as well as those with an azimuth angle less than 30° and a dip angle
between 30° and 50°, these faults have crossed the fault instability
line on the Mohr circle, and the faults become unstable and slip;
when the dip angle is less than 10°, the azimuth angle is less than 30°,
and the dip angle is greater than 70°, the fault stability is the best.

In conclusion, as the pore pressure increases, the fault stability
gradually decreases, and the ranges of the azimuth angle and dip
angle of the unstable faults gradually expand. Specifically, when the
pore pressure is increased by 5 MPa, the faults in the study area with
an occurrence within the range of an azimuth angle greater than 70°
and a dip angle greater than 60° slip first; when the pore pressure
is increased by 10 MPa, the faults within the range of an azimuth
angle greater than 50° and a dip angle greater than 50° become
unstable and slip; when the pore pressure is increased by 15 MPa,
the faults with an occurrence of an azimuth angle greater than 50°
and a dip angle greater than 30°, and those with an azimuth angle
less than 30° and a dip angle between 30° and 50° become unstable
and slip. The research results provide a basis for avoiding potential
risks and achieving efficient development during the development
of shale gas.

6 Conclusion

(1) The main range of the principal stress SHmax of a single well
in the Rongchang area is between 98 and 110 MPa, the main
range of Shmin is between 88 and 98 MPa, and the main range
of Svis between 92 and 103 MPa. The main range of the in-situ
stress SHmax of the target formation, the Wufeng Formation-
Longmaxi Formation, is between 101 and 108 MPa, the main
range of Shmin is between 93 and 97 MPa, and the main
range of Sv is between 94 and 102 MPa. The magnitude of
the principal stress in the study area shows the relationship of
SHmax > Sv > Shmin. The relative magnitude relationship of
the present-day stress is SHmax > Sv > Shmin, which belongs
to a typical strike-slip stress environment.

(2) The distribution characteristics of the Huayingshan Fault in
the Rongchang area are that it converges in the northeast
direction and diverges in the southwest direction, presenting
a broom shape. The fault stability of the faults in the western
and southern parts of the study area is poor, while the stability
of the faults in the northeastern part is better, and there are
differences in stability along the same fault.
(3) In the Rongchang area, the faults with a dip angle of less than
10°, and the faults with an azimuth angle of less than 30° and a
dip angle of greater than 60° have good stability. For the faults
with an azimuth angle greater than 50°, their stability decreases
as the dip angle increases. When the azimuth angle is 70° and
the dip angle is greater than 70°, the stability is poor. Currently,
all the faults in the study area remain stable, and it is clear that
the fault occurrence is a key factor affecting fault stability.
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(4) As the pore pressure increases, the ranges of the azimuth angle
and dip angle of the unstable faults gradually expand. The
azimuth angle decreases from greater than 70°-50°, and the
dip angle decreases from 60° to 30°. At the same time, the
faults with an azimuth angle of less than 30° and a dip angle
between 30° and 50° also become unstable and slip, indicating
that the pore pressure is an important factor affecting
fault stability.
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