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This study carried out a research on the distribution characteristics of the
geostress field of ultra-deep strike-slip faults, aiming to improve the
exploration efficiency and development benefits of ultra-deep fault-controlled
reservoirs. This study combines multiple geological information, drilling
information, seismic data, and seismic attribute analysis. Taking the FI12 fault
zone in the FengmanOilfield as an example, it carried out numerical simulation of
the geostress field, clarified the distribution pattern of geostress, analyzed the
effectiveness of fracture mechanics, and proposed a reservoir quality evaluation
method and production increase strategy based on geostress analysis. The study
includes the following three aspects: 1) research on the heterogeneity of fault-
controlled fractured carbonate reservoirs: Due to the existence of faults,
fractures, and pores, carbonate reservoirs exhibit strong heterogeneity. These
discontinuous structures lead to local stress field decreases to varying degrees. By
analyzing the changes in geostress, it is possible to infer the development of
faults, fractures, and pores. This provides important basis for predicting and
evaluating reservoirs. 2) research on the distribution pattern of geostress: The
geostress of fractured bodies exhibits a “shell-type” distribution pattern. Inside the
fractured body, the geostress values are lower, indicating that this part is a
favorable reservoir body. On the outside of the fractured body, the geostress
exhibits high-value concentration, and this part has relatively poor permeability
and can be regarded as an unfavorable drilling target. 3) research on the
relationship between fault-fracture mechanical activity and reservoir quality
and production capacity: Geostress and its influence on fault-fracture
mechanical activity are directly related to the quality and production capacity
of fault-controlled fractured carbonate reservoirs. When deploying well locations
and optimizing well trajectories, geostress factors should be fully considered, and
reservoir reformation efficiency should be taken into account to promote single
well production increases and reservoir economic devel.
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1 Introduction

Strike-slip faults are an important research area in structural
geology. According to traditional views, large strike-slip faults are
mainly developed on the margins of active continental plates, with
long-distance extension and large slip distance. For example, the San
Andreas Fault in the United States (Fossen, 2010) and the Altun
Fault in China (Cui et al., 2002) are both typical examples.

However, with the improvement of seismic data acquisition
technology, it has been discovered that there are also large strike slip
faults within stable land blocks. Although these faults extend longer,
their slip distance is relatively small, usually only a few hundred
meters, and the maximum is only a few thousand meters. These
faults are called intra cratonic strike slip faults and are mainly
developed in tectonic stable areas, such as Siberia Basin
(Gogonenkov and Timurziev, 2012), Sichuan Basin (Ma et al.,
2018) and Tarim Basin (Wu et al., 2012; Yang et al., 2016; Han
et al., 2017; Li et al., 2017; Lyu et al., 2017; Zheng et al., 2018; Wu
et al., 2021).

Strike-slip faults within cratons play an important controlling
role in the development of reservoirs and the formation of oil and
gas reservoirs. In oil and gas exploration practice, these faults are
often regarded as important exploration targets. Therefore,
conducting research on strike-slip faults within cratons not only
helps to deepen the understanding of the internal structural
deformation and formation mechanisms of cratons, but also
provides new ideas and directions for oil and gas exploration.

The study of strike-slip faults within cratons has important
theoretical significance and production guidance value. By deeply
studying the genetic mechanism, distribution pattern, and impact on
reservoirs of strike-slip faults within cratons, more scientific and
effective guidance can be provided for oil and gas exploration,
promoting the development and utilization of oil and gas resources.

Research has shown that the control of strike-slip faults on the
productivity of oil and gas wells is mainly reflected in the following
aspects (Wang et al., 2018; Wang Y. et al., 2019; Li et al., 2021; Song
X. et al., 2023; Wang Q. et al., 2023).

1. Formation of traps: Strike-slip faults can form various traps
during tectonic movement, such as fault traps, fracture traps,
and structural ridge traps. These traps can serve as spatial
gather together spaces for oil and gas, affecting the productivity
of oil and gas wells;

2. Control of the distribution of oil and gas reservoirs: Strike-slip
faults can affect the migration and aggregation of oil and gas,
making the oil and gas reservoirs exhibit directional
distribution characteristics. This helps to predict the
distribution of oil and gas reservoirs, guiding oil and gas
exploration and development;

3. Regulation of the pressure system of oil and gas wells: Strike-
slip faults can affect the pressure system of oil and gas wells,
causing changes in wellbore pressure. When oil and gas wells
are located near strike-slip faults, the wellbore pressure may be
affected, thereby affecting the productivity of oil and gas wells;

4. Impact on the hydraulic characteristics of oil and gas wells:
Strike-slip faults can alter the hydraulic characteristics of oil
and gas wells, such as influencing the direction and velocity of
groundwater flow. This may affect the extraction efficiency of

oil and gas, further affecting the productivity of oil and
gas wells;

5. Formation of preferential seepage channels: Strike-slip faults
can form preferential seepage channels, enhancing the
productivity of oil and gas wells. During the production
process of oil and gas wells, fractures at strike-slip faults can
serve as preferential seepage channels for oil and gas, making it
easier for oil and gas to flow towards the wellbore, thereby
increasing the productivity of oil and gas wells. Therefore, the
control of strike-slip faults on the productivity of oil and gas
wells is mainly reflected in the formation of traps, the
distribution of oil and gas reservoirs, changes in wellbore
pressure, regulation of hydraulic characteristics, and the
formation of preferential seepage channels. In the process of
oil and gas exploration and development, the impact of strike-
slip faults needs to be fully considered to improve the
productivity and extraction efficiency of oil and gas wells.

The FI12 fault zone is located in the eastern part of the Fuyuan II
area (Jiao, 2017; Wang et al., 2021; Wang Qinghua et al., 2023). The
overall structure of the roof of an Ordovician room in the area is
gentle, and multiple sets of faults with different orientations are
developed on the plane; The Paleozoic faults in the Fuyuan block are
well-developed, and the fault system can be divided into two groups
on the plane: northeast and northwest, both of which are strike slip
faults. The activity periods can be divided into three periods. The
first period is a northeast strike slip fault formed during the Middle
Caledonian period, forming the fault pattern of this area. The plane
is mainly characterized by linear and feathery structures, and the
strike slip faults mostly have local compression and torsion
properties, with a small fault distance of generally 10–20 m,
Disconnect the layer from the basement to the bottom of the
Ordovician Santam Formation; The second stage is the Late
Caledonian period, based on the Middle Caledonian fault, the
northeast trending fault in the middle of the block is further
activated, and the fault layer extends from the basement to the
Ordovician Santam Formation; The third stage is a northeast
trending strike slip fault, only distributed in the northwest of the
block. The fault style is mainly flower shaped, and on the plane, it
only shows linear structures. The fault distance is relatively large,
generally 10–40 m, and the fault layer is from the basement to the
Permian. It can be seen that the FI12 fault zone is a “typical” fault
zone of the ultra deep strike slip fault in the Tarim Basin, which is of
great significance for the study of numerical simulation of the
geostress field of the ultra deep strike slip fault. Moreover, the
water injection flow law of the wells arranged in the fault zone is not
clear from the water injection development stage, which affects the
water injection development effect of the wells arranged in the fault
zone (Song Xingguo et al., 2023).

Therefore, in order to improve the exploration efficiency and
development benefits of carbonate reservoirs under the control of
ultra-deep strike-slip faults, this article takes the FI12 fault zone in
the Fuman Oilfield as an example to carry out numerical simulation
of the in-situ stress field, clarify the distribution law of carbonate
reservoirs under the control of strike-slip faults, clarify the
correlation between factors related to in-situ stress and the
quality of ultra-deep carbonate reservoirs, and provide
suggestions and countermeasures based on the numerical

Frontiers in Energy Research frontiersin.org02

Zhang et al. 10.3389/fenrg.2024.1361247

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1361247


simulation results of ultra-deep strike-slip faults, thus supporting
efficient exploration and benefit development of ultra-deep
carbonate reservoirs in Tarim Oilfield.

2 Geological setting

The Tarim Basin, a vast land of 560,000 square kilometers, is the
largest inland basin in China and also a mysterious place with the
least exploration. It is surrounded by the towering Tianshan
Mountains, with majestic mountains to the north and the
continuous Kunlun Mountains to the south. In the southeast of
this basin, the AltynMountains stand tall and towering, as if they are
a natural barrier to protect this land.Although its exploration level is
relatively low, the abundant oil and natural gas resources here
provide a solid support for China’s energy development.

The Tarim Basin is rich in geological structure and geomorphic
features. According to basement structure, primary basement fault
and sediment distribution, the Tarim Basin is divided into more
than 10 structural units, including 6 depressions and 4 uplifts. The
distribution of these structural units, from north to south, is
sequentially Kuche Depression, Tabei Uplift, Awati Depression,
Manjia’er Depression, Tazhong Uplift, Bachu Uplift, Tadong
Uplift, Tanggu Depression, Southwest Depression, and Southeast
Depression. Among them, the Shuntuo low uplift is a relatively
special structural unit. Compared with the northern and central
uplift of the tower, the terrain of Shuntuo low uplift presents a
moderately uplifted state. The Tabei Uplift and the Tazhong Uplift

are located in their northern and southern parts, respectively,
forming a relatively complete structural system (Figure 1).

The distribution of intracratonic strike-slip faults in the Tabei
uplift, Shuntuo low uplift, and northern slope of the Tazhong uplift
is an important area of geological research and is also the focus area
of this study (Figure 2).

The Tarim Basin has experienced a complex multistage tectonic
evolution, and the northern margin of the basin and the adjacent
southern Tianshan orogenic belt have experienced multistage and
complex basin range coupling and basin range conversion processes,
forming a variety of types of basin range coupling and conversion
modes (Mao et al., 2017).

About 750 million years ago, the Rodinian supercontinent began
to disintegrate, forming some new continents and oceans. In this
process, the basement of the Tarim Basin separated from the
surrounding land, and gradually formed the shape of the basin
we see today.

In the Early Paleozoic, the Tabei Block was under the
background of extension, which led to the formation of the
South Tianshan Ocean. During this period, due to the extension
of the crust, the southern Tianshan region began to undergo rifting
and formed a marine environment. The existence of this ocean had
an important impact on the evolution of life at that time and laid the
foundation for later tectonic evolution. The southern part of the
Tarim Block developed a tectonic system called the Paleotethys
Trench-Arc-Basin System. This tectonic system was formed during
the closure of the Paleotethys Ocean and consists of tectonic units
such as trenches, arcs, and basins (Li et al., 2020).

FIGURE 1
Main structural units of Tarim Basin (Mao et al., 2017).
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Manjiaer Depression is an important tectonic unit in the Tarim
Basin, and its formation and evolution are closely related to the
surrounding geological environment and geodynamic process. In
the Early Paleozoic, with the extension of the crust, the eastern part
of the Tarim block began to appear rift, forming the embryonic form
of Manjiar Depression.

Over time, the Manjiaer Depression has undergone multiple
periods of tectonic movement and sedimentation. Under the
influence of tectonic movement, the boundaries of the Manjiaer
Depression have gradually expanded, and the internal structure has
become more complex. At the same time, a large amount of
sediment has accumulated within the depression, forming thick
sedimentary layers (Figure 1).

The extensional environment underwent changes during the
Middle Ordovician, and subduction began, leading to the closure of
the Kudi Ocean in the southwest. Kudiyang is an ancient sea area in
the Tarim Basin, which existed in the early Paleozoic era. In the
Middle Ordovician, with the movement of the Earth’s tectonic plates
and the strengthening of their interactions, the two sides of the Kudi

Ocean began to compress, forming reverse thrust structures and
related high-pressure metamorphic rocks. This process marked the
gradual closure of the Kudi Ocean, which had an important impact
on the tectonic evolution of the Tarim Basin. On the one hand, the
closure of the Kudi Ocean has led to adjustments and changes in the
stress field within the basin, further affecting the tectonic movement
and crustal deformation in the surrounding areas. On the other
hand, the closure of the Kudi Ocean has also led to changes in
sedimentation, affecting the distribution and characteristics of
sedimentary rocks in the basin. At the same time, the closure of
Kudiyang also provided conditions for the formation of oil and gas
resources. During the closure of the Kudi Ocean, a large amount of
organic matter is enriched in seabed sediments, providing a material
basis for the generation of oil and gas. With the movement and
tectonic evolution of the crust, these organic substances are
transformed into oil and gas under appropriate conditions,
forming the oil and gas reservoirs in the current Tarim Basin.

The tectonic environment of the Tarim Basin has undergone an
evolutionary process from extension to compression.

FIGURE 2
Distribution of strike slip faults in the central craton of Tarim Basin (Mao et al., 2017) (red).
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The evolution of this tectonic environment has had an
important impact on the geological characteristics and
resource distribution of the Tarim Basin. In an extensional
environment, a large amount of sediment and organic matter
were formed in the basin, which were buried and preserved in the
subsequent compression environment, forming important oil
and gas resources. During the interaction and movement of
the Earth’s tectonic plates, the newly formed marginal
orogenic belt in the southwest gradually formed and
developed. The formation of this type of orogenic belt is
closely related to processes such as crustal compression,
shortening, and magmatic activity. With the formation and
evolution of the orogenic belt, the Tazhong Uplift and the
Tabei Uplift gradually formed (Figure 1).

On the one hand, the newly formed active margin orogenic belt
exerts a compressive force on the Tazhong uplift and the Tabei
uplift. This compressive force causes the crust to deform and rise,
forming structural features of uplift. At the same time, magmatic
activity within the orogenic belt also provides a material basis for the
formation of uplift. The upward migration and crystallization of
magma into rock increases the material density of the crust, further
promoting crustal uplift and uplift.

On the other hand, the newly formed active margin orogenic
belt also affected the sedimentation and structural characteristics of
the Tazhong uplift and the Tabei uplift. Under the influence of the
orogenic belt, the depositional patterns and characteristics of
sediments in the uplift areas changed, forming specific
sedimentary layers and structural features.

At the end of the Late Ordovician, with the mutual collision of
plates and the compression and shortening of the crust, the
Kangxiwar East Kunlun Ocean and the Altun Ocean gradually
closed, forming a strong orogeny. This orogeny led to the uplift
and deformation of the crust in the south of the Tarim Basin,
forming structural features such as thrust faults and folds. At the
same time, the excavation of the crust caused the sediment to be
stripped and transported, forming geomorphic features such as
alluvial fans and canyons.

Thrusting has an important impact on the structural pattern and
resource distribution in the southern Tarim Basin. On the one hand,
the thrust action causes changes in the stress field of the crust,
affecting the tectonic movement and crustal deformation in the
surrounding areas. On the other hand, thrust also leads to the
redistribution and metamorphism of sediments, affecting the
distribution and characteristics of sedimentary rocks.

From the compressive stress field environment in the south to
the formation and collision of the island arc in the middle Tianshan
Mountains, to the opening and magmatic activity of the ancient
Tethys Ocean, and the collision between the Eurasian plate and the
Tarim block, a series of geological events together shape the present
Tarim Basin (Wang Q. et al., 2019).

3 Numerical simulation method of in-
situ stress field

The numerical simulation of the stress field of ultra-deep strike-
slip faults is summarized in the following 10 steps (Figure 3).

1. Interpretation of faults in earthquake: First, collect relevant
seismic data and perform necessary preprocessing on the raw
data. Through analyzing the seismic data, identify and locate
underground faults.

2. Loading fault: Based on known seismic data and
interpretation results, establish a deterministic model. Load
the identified fault information into this model.

3. Using Likelihood fracture prediction technology to calculate
similarity: Extracting relevant attributes, such as likelihood
attributes, based on seismic data to describe the similarity
between acquisition points. By setting a certain threshold or
criterion, information related to fracture development can be
screened from the calculated similarity.

4. Extract attributes and characterize fractures using seismic
data: Select seismic data related to fracture characterization,
extract attributes that can describe fracture characteristics

FIGURE 3
Flowchart of numerical simulation of in-situ stress field.
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from the selected seismic data, and characterize or depict the
location and morphology of fractures in the model based on
the extracted attributes and previously predicted fracture
probabilities. Integrate all processing and modeling results
to form a complete geological model.

5. Classify and carve different types of storage bodies (Figure 4):
Before carving the pores and holes, it is necessary to integrate
and utilize the existing logging interpretation and geological
data. Based on the structural description of the fault-controlled
reservoir, the fractal dimension algorithm is used to construct
the initial model. The microscopic characteristics of the model
are controlled according to the changes in seismic amplitude,
and by strengthening the seismic facies control factors, the
spatial heterogeneity of the fault-controlled reservoir can be
more accurately highlighted. According to the differences in
logging porosity thresholds for different types of reservoirs,
different types of reservoirs are carved according to their
classification (Li et al., 2021).

6. Utilizing structural tensor attributes to characterize the
boundary of fault-controlled reservoirs: Structural tensor
attributes are a method for describing the texture
characteristics of seismic data. By analyzing this attribute,
the boundaries of fault-controlled reservoirs can be identified.
Specifically, the boundaries of fault-controlled reservoirs
exhibit unique and disordered texture characteristics on
structural tensor attribute profiles.

7. Determine the threshold value of the structural tensor
property through the calibration of the drilling time curve:
By analyzing the changes in the drilling time curve, a
threshold value for the structural tensor property can be
calibrated.

8. Assign rockmechanical parameters directly to the model grid:
The rock mechanical parameters obtained from seismic data
are directly assigned to the model grid. In order to reduce the
influence of boundary effects, the modeling range usually
extends outside the fault zone to ensure that the internal
model is closer to the actual situation. This can make the
model more realistic and reflect the actual mechanical
properties of underground rocks.

9. Setting model boundary conditions: determining the
direction of in-situ stress based on regional structural

analysis; determining the direction of in-situ stress based
on drilling-induced fractures and wellbore collapse
interpretation; constructing a single-well in-situ stress
profile; through comprehensive analysis of these factors,
the magnitude of in-situ stress can be constrained or
limited, making the calculation results more accurate
and reliable.

10. Automatic calculation of stress value: After setting the
boundary conditions and entering relevant parameters,
numerical simulation software can be used to automatically
calculate the in-situ stress values. The compressive strength
exceeds 100 MPa, which is equivalent to or even exceeds the
mechanical parameters of reservoir rocks in the Kelasu
tectonic belt with a depth of 7,000–8,000 m. The
compressive strength of the reservoir in the Qiulitag
tectonic belt with a depth of 6,000 m is only about
70–80 MPa. Construction data shows that the fracture
pressure gradient of the Jurassic Ah Formation in the
Dibei gas reservoir is about 2.4 MPa/100 m, and the
construction pressure is about 95–100 MPa.

4 Calculation method and results of in-
situ stress of single well

The calculation method of in-situ stress for single well is mainly
divided into the following three steps.

4.1 Evaluation of the orientation of the main
stress today

① Wellbore collapse method.

There are two methods to evaluate the current principal stress
orientation using the drilling wellbore collapse method:

a) Using imaging data such as formation dip, resistivity, and
sonic wave, a wellbore imaging map is obtained through processing.
Looking for a symmetrical strip-shaped image with a certain width
in the map indicates wellbore collapse. The orientation indicated in
the image is the horizontal minimum principal stress orientation,
and its vertical direction is the horizontal maximum principal stress
orientation.

b) Extract the formation dip, well deviation in imaging data,
wellbore azimuth, multi-arm caliper, No. 1 polar plate azimuth, and
relative azimuth data. Use a rose diagram to statistically analyze the
azimuth of the caliper expansion part. The resulting azimuth is the
minimum horizontal principal stress azimuth, and its vertical
direction is the maximum horizontal principal stress azimuth.

② Drilling induced fracture method.

Identifying fractures with characteristics of splay, symmetry, or
straight, symmetrical features from the formation dip and acoustic
and electrical imaging maps is the stress release-induced fracture in
drilling. The directional angle value is read from the scale at the top
of the figure, which is the maximum horizontal principal stress
orientation.

FIGURE 4
Characterization of faults, fractures, caves, and pores based on
seismic data and attribute extraction analysis.
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③ Fast transverse wave azimuth method.

The azimuth of the fast shear wave in the formation is obtained
using the dipole array acoustic logging data processing, and the
azimuth with the highest frequency is obtained using a rose diagram
statistics, which is the maximum horizontal principal stress azimuth
(Yang et al., 2008; Wang et al., 2009).

4.2 Evaluation of three-axis stress today
calculation of vertical stress

σV � ∫
0

H0

ρ0 h( )gdh + ∫
H0

H

ρ h( )gdh

In the formula: σv-pressure of overlying strata, MPa;
ρ0—average density of the formation in the depth section

without logging density value, g/cm3; ρ-density of the
formation, g/cm3;
H0 - refers to the starting depth of density logging, m;
H - refers to the depth of the calculation point, m.

② Evaluation of horizontal principal stress.

The standard prioritizes the use of small-scale fracturing and
formation leakage experimental methods to determine the
horizontal minimum principal stress of the formation. When
there is no data from small-scale fracturing and formation
leakage experiments, the following calculation formula is used to
obtain the horizontal principal stress using well logging data (Wang,
1993; Xu and Shen, 2005; Li and Liu, 2006).

σH � μ

1 − μ
σV + 1 − 2μ

1 − μ
αPP + E

1 − μ2
εH + μE

1 − μ2
εh

σh � μ

1 − μ
σV + 1 − 2μ

1 − μ
αPP + E

1 − μ2
εh + μE

1 − μ2
εH

FIGURE 5
Correspondence between the in-situ stress and seismic profile interpretation of ManS 5 Well.
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In the formula:
σH–maximum horizontal principal stress, MPa;
σh–horizontal minimum principal stress, MPa;
σv—pressure of overlying strata, MPa;
PP–formation pore pressure, MPa; μ–Poisson’s ratio,
dimensionless; α—Biot coefficient;
εh—strain in the direction of the minimum horizontal principal
stress, mm;
εH—strain in the direction of the maximum horizontal principal
stress, mm;
E − Young’s modulus, GPa.

4.3 Evaluation of rock mechanical
parameters

Through analysis of well logging data, especially acoustic
logging data and density logging data, rock mechanical
parameters such as Young’s modulus and Poisson’s ratio can be
calculated.

From the single well in-situ stress calculation results (Figures 5,
6), it can be seen that the locations where the current in-situ stress
values decrease are the ones with developed fractures, holes,
and pores.

5 Numerical simulation results

Figure 7 shows the distribution of the minimum horizontal
principal stress. Based on the information in the figure, the following
observations can be made:

In the vertical direction (with the increase of depth):

• The ground stress gradually increases. In the horizontal
direction (along the extension direction of the fault):

• There are differences in the magnitude of stress values, which
are segmented. Overall characteristics:

• The in-situ stress values at fracture zones and fissures are low.
• The degree of stress reduction varies among different fracture-
cave systems, indicating a strong heterogeneity.

FIGURE 6
Correspondence between the in-situ stress and seismic profile interpretation of ManS 2 Well.
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• The heterogeneity at the bottom of the target layer
slightly decreased.

• The magnitude of stress reduction in the fault zone weakens.

Summary: Figure 7 show the spatial distribution characteristics
of the maximum and minimum horizontal principal stresses. This
information is important for understanding the impact of faults and
fractures on geostress, as well as for predicting the stability of
geological structures and engineering projects.

Figure 8 combines the stress profile of a single well with seismic
attribute profiles, providing insight into the variation of in-situ stress
in different geological structures. Based on the information in the
figure, the following conclusions can be drawn:

In the fracture-cave area, the elastic modulus decreases the most,
reaching 22.25%. This indicates that in the fracture-cave area, the
rigidity and strength of the rock significantly decrease, which may be
due to dissolution and tectonic activity.

The in-situ stress in the cave area also decreased by 11.92%,
indicating that the formation of caves has an impact on the stress
state of surrounding rocks.

The in-situ stress in the fracture zone decreased by 6.40%.
Compared to fracture-cave bodies and karst caves, the decrease

in in-situ stress in the fracture zone was relatively small, but still
showed a certain degree of stress reduction.

Summary: Figure 8 shows the influence of different geological
structures on stress through the combination of single-well stress
profiles and seismic attribute profiles. These data are of great
significance for deepening our understanding of the stress state
of underground rocks and the stability of geological structures, and
provide a basis for geological engineering design and risk
assessment.

6 Discussions

6.1 The distribution characteristics of crustal
stress in the fracture-cave system

Figure 9 displays the stress distribution changes at karstic voids.
Different degrees of stress reduction are observed at the void edges,
and there is also a certain range of stress elevation at the void
margins. This stress distribution suggests that a high-stress “shell”
region exists around the voids. To further clarify the stress “shell”
distribution of voids, a three-dimensional geological model of the
fracture-cave system was established (Figure 10). By varying the
elastic modulus of the karstic voids, the impact of voids on the
current stress distribution can be analyzed.

Based on the above information, the following conclusions can
be drawn: By analyzing the impact of voids on the current stress
distribution, it can be found that different voids have different
ranges of influence on stress. This difference may be related to
factors such as the size, shape, location, and surrounding rock
properties of the voids.

Summary: The information in Figure 10 suggests that the high-
stress “shell” around voids is an important factor affecting stress
distribution.

Given the stress background of the known FI12 fault, we can
establish the following model rock mechanical property parameters
and boundary mechanical conditions:

Sv gradient = 0.0256 MPa/m.
SH gradient = 0.0234 MPa/m.
Sh gradient = 0.0187 MPa/m.

FIGURE 7
Simulation results of the maximum and minimum horizontal principal stress in the in-situ stress field of the FI12 fracture zone.

FIGURE 8
Statistical diagram of elastic modulus of different types of units in
ManS 2 well.
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Mechanism of normal faulting.
SH direction = 59°N.

The simulation results indicate that the larger the difference in
elastic modulus between the cave body and matrix, the more
pronounced the decrease in in-situ stress within the void and the
larger the influence range of the “shell” outside the void. This
suggests that the “shell-type” stress distribution pattern of
fracture-cave systems mainly depends on the difference in elastic
modulus between the matrix and voids.

Therefore, to better understand and predict the stress
distribution pattern, we need to further investigate the difference
in elastic modulus between the matrix and voids, as well as how this
difference affects stress distribution.

Based on the above analysis, we can draw the following
conclusions: As the elastic modulus of voids increases, the
current in-situ stress values also increase accordingly. This
suggests that in underground rocks, if the elastic modulus of

voids is relatively high, then the in-situ stress values will also
increase accordingly. This relationship may be caused by the
bearing and transmission effects of voids on in-situ stress.

Under conditions where vertical stress remains constant, the
stress values are smallest for normal faulting mechanisms, largest for
reverse faulting mechanisms, and intermediate for strike-slip
mechanisms. This indicates that different faulting mechanisms
have a significant impact on stress distribution. Normal faulting
mechanisms typically result in a decrease in in-situ stress values,
while reverse faulting mechanisms lead to an increase in in-situ
stress values. Strike-slip mechanisms have relatively stable stress
values that fall between normal and reverse faulting mechanisms.

Summary: These conclusions further confirm the important
influence of voids and faulting mechanisms on stress distribution.
Based on the above analysis, a further exploration of fracture-
controlled stress distribution patterns and their impact on fluid
flow in fracture-cave systems can be proposed. This model includes
four scenarios:

FIGURE 9
Analysis on the stress distribution characteristics of the FI12H well area.

FIGURE 10
Analysis diagram of mechanical effectiveness of FI12 fault.
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a) The karstic void is completely filled with oil and gas: In this
case, the stress distribution within the karstic void may be
influenced by the supporting effect of oil and gas, resulting in a
more uniform stress distribution and a decrease in in-situ
stress values. The influence range of the high-stress “shell”
outside the void may also be correspondingly reduced.

b) The karstic void is half filled with oil and gas and half filled
with breccia: In this situation, the mixed filling of oil and gas
with breccia may affect stress distribution. Due to the higher
rigidity and strength of breccia, it may increase in-situ stress
values within the void. At the same time, the combination of
oil and gas with breccia may also reduce the influence range of
the “shell” outside the void.

c) The oil and gas are filled within breccia pores: This situation is
similar to scenario a). Oil and gas filling within breccia pores
may affect stress distribution and decrease in-situ stress values.
The influence range of the high-stress “shell” outside the void
may also be correspondingly reduced.

d) The cave is filled with breccia cementation:In this case, the
distribution of ground stress in the cave may be mainly
controlled by the cementation of breccia. Due to the
cementation of breccia, the rigidity and strength of the cave
may be increased, thereby increasing the ground stress value.
At the same time, due to the cementation of breccia, the
influence range of the ground stress “shell” may also be
correspondingly reduced.

Based on the above analysis, it can be concluded that as the
difference between oil and gas and breccia inside the cave decreases,
from a to d, the difference between inside and outside the cave
decreases, and thus the degree of “shell-type” ground stress mode
decreases. This indicates that the distribution pattern of ground stress
is affected by the nature and distribution of the fillings inside the cave.
Understanding this impact can help better predict the stability and
potential risks of underground structures, and provide more accurate
basis for geological engineering design and resource development.

6.2 Evaluation of fracture activity

Fracture activity is an important parameter used to characterize
the sliding tendency of fracture surfaces and reflect the permeability
and fluid transport effectiveness of fractures. Under the influence of
regional stress fields, the stress on the fracture surface can be
decomposed into an effective normal stress σne perpendicular to
the fracture surface and a shear stress τ parallel to the fracture
surface. The ratio of these two stresses can be used to indicate the
sliding tendency of the fracture surface.

In addition, the physical properties (such as roughness) and
mechanical properties of the fault zone itself can also affect its sliding
tendency. Therefore, the sliding tolerance factor is an important
indicator that comprehensively considers these factors.

The calculation method of fault activity is as follows:
Calculate the effective normal stress σne and shear stress τ

perpendicular to the fracture surface.
Calculate the ratio of the two stresses, which is the slip tolerance

factor. This ratio can be used to indicate the slip tendency of the
fracture surface (Xu et al., 2023).

Considering the differences in physical and mechanical
properties of the fault zone itself, the slip tolerance factor
is corrected.

Based on the magnitude of the fault activity index, the sliding
trend of the fault plane and the effectiveness of fluid transport
are evaluated.

It should be noted that the calculation of fault activity requires
consideration of multiple factors and requires comprehensive
analysis and evaluation in conjunction with actual conditions.

Therefore, in practical applications, appropriate adjustments
and modifications need to be made based on specific circumstances.

S � τ

μ · σne + C

Based on the above analysis, the mechanical effectiveness of the
FI12 fault can be segmented (Figure 10). Overall, it can be divided
into four segments:

Weak compression uplift section: The fault activity coefficient is
between 0.45 and 0.75.

Stacking weak pull segmentation: The fault activity coefficient is
between 0.30 and 0.60.

Weak pull segmentation: The fault activity coefficient is
between 0.15 and 0.40.

Linear segment: The fault activity coefficient is 0–0.15.
In addition, the productivity of oil and gas wells on this fault zone is

well correlated with the effectiveness of fracture mechanics. This
indicates that the fracture-fracture system plays a key role in the
development of oil and gas reservoirs controlled by faults. Therefore,
segmented evaluation of themechanical effectiveness of fracture-fracture
systems can provide important evidence for the prediction of oil and gas
well productivity and the development strategy formulation.

6.3 Application of in-situ stress research in
oil and gas production

It is very important to fully consider geomechanical factors in
optimizing the deployment of carbonate rock wells with controlled
breakage. In order to optimize high-quality reservoirs and take into
account the efficiency of reservoir reconstruction, as well as ensure
the success rate of well placement, the following are some
countermeasures and considerations based on geological stress:

When drilling into a cave, it is important to observe whether
the drilling tools are empty and whether the drilling fluid is
leaking. If there is active oil and gas display and no significant
collapse of the wellbore, the evaluation result of in-situ stress is
low, indicating that a favorable reservoir has been encountered.
In this case, priority should be given to maintaining the current
well location and taking appropriate measures to protect and
utilize this favorable reservoir.

When the wellbore encounters the periphery of the cave, if there is a
small amount of leakage, low oil and gas shows (total hydrocarbon
values are generally below 0.5%), and imaging logging shows a small
amount of collapse of the wellbore wall, indicating a small number of
natural fractures, it indicates that the drilling has encountered the
periphery of the favorable reservoir and there is a certain degree of stress
concentration. In this case, large-scale sand fracturing can be used to
communicate the reservoir to increase its permeability.

Frontiers in Energy Research frontiersin.org11

Zhang et al. 10.3389/fenrg.2024.1361247

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1361247


When the wellbore encounters the periphery of the cave, if there is
no leakage or venting, no good oil and gas shows, and there is a serious
stress-type wellbore collapse on the wall, it indicates that a strong stress
shell outside the cave has been encountered. In this case, it is
recommended to review the relationship between the wellbore, cave,
fractures, and ground stress, and consider taking the approach of
deepening or sidetracking to continue drilling towards favorable
reservoirs (cave or fracture zones). This can avoid drilling inside the
strong stress shell, improve drilling efficiency, and increase the chance of
finding favorable reservoirs.

In general, in-situ stress is one of the key factors affecting the
success of drilling in fault-controlled carbonate reservoirs.
Therefore, when deploying well locations, it is necessary to fully
consider geomechanical factors to maximize the opportunity to find
favorable reservoirs and reduce drilling risks.

When drilling favorable reservoirs, there will be a significant
decrease in stress on the stress profile. Well 212H and Well 216H
have low stress zones within a certain depth range, and these low-
stress zones are consistent with oil reservoir logging interpretation.
This indicates that these two wells have successfully drilled favorable
reservoirs and exhibit high oil production.

According to the analysis of the 3D geomechanical model, the
mechanical activity of the fractures around the 216-H4 well is
medium-to-poor. In particular, the opening pressure equivalent
drilling fluid density of most fractures around the wellbore is
high, while the opening pressure equivalent drilling fluid density
of a fracture on the east side is low. This indicates that the opening
pressure of fractures around the well is high, requiring high-pressure
fluid to activate and communicate with the reservoir.

To effectively communicate with the reservoir, it is recommended
to inject high-pressure liquid into Well 216-H4. Through calculation,
the density of the injected liquid should be 1.05 g/cm³, and the injection
pressure should be approximately 30–47MPa. After the
transformation, the daily oil production of this well has significantly
increased, exceeding 220 m³.

In summary, by analyzing the in-situ stress profile and reservoir
characteristics, we can better understand the distribution and
properties of the reservoir, and provide important guidance for
well placement and reservoir modification.

7 Conclusion

(1) Due to the strong heterogeneity of the fracture-controlled
vuggy reservoir, faults, fractures, and vugs can lead to varying
degrees of reduction in the local stress field. Therefore, the
development and internal material composition of fractures
and vugs can be inferred based on the degree of stress
reduction. This inference method helps to better
understand the characteristics and properties of the reservoir.

(2) The crustal stress field of the fracture-cave body presents a “shell-
type” distribution pattern. In this pattern, the low-value region
inside is a favorable reservoir body, while the outer strong stress
shell is characterized by stress concentration and poor
permeability. During drilling, if strong stress shells are
encountered, wellbore collapse may occur, making these areas
unfavorable drilling targets. To avoid this situation, it is

recommended to adopt large-scale reconstruction, deepening,
or sidetracking to avoid such areas.

(3) The in-situ stress and the mechanical activity of fractures and
joints under its influence have an impact on the quality and
productivity of fracture-controlled, fracture-cave reservoirs.
Therefore, in the optimization process of well placement, the
factor of in-situ stress should be fully considered. By
optimizing high-quality reservoirs and taking into account
reservoir reconstruction efficiency, the success rate of well
placement can be guaranteed. 1) The heterogeneity of fault-
controlled vuggy reservoirs is significant. Faults, fractures,
and cavities cause varying degrees of stress reduction in the
local stress field. Based on this, it is possible to deduce the
development and internal composition of faults, fractures,
and cavities by analyzing the extent of stress reduction.
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