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Shale is a low-porosity and low-permeability reservoir, and structural fractures
are the main controlling factor for the migration and accumulation of shale gas.
Moreover, tectonic fractures are controlled by the paleo-tectonic stress field. In
this paper, taking the Longmaxi Formation of the Lintanchang area as an
example, the finite element numerical simulation technology is used to
analyze the distribution law of the paleo-tectonic stress field, and further,
the fracture development areas under the superposition of two periods of
tectonic stress are predicted using seismic, rock mechanics, and field data. The
results show that the tectonic fractures developed in the Lintanchang area are
mainly EW- and NNW-striking conjugate shear fractures formed in the Mid-
Yanshanian period, followed by the NWW- and SWW-striking conjugate shear
fractures formed in the late Yanshanian period. The distribution of tectonic
fractures is affected by faults, folds, rock physical parameters and tectonic
stresses. Itis found that the comprehensive fracture coefficients of the anticline
core and fault areas are both greater than 1.1, which are the areas with the most
developed structural fractures, and these areas have poor shale gas
preservation conditions. However, the comprehensive fracture coefficients
of the western flanks of the anticline and the eastern and western dipping
ends are between 1.0 and 1.1, which are areas with better shale gas preservation
conditions. In addition, the development degree of tectonic fractures in the east
and northwest areas of the Lintanchang anticline is lower than that in other
areas. The comprehensive fracture coefficients of shale in these areas are
between 0.9 and 1.0. The shale is in a state of "breaking without cracking”,
and shale gas can be well preserved.
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1 Introduction

With the rapid development of global oil and gas exploration
and development technologies, shale gas occupies an important
position in the world and has attracted the attention of many
countries (Jarvie et al., 2007; Pollastro, 2007; Ding et al., 2013;
Melikoglu, 2014; Pireh et al.,, 2015). The Sichuan Basin is an
important area for shale gas exploration and development in
China. By 2021, the proven shale gas reserves exceeded 2x10"> m’
(Zhang and Zhu, 2006; Guo and Zhang, 2014). The Lintanchang
area is located in the eastern part of the Sichuan Basin and is a hot
spot for shale gas exploration and development in the basin. The
area is rich in shale gas reserves (Nie et al., 2021).

Low-porosity and low-permeability shale gas reservoirs have
the characteristics of self-generation and self-storage of
hydrocarbons, so structural fractures have become the main
migration channels and important accumulation spaces of
shale gas (Tingay et al., 2009; Lemonnier and Bourbiaux, 2010;
Hennings et al., 2012; Yang et al, 2016). Predicting fracture-
developed areas in shale reservoirs can significantly improve the
exploration and development efficiency of shale gas (Montgomery
et al,, 2005; Bowker, 2007; Zeng et al., 2016). Structural fractures
are an important fracture type in shale reservoirs, and the paleo-
tectonic stress field controls the development of structural
fractures. This is because fractures are mainly formed under
the most intense period of tectonic stress activity. Intense
tectonic activity causes the rock to undergo shear or conjugate
shear ruptures along the direction of the maximum principal
stress. The paleo-tectonic stress field controls the tectonic
deformation, the development of faults and tectonic fractures.
Numerical simulation based on the paleo-tectonic stress fields
can effectively predict the development degree of tectonic
fractures (Wei et al, 2019). Many scholars worldwide have
carried out the prediction of structural fractures (Wclennan
et al., 2009; Laubach et al., 2018; Milad et al., 2018; Liu C
et al., 2019). These studies include logging analysis, imaging
logging, seismic data inversion techniques, and numerical
simulation of stress fields (Li, 2022; Li and Li, 2021; Qie
et al., 2021; Ren et al., 2020; Wu et al,, 2017; Xue et al., 2021;
Zhao et al., 2021). Well logging analysis and imaging logging
have high fracture prediction accuracy in a single well, but they
cannot predict the planar distribution of fractures. Seismic data
cannot effectively identify fractures affected by the resolution
(Milad and Slatt, 2017). The numerical simulation of tectonic
stress field is based on the theory of geomechanics and can be
well applied to the evaluation of fracture development (Zeng
et al,, 2010; Liu D et al,, 2019). The prediction of fractures via
tectonic stress field simulation is based on geomechanical theory.
The accumulation of tectonic stress causes rock deformation and
ruptures. Based on the finite element method, the reservoir rock
is divided into a series of finite elements, and the stress is
When the stress
exceeds the limit that the rock can bear, fractures will develop.

transferred between the finite elements.
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In this paper, taking the Longmaxi Formation shale in the
Lintanchang area as an example, the finite element numerical
simulation technology is used to analyze the distribution law of
the paleo-tectonic stress fields, and further, the fracture
development areas under the superposition of two periods of
tectonic stress are predicted using seismic, rock mechanics, and
field data. This study can provide a theoretical basis for the
exploration and development of shale gas in the southern China.

2 Geological background

The Lintanchang area is located in the fold structural belt in
the southeastern margin of the Sichuan Basin. It is located in the
transition zone between the northern Guizhou Fold Belt and the
southern margin of the Sichuan Basin. The east part of this area is
the Mesozoic Jiangnan Xuefeng Thrust Belt, the south part is in
contact with the Early Paleozoic mid-Guizhou Uplift, and the
north part is connected with the “Sichuan Basin” of the third
subsidence belt of the Neocathaysian Tectonic System (Li C et al.,
2011) (Figure 1A). The main tectonic pattern in the Lintanchang
area is controlled by the compressive tectonic stress field in the
SE-NW direction caused by the intracontinental orogeny of the
Xuefeng Uplift. Previous chronological studies on the
Lintanchang and its surrounding areas show that (Li S et al,
2011; Deng et al., 2013), the Lintanchang area experienced the
early Mid-Yanshanian (Jurassic) and late Mid-Yanshanian (Early
Cretaceous), late Yanshanian (late Cretaceous), and Himalayan
(Paleogene-Quaternary) tectonic movements. Among them, the
tectonic stress in the Middle and Late Yanshanian is the
strongest. This period is the formation period of the
structures in the Lintanchang area (Wang et al, 2017; Fang
et al, 2018). The spatial distribution of faults in the study area is
mainly divided into NE and near-EW-trending fault systems
(Figure 1B). In this study, the research object is the Silurian
Longmaxi Formation shale. Clay siliceous shale is mainly
developed in the Longmaxi Formation (Shi et al, 2019)
(Figure 2). In addition, thrust structures are developed in the
Longmaxi Formation (Figure 1C). Intense tectonic deformation
resulted in the development of fractures in the Longmaxi
Formation shale in the study area. The controlling factors of
fracture development include environmental tectonic stress and a
large number of brittle minerals inside the shale. The fracture
density in the shale of the Longmaxi Formation is usually

distributed in the range of 3-15/m.

3 Methods
3.1 Tectonic stress field simulation

There are many factors affecting the paleo-tectonic stress
field, including the tectonic pattern, direction and magnitude of
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FIGURE 1
Regional structure of Lintanchang Area in eastern Sichuan Basin. Notes: (A) Geological map of Lintanchang area and adjacent areas in east
Sichuan Basin (F1: Lintanchang Fault; F2: Tucheng Fault; F3: Xishuixi Fault); (B) Structure of the bottom surface of the Ordovician Wufeng Formation
in the Lintanchang area; (C) Seismic interpretation profile of line X-X".

tectonic stress, and rock mechanical properties (Timoshenko and
Goodier, 1951; Laurent and Frantz, 2006; Wu et al., 2017).
Generally, the stress in the core of an anticline structure is
larger, and the stress in the rock with a high elastic modulus
is larger. In this study, the ANSYS Software was used to carry out
numerical simulation of tectonic stress fields in the target layer.
The numerical simulation of tectonic stress field mainly includes:
1) geological model, 2) mechanical model, 3) mathematical
model, and 4) fitting of numerical simulation results.

3.1.1 Geological model

Geological model is the basic model for numerical simulation
of tectonic stress fields. From the analysis of paleo-tectonic stress,
it can be concluded that the key tectonic deformation periods are
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the late Mid-Yanshanian and late Yanshanian periods (Deng
et al,, 2013; Ju et al,, 2019; Li, 2022). The Himalayan tectonic
activity had little effect on the tectonic pattern and the
in the

development of tectonic fractures

(Figures 3A,B).

study area

3.1.2 Mechanical model

On the basis of the geological model, the geological unit is
assigned with rock mechanical parameters (elastic modulus,
Poisson’s ratio) and the mechanical model is obtained (Eissa
and Kazi., 1988; Kuhlman, 1993). Based on the triaxial rock
mechanics experiment, the dynamic and static parameter
conversion formulas of the target layer are obtained
(Formulas 1 and 2):
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FIGURE 2

Stratigraphic systems and tectonic activities in the study area.

E; = 0.2928E4 + 17.82 (1)
Y = 3.968u, — 0.7551 (2)

In the formula, Ej is the static Young’s modulus (GPa); Eq is the
dynamic Young’s modulus (GPa); ys is the static Poisson’s ratio;
Ua is the dynamic Poisson’s ratio.

Due to the large differences in the distribution of static Young’s
modulus and Poisson’s ratio in the region, different mechanical units
are divided according to the distribution trend of rock mechanical
parameters. Meanwhile, the average Young’s modulus and
equivalent Poisson’s ratio of rocks in different regions are
calculated (Table 1). The rock mechanical parameters of the fault
are generally selected as 50-70% of the Young’s modulus of the
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surrounding rock; while the Poisson’s ratio of the fault zone is
0.02-0.1 larger than that of the normal depositional area (Fischer
and Henk, 2013; Jiu et al., 2013).

3.1.3 Mathematical model

The established model is meshed by ANSYS Software, and
the mesh type is mainly tetrahedral element type with 10 nodes.
The Mid-Yanshanian model has a total of 31,288 nodes and
15,593 elements, and the Late Yanshanian model has a total of
45,195 nodes and 22,548 elements. After many simulations and
inversions, in the mid-Yanshanian model, the maximum
principal stress is applied from the 130° direction at 165 Ma,
and the minimum principal stress is applied from the 220°
direction at 120 MPa. In the late Yanshanian period, the
maximum principal stress was applied from the 185" direction
at 100 Ma, and the minimum principal stress was applied from
the 95° direction at 70 MPa. The obtained simulation results are
in good agreement with the actual results (Figures 3C,D).

When subjected to stress, any nodes in the model will be
displaced, and its displacement in the three directions of x, y, and
z can be expressed as u, v, w, and their matrix forms are as follows:

u(xy, z) =ax+by+caz+d
v(%y,z) =ax+ by +oz+d, 3)
u(x,y,2) = asx + bsy + c32 + ds

In the formula, a,, a,, as, by, by, bs, c1, ¢, €3, dy, do, d3 are matrix
coefficients.

Based on the elastic equation, the relationship between the
displacement and deformation of the elements is as follows:

R
8x—6—x,yxy—yyx—6—x+6—y
Oy Oy Oy
1o=5rm =t =5+ @
VI e T T T,
(A 6Z’yzx_),xz_ 6}( S

N

In the formula, ¢, &y, £, are the linear strain components; Vxys Vxzo
Yy are the shear strain components in the model deformation.

The relationship between strain and node displacement
matrix can be simplified as follows:

e=B¢d (5)
In the formula, B is the geometric matrix; § is the node
displacement matrix.

Based on the elastic mechanics properties, the relationship
between stress and strain is as follows:

T

1 X1
&=E [5" _”(83’ + 62)]’YXY =V = Ey
£Y:%[8)’_#(81(+6Z)]>sz:)}zy:% (6)

1 x
& = E [62 _l[/l((sx + 6}’)]’ Yox = V% = TE
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Finite element model of the target layer. (A) Middle Yanshanian geological model; (B) Late Yanshanian geological model; (C) Grid model and
loading conditions in Middle Yanshanian; (D) Grid model and loading conditions in late Yanshanian.

Buffer element

Fault element

In the formula, dy, y, &, are normal stress components; Tyy, Ty,
Ty, are shear stress components; E is elastic modulus; p is
Poisson’s ratio; G is shear modulus.

The simplified formula is as follows:

(8] = [D][e] 7)

[D] is the elastic matrix.

3.2 Prediction of tectonic fractures

The shale of the Silurian Longmaxi Formation in the
Lintanchang area has high content of brittle minerals such as

quartz and feldspar, and is easy to form structural fractures (Shi
etal.,, 2019). Structural fractures formed under tensile stresses can
be predicted by the Griffith fracture criterion, and shear fractures
formed by compressive stress can be predicted by the Mohr-
Coulomb fracture criterion (Rybacki et al., 2016).

3.2.1 Fracture prediction method
3.2.1.1 Griffith rupture criterion

The Griffith fracture criterion is a tensile fracture criterion for
brittle objects (Griffith, 1921). Griffith believes that there are
many fine fractures inside the material. When subjected to
external tensile stress, the damage of the material generally
starts from the end of the seam and gradually extends until

TABLE 1 Rock mechanical properties of shale in Lintanchang area of eastern Sichuan Basin.

Rock mechanics parameters Mechanics units Fault zone Buffer zone
Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

Elastic modulus (GPa) 57.38 45.79 27.16 20.80 14.30 17 42

Poisson’s ratio 0.329 0.27 0.19 0.15 0.12 0.34 0.22
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FIGURE 4
Direction of maximum principal stress (g) restored by fault scratches and joints in Lintanchang area.

the material ruptures. The Griffith rupture criterion formula is as
follows:
When 0,+303>0, the formula is:

(01 = 02)* + (03— 03)* + (0 — 03)° +24(0y + 03 + 03)0r = 0
(8)
When 0,+303<0, the formula is:
)

o3+o0r =0

where 0y, 0, and o3 are the maximum, intermediate and minimum
principal stresses, respectively, and oy is the tensile stress.

3.2.1.2 Mohr-Coulomb rupture criterion
The basis of the Moore-Coulomb criterion theory is that the
fracture of rock is mainly shear failure on a certain surface, and

Frontiers in Earth Science

this shear failure is related to the relative state of the normal stress
0, and shear stress 7,, on the surface (Dai and Meng, 1999). The
formula is as follows:

7] =C+o,tane (10)

|7| is the shear strength on the shear plane, C is the cohesion
force, ¢ is the rock internal friction angle, and o, is the normal
stress on the shear plane.

3.2.2 Development mechanism of multi-stage
tectonic fractures

In order to quantitatively predict the development degree of
shear fractures in the reservoir, the shear fracture coefficient S is
introduced, and the expression is:

S=1,/T (11)

06 frontiersin.org
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Sis the shear rupture coefficient of shear stress, MPa; 7, is the
shear strength of the rock, MPa.

In order to express the shear rupture coefficient S more
clearly, the conversion formula is:

S = (01 -03)/[ (01 + 03)sin ¢ + 2Ccosg] (12)
When S>1, the rock will form shear fracture.
The expression for tensile rupture rate is:
T = o1/0, (13)

Where T is the tensile fracture rate, oy is the effective tensile
stress, and o, is the rock tensile strength.

When T>1, the rock will form tensile fracture.

According to the field-measured structural fractures and the
observation statistics of core fractures in Well LY-1, 90% are
mainly shear fractures and 10% are extensional fractures in the
Lintanchang area. The fracture coefficient I is used as the
criterion for judging the degree of fracture development (Wu
et al., 2017), and the formula is as follows:

K=aS+bT (14)

In the formula, a is the proportion of shear fractures, and b is the
proportion of tensile fractures.

According to the principle of rock mechanics, when K<1,
no obvious fractures will be formed inside the rock; when K=1,
fine fractures will gradually appear inside the rock; when K>1,
the fine fractures inside the rock will expand accordingly, and
connected to each other, forming large fractures.

From the tectonic deformation and tectonic evolution, it
can be seen that the tectonic activity in the study area was the
strongest in the Mid-Yanshanian period, followed by the late
Yanshanian period. Therefore, the fracture development
probability-shear rupture coefficient (S) in the Lintanchang
area is mainly related to the tectonic activities of the Middle
and the Late Yanshanian. The superposition method is used to
obtain the comprehensive rupture coefficient, that is, the
rupture coefficients of the two periods are superimposed,
and the maximum value of them is taken as the evaluation
parameter of the comprehensive rupture coefficient.

4 Results
4.1 Paleo-tectonic stress direction

According to the contact conditions of strata in the
Lintanchang area, the characteristics of multi-phase joint
structures and the results of analysis and testing experiments,
the evolution process of the paleo-faults in the study area was
restored. The paleo-tectonic stress field controls the structural
shape of the strata, so the direction of paleo-tectonic stress can
generally be restored by fault strike, fold strike, joint, and lamella
(Ju et al., 2017). The north-south (nearly north-west) and east-
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west structures are in a composite relationship. Folds in both

» o«

directions form distinct “ten”, “S" and “T" shapes across the
superimposed folds, and north-south faults cut east-west folds.
The NW-trending structure is restricted to the north by the
E-W-trending anticline, indicating that the N-S-trending
tectonic system in the area was formed a little later than the
E-W-trending tectonic system (Figure 4). The phenomenon of
joint cutting was observed in the field observation Z-4 point. The
SW-trending conjugate shear joints cut the SEE-trending
conjugate shear joints, proving that the formation of the
north-south structure was later than that of the nearly east-
west structure (Figure 5). The maximum principal stress (o)
direction of the recovery of conjugate shear joints is counted. It
can be seen that the number of joints formed in the o, direction is
the largest in the direction of 120°-140°, followed by the joints in
the direction of 350°-20°, and the ratio of thm is 13:7.

Through field geological survey of Lintanchang and
surrounding areas, 186 groups of conjugate shear joint
occurrence and fault scratch occurrence data were measured.
After the formation was leveled layer by layer, the direction of
maximum principal stress was plotted and a rosette diagram was
drawn (Figure 4). According to statistics, since the Mesozoic in
the study area, the two main tectonic stress directions are as
follows:

(1) SEE-NW compressive stress field of the first stage: It is the
NW  compressive stress produced by intracontinental
orogeny, and the maximum principal stress direction (o)
is about 120°-140".

(2) The near-north-south compressive stress field of the second
stage: The continuous NW-trending pushing of Xuefeng
Mountain resulted in a strong left-lateral strike-slip
movement of the Ziyun-Luodian Fault. The central area
of Guizhou was strongly wedged into the Daloushan area,
forming an arc-shaped outward extrusion. Furthermore, it
forms a nearly north-south compressive stress in the study
area, and the maximum principal stress direction (o7) is
about 350°-20".

4.2 Magnitude and period of paleo-
tectonic stress

When the rock is under stress, a micro-fracture system that is
adapted to the magnitude and direction of the force will be
generated in its internal structure. In tectonic mechanics, such
microscopic fractures are called Griffith fractures. When the rock
mass is subjected to stress equal to or greater than the previous
stress, the Kaiser points of rock acoustic emission counts will
appear (Lshida, 2001; Zeng and Liu., 2010). Acoustic emission
experiments can reflect the previous stress state, and then paleo-
tectonic stress data are obtained (Guo et al., 2016; Ju and Sun,
2016). Seven samples were collected from strata in different

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1024748

Zhang et al.

FIGURE 5

Photos of shale outcrops in Lintanchang area. (A) Observation point Z-2; (B) observation point Z-4; (C) observation point Z-4; (D) observation

point Z-5.

periods in the study area. The test results show that the Triassic
samples (T;m, Tiy) have mainly experienced five periods of
tectonic stresses since the Mesozoic (Triassic) (Figure 6).
However, the Jurassic samples (J,sn, Jsp) recorded three
periods of tectonic movements in the late Mid-Yanshanian
and later periods (Figure 6). The Cretaceous sample (K,j')
formed in the Late Yanshanianhave mainly experienced two
periods of tectonic stresses (Late Yanshanian and Himalayas)
(Figure 6). The test equipment is a TAW-1000 hydraulic servo
experimental system and an AE acoustic emission detector.
Three standard 25mm X 50 mm cylindrical samples were
taken in each of the X, Y and XY45° directions of the sample,
and the experimental confining pressure was 30 MPa. The setting
of confining pressure is determined according to the ancient
burial depth and overpressure. The difference between the stress
caused by the ancient burial depth and the overpressure is
30 MPa.

Combined with the apatite fission track experiments
(Figure 7) (Deng et al., 2013) and the results of the acoustic
emission experiments in this study, the tectonic activity stages
were analyzed. It can be seen that the late Mid-Yanshanian and
the late Yanshanian periods are the main tectonic transformation
periods in the Lintanchang area. The maximum principal stress
range at the end of the Mid-Yanshanian period is
156.15-170.65 MPa, and the minimum principal stress range
is 119.68-158.93 MPa; the maximum principal stress range in the
late Yanshanian period was 127.26-164.39 MPa, and the
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minimum principal stress 95.21-157.64 MPa

(Table 2).

range was

4.3 Paleo-fault evolution

From the analysis of the paleo-tectonic stress field in the area,
it can be seen that in the early period of the Mid-Yanshanian, the
study area was affected by the Xuefeng Orogenic Movement, and
the SE-NW compressive stress field began to form in the area,
and the stress was relatively small in this period. With the
increase of the influence of Xuefeng Orogeny, the stress value
of the study area also gradually increased. At the end of the Mid-
Yanshanian period, the stress reached the maximum value,
forming the main tectonic pattern along the northeast
direction of the study area. In the late Yanshanian period, the
stress environment in the study area changed to S-N extrusion,
and nearly EW-trending folds and faults were formed in the area.
During the Himalayan period, the strata in the area were uplifted
as a whole, and the tectonic pattern did not change (Figure 8).

4.4 Paleostress prediction results

Compared with the experimental data of rock acoustic
emission in the study, the deviation rates of the maximum
principal stress and the minimum principal stress of the two-
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FIGURE 6

Acoustic emission experimental curves of shale samples (The
sampling location is shown in Figure 1; (A): Sample No. 1-1,
Cretaceous sample; (B): Sample No. 1-4, Jurassic sample; (C):
Sample No. 1-6, Triassic sample).

phase simulation results from the measured values are mostly
below 10%. The maximum deviation value is 13.73 MPa. The
deviation rate of differential stress is basically below 10%, and the
maximum deviation value is 5.13 MPa, which is within a
(Table 3).
comprehensive analysis (An et al, 1998; Shan et al, 2004;

reasonable deviation range According to
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Meng et al., 2009), the numerical simulation results conform
to the actual geological laws.

5 Discussion
5.1 Stress field distribution law

5.1.1 Distribution of tectonic stress in Mid-
Yanshanian period

The simulation results of the maximum horizontal principal
stress (Figure 9A) show that the maximum principal stress of the
Longmaxi Formation shale in the Lintanchang area of the Mid-
Yanshanian period is concentrated at 94.09-236.23 MPa. A high
value area of maximum principal compressive stress surrounding
the anticline is formed in the north, south and west directions. The
internal stress of the anticline core is relatively low, followed by the
vicinity of the fault zone. The stress is distributed along the
southwest-northeast trend of the fault zone with low values.
The maximum horizontal principal stress is the lowest in the
Lintanchang Anticline core, and its magnitude is 94.09-110 MPa.
At the same time, the stress in the basin gradually increases along
the dip of the wing, and the stress gradient has a significant
correlation with the formation dip. Affected by the NE-trending
fault, the maximum principal stress of the fault zone is lower than
that of the surrounding strata. The distribution of this low-value
zone is obviously banded along the fault strike, and the maximum
principal stress of the foot wall is higher than that of the upper wall.
In addition, the greater the fault strength, the greater the maximum
principal stress gradient. At the end and turning point of the fault,
the stress field is enriched to form a stress high value area.

During the Mid-Yanshanian period, the minimum principal
stress of the Longmaxi Formation shale in the Lintanchang area
was concentrated in the range of 45.91-126.44 MPa (Figure 9B).
Similar to the influencing factors of the maximum horizontal
principal stress distribution, the minimum horizontal principal
stress distribution is also mainly controlled by the fault and depth.
A high value area of minimum principal compressive stress
surrounding the anticline is formed in the north, south and west
directions. The core of the anticline and the vicinity of the fault zone
are lower, and at the end of the fault and the turning point, the stress
field is enriched to form a high stress area. Compared with the
distribution of the maximum horizontal principal stress, the areas
with high minimum horizontal principal stress in the Lintanchang
area are in Longjunmiao-Yuanhou, Shabachang and Longjing areas,
with the stress values ranging from 110 to 126.44 MPa.

5.1.2 Distribution of tectonic stress in Late
Yanshanian period

In the Late Yanshanian period, the maximum principal stress
of the target layer was concentrated at 82.37-167.93 MPa
(Figure 10A). A high value area of maximum principal
compressive stress is formed around the anticline in the south

frontiersin.org
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FIGURE 7
Thermal history simulation of apatite fission tracks in Lintanchang area (according to Deng et al.,, 2013).

TABLE 2 Test results of rock acoustic emission experiments in Lintanchang area of East Sichuan Basin.

Number Formation Effective Early Early middle Late middle Late Himalayan
stress Yanshanian Yanshanian Yanshanian Yanshanian
1-1 Koj' 011 (MPa) — — — 164.39 94.8
o (MPa) — — — 157.64 66.2
1-2 Jsp 011 (MPa) — — 164.06 136.96 102.41
0y, (MPa) — — 138.68 103.36 61.53
1-3 Jsp o1 (MPa) — — 159.17 127.26 102.55
0y (MPa) — — 142.06 101.59 69.05
1-4 Jsp' o1 (MPa) — — 170.48 145.07 82.67
o (MPa) — — 122.1 97.59 73.38
1-5 Josn o1 (MPa) — — 170.65 148.08 121.32
o (MPa) — — 158.93 133.39 103.56
1-6 Tym o1 (MPa) 27.68 78.47 156.15 131.58 105.39
0y, (MPa) 17.10 54.36 131.62 10521 86.18
1-7 Ty o1 (MPa) 38.08 99.33 168.61 148.98 127.84
0y, (MPa) 13.96 39.08 119.68 103.88 57.85

Where oy is the maximum horizontal principal stress, 0, is the minimum horizontal principal stress.
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TABLE 3 Comparison of tested and simulated results of paleo-tectonic stress field.

10.3389/feart.2022.1024748

Peroid  Number Maximum principal stress Minimum principal stress Differential stress
Measured Simulated Error Measured Simulated Error Measured Simulated Error
(MPa) (MPa) (%) (MPa) (MPa) (%) (MPa) (MPa) (%)
Middle 1-4 170.48 172.72 131 122.1 119.21 -2.37 48.38 53.51 10.6
Yanshanian 1-6 156.15 14373 -7.95 131.62 117.89 -1043 2453 25.84 534
Late 1-4 145.07 139.06 —4.14 97.59 89.9 —-7.88 47.48 49.16 3.54
Yanshanian 1-6 131.58 129.1 -1.88 105.21 100.34 -4.63 2637 28.76 9.06
A B
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Yanshan period Yanshan period
FIGURE 8

Evolution of paleo-faults in Lintanchang area ((A): end of Middle Yanshanian, (B) end of late Yanshanian).

and west directions. The maximum horizontal principal stress is

the lowest at the core of the Lintanchang Anticline, and its

magnitude is 82.37-95 MPa. The maximum horizontal principal

stress is the highest in the footwall of Xiaoba-Longjing and

Tucheng Faults, and its distribution ranges from 150 to
167.93 MPa. In addition, the stress value in the area south of
Yongle area is also high, which is distributed in a near-east-west

direction. Affected by the preexisting NE trending faults and the

EW trending faults formed in this period, the fault zones with

different strikes and their nearby areas with high and low stress

values are also different. The distribution of the stress field is

The distribution of stresses is also controlled by faults and depth.

The areas with high minimum principal compressive stress are

located in the north and southwest of the anticline, and are lower

near the core of the anticline and the fault zone. Compared with

the distribution of the maximum horizontal principal stress, the

high value area of the minimum horizontal principal stress in the

Lintanchang area is located in the Shabachang area, which is

distributed in a cluster shape, and its stress value is

110-128.63 MPa.

obviously affected by the fault structures, and the stress of the 5.2 Structural fracture distribution
foot wall is higher than that of the upper wall.
5.2.1 Structural fracture direction

The paleo-tectonic stress field controls the development of

The minimum principal stress of the Longmaxi Formation
shale in the Lintanchang area of the late Yanshanian period is

concentrated in the range of 54.34-128.63 MPa (Figure 10B). tectonic fractures, and the direction of tectonic stress
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FIGURE 9
Numerical simulation results of paleo-tectonic stress field in Lintanchang area during the Middle Yanshanian period ((A): maximum principal
stress; (B) minimum principal stress).
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FIGURE 10
Numerical simulation results of the paleo-tectonic stress field in the Lintanchang area during the late Yanshanian period ((A): maximum
principal stress; (B) minimum principal stress).
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FIGURE 12
Relationship between stress and strain of shale sample.

determines the development direction of tectonic fractures
(Zeng et al., 2007). The development of tectonic fractures in
the Lintanchang area is mainly controlled by the tectonic
stress in the middle and late Yanshanian period, among which
the fractures formed in the Mid-Yanshanian period are the
main ones, followed by the late Yanshanian period. The
direction of tectonic stress in the Mid-Yanshanian period is
SE130°, and the direction of tectonic stress in the Late
Yanshanian period is NNE5°. Therefore, the direction of
structural fractures in the area is dominated by two sets of
conjugate shear fractures of SSE and SEE strikings, followed
by two sets of conjugate shear fractures of SSW and SEE
strikings (Figure 11).
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5.2.2 Prediction of tectonic fracture distribution

In the process of rock fracture, it is transformed from
elastic to plastic deformation, and then rock fracture
occurs. However, according to rock mechanics experiments,
when the stress value of the rock reaches a certain level,
small-scale hidden fractures will first appear in the rock.
With the gradual increase of stress, the density of
hidden fractures in the rock gradually increases, and
gradually connects to form larger-scale fractures. When
the rock fracture limit is reached, fractures appear in the
rock. Therefore, the degree of fracture development in
the with the of
pressure (Figure 12).

increases increase

rock gradually
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TABLE 4 Evaluation results of structural fracture development areas in shale reservoirs in Lintanchang Area.

Shear <0.9 0.9-1.0 1.0-1.1 >1.1
rupture coefficient S

Fracture development Not developed Hidden fracture Relatively developed Highly developed
Grade v I 1T 1T

FIGURE 13
Prediction results of fracture development area in Lintanchang area.

For shale reservoirs, high fracture density is not conducive to The areas with the most developed structural fractures are located
the storage of shale gas. The high fracture density here refers to in the areas where the structural shear stress value is extremely large
fractures near large-scale faults or open faults. Fractures are or small. The shear rupture coefficient S is larger in these regions. The
extremely developed in these areas, with a density of tens of greater the value of tectonic shear stress, the greater the degree of rock
fractures per meter. Extremely developed fractures and open deformation. Moreover, the larger the shear rupture coefficient S, the
faults caused the escape of natural gas. In this paper, based on more developed the structural fractures. In the fault distribution area,
petrophysical experiments and core observation data tectonic activity destroys the integrity of the rock formation. Then,
(Woodward, 1992; Wu et al, 2020), the development grades the tectonic stress is partially released, and the tectonic shear stress
and fracture coefficient ranges of dominant fractures in shale value is very small. However, since there are many small (or
reservoirs have been re-divided. The shear rupture coefficient S associated) faults and joints in these areas, structural fractures are
and the development of fractures are shown in Table 4. also relatively developed in these areas.
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The prediction results of the fracture development degree in
the east and west flanks of the Lintanchang Anticline are consistent
with those observed in the field (Figure 13). The prediction results
show that the comprehensive fracture rupture coefficient (K) in the
area is between 0.8 and 1.3, and the distribution trend is greatly
affected by the fault and structural position. The Grade I fracture
development area is mainly distributed in the northwest of the area
(the area of Shabachang-Swanchi-Longjunmiao) and the east flank
of the Lintanchang Anticline. The grade II fracture development
area is the most widely distributed, and it is mainly distributed in
the west flank of the Lintanchang Anticline and the southern and
northern dipping sections. The development areas of Grade III
fractures are mainly the core area of the Lintanchang Anticline, the
fault zone, and the east and south of the study area. However, the
highest value of rupture coefficient is located in the fault zone, and
the rupture coefficient in the fault zone is above 1.2. In addition,
the rupture coefficients in the eastern and southern parts of the
study area are between 1.1 and 1.2. The main fault has a larger
influence on the fracture development area than other faults. The
extent of the grade III fracture development zone at the endpoint
and inflection point of the fault is larger than other areas of the
fault. It is mainly caused by the stress concentration phenomenon
in this area. The low value area of rupture coefficient is mainly
distributed in the northwestern margin of the study area and the
middle area of the fault. A fracture coefficient below 0.9 indicates a
fracture-free zone. Since the tectonic stress is released in the fault
region, the stress value in the middle region of adjacent faults
decreases, and tectonic fractures do not develop.

6 Conclusion

(1) The tectonic fractures developed in the Lintanchang area of
the Sichuan Basin are mainly EW- and NNW-striking
conjugate shear fractures formed in the Mid-Yanshanian
period, followed by the NWW- and SWW-striking conjugate
shear fractures formed in the late Yanshanian period. The
distribution of tectonic fractures is affected by faults, folds,
rock physical parameters and tectonic stresses.

(2) The study area is affected by two periods of paleo-tectonic

stress fields, their directions are 130" and 175°, and the

100 MPa,

respectively. The tectonic stress magnitude is mainly related

maximum stress magnitudes are 165 and

to the burial depth, fault and tectonic position. According to
the simulations, the maximum horizontal principal stress in
the Mid-Yanshanian period is 94.09-236.23 MPa, and the
minimum horizontal principal stress is 45.91-126.44 MPa.
In the late Yanshanian period, the maximum horizontal
principal stress is 82.37-167.93 MPa, and the minimum
horizontal principal stress is 54.34-128.63 MPa.

(3) It is found that the comprehensive fracture coefficients of the

anticline core and fault areas are both greater than 1.1, which

are the areas with the most developed structural fractures, and
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these areas have poor shale gas preservation conditions.
However, the comprehensive fracture coefficients of the
western flank of the anticline and the eastern and western
dipping ends are between 1.0 and 1.1, which are areas with
better shale gas preservation conditions. In addition, the
development degree of tectonic fractures in the east and
northwest areas of the Lintanchang Anticline is lower than
that in other areas. The comprehensive fracture coefficients of
shale in these areas are between 0.9 and 1.0. The shale is in a
state of “breaking without cracking”, and shale gas can be well
preserved.
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