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Introduction: The Xujiahe Formation in the Yingshan-Longgang area of the
Sichuan Basin has abundant tight oil and gas resources. However, the complex
geological conditions and insufficient understanding of the magnitude and
direction of in-situ stresses severely limit exploration and development of oil
and gas resources in the region. This has made it difficult to carry out hydraulic
fracturing and horizontal well deployment in the region.

Methods: Based on experimental analyses, including acoustic emission
experiments, wave velocity anisotropy experiments, and paleomagnetic
experiments, this study evaluated the magnitude and direction of in-situ
stresses, while also combining electrical imaging logging and acoustic wave
logging data. This provides a basis for hydraulic fracturing in the research area.

Results and Discussion: The experimental results indicate that the three-way
stress state of the Xujiahe Formation is a strike-slip stress state, and the three-way
stress value gradually increases with increasing burial depth. The Longgang area is
particularly affected by the depth. The average azimuth angle of the maximum
horizontal principal stress in the study area is N100°E, while tectonic deformation
may cause a counterclockwise deviation of the maximum horizontal principal
stress azimuth in the Yingshan area. Considering the influence of changes in the
magnitude of in situ stress in the longitudinal direction on hydraulic fracturing
extensionmode, it is recommended to select themiddle and upper sections of the
Xu II for fracturing and transformation. Similarly, considering the distribution of
natural fractures and the direction of the in situ stresses, it is suggested that the
deployment azimuth angle for horizontal wells be between N20°–30°E.
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1 Introduction

With the rapidly increasing demand for new sources of energy,
unconventional sources of oil and gas extracted from tight sandstones
have attracted many scholars worldwide. In this regard, developing
large-scale and efficient methods to extract these abundant resources is
of great strategic significance (Jia et al, 2012; Qiu et al, 2013). Geological
surveys indicate that the Sichuan Basin has abundant continental tight
sandstone gas resources, but the rate of proven reserves is low. These
resources are mainly distributed in the Upper Triassic Xujiahe
Formation and Jurassic. The Xujiahe Formation has a large area
with gas-bearing characteristics. It is one of the main strata with
high development potential for exploring and developing tight
sandstone gas reservoirs in the Sichuan Basin (Dai et al, 2012). It is
worth noting that the efficient development of tight sandstone gas is
inseparable from fracturing and horizontal well technologies, which are
closely related to in situ stress analysis. The state of in situ stress
determines the shape and distribution of hydraulic fractures and affects
the fracturing stimulation. The analysis of in situ stress has a guiding
significance for determining parameters such as perforation section and
borehole orientation of horizontal wells (Cao et al, 2022; Liu et al, 1994).

A review of the literature indicates that numerous methods have
been developed to investigate in situ stresses. These methods can be
mainly divided into direct and indirect measurement methods. The
direct measurement method refers to the use of measuring
instruments to directly measure the compensation stress,
equilibrium stress, and other stresses. Then the magnitude of in
situ stress can be obtained according to the relationship between
these stresses and the original rock stress. The most widely used
methods are the flat jack method (Wang, 2014), the hydraulic
fracturing method (Hou et al, 2003), and the acoustic emission
method (Jiang et al, 2005). On the other hand, the indirect
measurement method refers to measuring the mass-related
physical quantities such as Poisson’s ratio, acoustic time
difference, and rock density. These physical quantities are used to
calculate the actual in situ stress. In this regard, the most commonly
used methods are the core stress relief method (Cai, 1993) and the
strain recovery method (Zhang et al, 2012). The direction of in situ
stress is mainly determined through the core test and indirect data
analysis. In the core test, micro-cracks are taken out along the
dominant direction after the core to propagate the acoustic wave in
different directions. It should be indicated that the direction of in
situ stress can be measured based on the different acoustic velocities
and strains of the rock in different directions under rock stress
recovery loading. The commonly used methods to determine in situ
stress are the wave velocity anisotropy method (Lucier et al, 2011)
and the differential strain analysis method (Bai et al, 2013). In
indirect data analysis, seismic, logging, block displacement, and
natural fracture trend are used to predict the direction of in situ
stress. The commonly used methods include the microseismic
monitoring method (Liu et al, 2006), wellbore caving method
(Xue, 2006), fracture trend analysis method (Aadnoy, 1990), and
structural deformation analysis method (Zhou et al, 2007; Deng et al,
2009). Among them, Hydraulic fracturing is currently the most

widely used method for deep subsurface stress measurement due to
its operational simplicity, accurate and stable test values, and not
needing the elastic parameters of rocks in calculations. However, it
has high costs. Acoustic emission has the advantages of being simple,
intuitive, and relatively cost-effective, making it suitable for large-
scale testing, but it also has the problems of low precision and
difficulties in identifying Kaiser effect points for current stress
measurements. Strain-gauge analysis obtains strain differences in
various directions of core samples through experimental simulation,
enabling determination of their stress state with high measurement
accuracy, but with significant damage to the core samples during
sampling. Wave velocity anisotropy experiments are among the
most convenient and commonly used testing methods for
determining the direction of in situ stresses and can directly
reflect differences in stress directions. However, these
experiments have limitations in homogeneous sandstones. The
borehole breakouts method determines the direction of in situ
stresses from the identified failure direction on imaging, which is
simple to operate but has low precision. Fracture orientation analysis
and structural deformation analysis are often used to preliminarily
determine the approximate orientation of in situ stresses, but their
measurement accuracy is also low.

In the present study, the in situ stress of the Xujiahe Formation in
Yingshan-Longgang of central Sichuan was measured by acoustic
emission experiments, and the Kaiser effect point was calibrated by
combining the empirical data with hydraulic fracturing data.
Meanwhile, in situ stress in the study area was predicted using
conventional logging data. The direction of in situ stress was tested
by combining a paleomagnetic test with wave velocity anisotropy.
Meanwhile, the experimental test results were evaluated using
borehole electrical imaging logging. Finally, the predicted in situ
stress was applied to field construction and design of a hydraulic
fracturing layer and select horizontal well orientation so as to
promote the oil and gas production of tight sandstone gas in the
study area.

2 Overview of the study area

The Yingshan Longgang area is located in the north central
Sichuan Basin, spanning Yingshan, Yilong, and southern counties of
Nanchong City, Sichuan Province. In terms of regional structure, it
belongs to the Yilong tectonic group of the North Sichuan Paleozoic
Middle Depression low gentle zone (Figure 1A), with a simple and
complete structural form, and is a relatively flat, nearly NW trending
low hilly long axis anticline with undeveloped faults. The Jurassic
Shaximiao stratum is exposed on the ground, and there are
Quaternary river beach gravels locally. The eastern section of the
main structure presents a nearly east-west trend, gradually changing
to a northwest west direction in the west. Multiple high points are
developed from west to east, with the high points connected by a
saddle. The main high point is located near Yingshan, and the two
wings of the anticline are asymmetric. The north wing is slightly
steeper than the south wing. There are fewer deep faults in the
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Yingshan structure and shallow thrust faults in the hinterland are
developed, mostly in the form of fault groups, generally consisting of
two faults with opposite tendencies and nearly parallel extension. On
the plane, faults are distributed in a northwest or northwest
direction, mainly distributed near the wing of the structure,
controlling the shape of the structure. The faults in the area have
a long extension (18–48 km), a large drop (440–600 km), and a large
change in fault dip angle (25–60°), all of which are reverse faults.

The Xujiahe Formation is a set of inland land-derived clastic
deposits, which can be divided into six sections from the bottom up
(Figure 1B), with a thickness of 500–800 m. The lithology of the
study area consists of massive feldspar-bearing quartz sandstones

interbedded with coal seam and mudstone, with shallow lake and
swampy lake phase mudstones interbedded with coal seams
developing in the Xu I, Xu III, and Xu V sections, and dense
sandstones in the Xu II, Xu IV and Xu VI sections developing in
the submerged diversion channel and shallow beach dam phase. The
Xu II section is the main gas-bearing section of the Xujiahe
Formation and is characterized by thick sand bodies, thin gas
layers, longitudinal multilayers, low pore density, fracture
development, and strong reservoir inhomogeneity (Zhang
Manlang et al, 2019). Therefore, this study will focus on the
stress characteristics of the two sections, while taking into
account other layers.

FIGURE 1
Yingshan-Longgang area location map and stratigraphic rock phase division: (A) Location of the Longgang-Yingshan area; (B) Distribution of
stratigraphy and petrography in the study area.

TABLE 1 Statistical table of sample delivery in the study area.

Well
number

Depth/m Construction
location

Number of
triaxial rock

mechanics test
samples

Number of rock
acoustic emission
experimental

samples

Number of
samples with

anisotropic wave
velocity

Number of
paleomagnetic
experimental

samples

YS3 2641.2–2653.94 Southern structure of
Yingshan, Sichuan

Basin

6 16 4 4

YS102 2723.31–2729.06 Southern structure of
Yingshan, Sichuan

Basin

\ 16 4 4

YS115 2675.71–2698.14 Southern structure of
Yingshan, Sichuan

Basin

39 \ \ \

LG166 3599.85–3773.33 Longgang area
Longgang north latent

structural highs

\ 8 2 4

Note: \ is not experimental.
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3 Samples and experimental methods

3.1 Samples

The samples used in this experiment were mainly obtained from
coring in four wells located in the Yingshan-Longgang area. The
samples were subjected to triaxial rock mechanics experiments, rock
acoustic emission experiments, wave velocity anisotropy
experiments, and paleomagnetic testing. Table 1 presents
information on the source of each sample including the location
of the wells, as well as the number of samples used for each test."

3.2 Rock mechanics test

In this experiment, a triaxial rock mechanics test system (RTR-
1000, GCTS, America) was used to apply the stress to the specimen
until the rock reaches the yield strength. The test process is in
accordance with the GB/T50266-99“Standard for test methods of
engineering rock mass.”

3.3 Acoustic emission test

The rock acoustic emission method is based on the fact that
when the crack extends or expands under load, the strain energy
releases rapidly to produce elastic waves. This phenomenon, which
is called acoustic emission. When the rock is subjected to a stress
similar to or greater than the previously applied maximum stress,
acoustic emission is produced again. These violently fluctuating
acoustic emission values are called the Kaiser effect point and reflect
the original rock stress in the deep formation (Wang et al, 2014).
Based on the acoustic emission test, the in situ stress of 40 samples
from 3 wells was measured. The acoustic emission test is conducted
according to the ASTM standard for international rock mechanics.
To this end, an acoustic emission instrument (SAEU2S, Soundwel,

China) was installed on a triaxial rock mechanics servo test system
(GCTS-RTR-1000, GCTS, America) to transmit data. Each series of
acoustic emission samples contains 4 rock samples, and 10 series of
samples were used in the test. During acoustic emission sampling,
the sample was drilled along the axial direction. If it is a vertical well,
the vertical principal stress can be determined. Then three samples
with an increment of 45° were drilled along the horizontal direction,
and normal stresses were measured in three directions so as to
determine the minimum and maximum horizontal principal stress.
Then the three-dimensional stress of the specimen was obtained by
combining the four rock samples. The experimental samples were
processed into a cylindrical specimen of φ25mm × 50 mm. After
drilling and polishing, the two end faces were ground and flattened
manually to ensure the flatness of the faces meet the requirements of
the test procedure (Fu et al, 2007).

3.4 Wave velocity anisotropy test

Wave velocity anisotropy test refers to the use of rock in the
drilling process in the presence of a micro-crack. Affected by the
crack, sound waves have different propagation velocities along
different directions and an anisotropy occurs; More specifically,
the slowest acoustic wave propagation is along the maximum
horizontal principal stress of the rock. On the contrary, the fastest
acoustic wave propagation is along the minimum stress. In this
experiment, samples from three wells in the study area were
tested. The samples were organized into 10 groups, each group
containing two samples. The test was carried out in accordance
with the DZ/T0276.31-2015“rock mass acoustic velocity test”
standard. The experiment uses the wave velocity anisotropy
module of the multi-function rock mechanics instrument
(GCTS-RTR-2000, GCTS, America), which is mainly
composed of a core holder, an ultrasonic probe, an automatic
expansion device of the probe, etc. This testing system can
measure the wave velocity of longitudinal (P-wave) and

TABLE 2 Three-way stress values obtained from experimental acoustic emission tests of the Xujiahe Formation in the Longgang-Yingshan area.

Sample
group
number

Well
number

Layer Well
depth/m

Kaiser point stress
values (MPa)

Maximum
principal
stress/MPa

Minimum
principal
stress/MPa

Vertical
principal
stress/MPa

0° 45° 90° Vertical

1 YS3 XuⅡ 2642.41 44.35 32.40 39.92 44.86 66.51 46.54 63.85

2 YS3 XuⅡ 2646.27 44.23 32.82 38.75 44.78 69.74 51.55 64.89

3 YS3 XuⅡ 2647.50 44.89 35.67 39.20 45.82 67.08 53.11 64.78

4 YS3 XuⅡ 2651.77 45.71 36.12 40.68 46.45 69.30 54.29 65.98

5 YS102 XuⅡ 2721.47 42.46 34.63 38.56 44.52 70.28 57.89 68.09

6 YS102 XuⅡ 2725.78 45.04 40.27 41.18 43.68 70.74 63.87 67.87

7 YS102 XuⅡ 2727.73 46.97 36.87 39.07 44.35 73.96 59.34 67.98

8 YS102 XuⅡ 2728.77 42.69 32.21 39.84 44.87 74.15 55.81 68.58

9 LG166 XuⅥ 3599.85 77.64 66.28 73.03 78.86 90.83 72.14 85.01

10 LG166 XuⅣ 3773.05 81.06 72.87 78.39 79.89 97.96 83.99 91.14
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transverse (S-wave) waves, and P-wave is selected for wave
velocity anisotropy testing.

The test procedure can be summarized as follows: 1) draw a line
parallel to the well for the full-diameter core and place an arrow
pointing to the top surface; 2) Measure the time of longitudinal wave
propagation along the line. To this end, there is an ultrasonic
instrument in the test setup. Then measure the time it takes for a
longitudinal wave to propagate along the diameter of the specimen
by rotating it 5° clockwise about the core. The propagation velocity
of the longitudinal wave can be calculated according to the measured
time and the core diameter. 3) Draw the curve of longitudinal wave
propagation speed versus circumference angle, and find out the
angle corresponding to the minimum wave speed position from the
curve. That is, the angle between the maximum horizontal principal
stress and the marker line is obtained from the experiment. The
direction of the maximum horizontal principal stress relative to the
geographical North Pole needs to be further obtained by combining
the core orientation results of the paleomagnetism experiment.

3.5 Paleomagnetic test

The paleomagnetic test is used to determine the relationship
between the direction of the maximum horizontal principal stress
and the direction of the viscous remanence. This test is commonly
used to determine the characteristics of the viscous remanence in
magnetic minerals when they are formed and obtain the angle
between the maximum horizontal principal stress and the
geographical north pole. In this regard, a viscous remanence
measuring instrument was used, which was implemented
according to the DD 2006-04‘paleomagnetic test technical
requirements’ standard. The test process can be summarized as
follows: The cylindrical rock sample with a diameter of φ25 mm and
a length of 25 mm core is processed from the core of the wave
velocity anisotropy experiment, based on the orientation of its
marker line. The paleomagnetic instrument is used to perform
alternating demagnetization and thermal inference on the sample
and measure the characteristics step by step. The fisher statistical
method was used to determine the average direction of the core
remanence vector. The comparison of the obtained results from two
rock samples reveals that a more consistent direction was selected as
the final direction of the paleomagnetic orientation for specimens.
Based on the results of the wave velocity anisotropy experiment and
the paleomagnetic experiment, the maximum horizontal principal
stress direction of the specimen can be determined.

4 Evaluation of the magnitude of in situ
stress

4.1 Evaluation of in situ stress based on
acoustic emission tests

Acoustic emission tests are used to determine the primary rock
stress by recording the acoustic emission signals under uniaxial
multi-stage loading conditions and determining the stress
components at different levels based on sudden changes in
signals (Jiang et al, 2005). Field measurement of in situ stress

using hydraulic fracturing is primarily based on the curve of
pressure changes over time recorded during the fracturing
construction process in the entire fracturing section. By
combining relevant rock mechanics parameters and fracturing
theories, the magnitude of in situ stress can be determined.

In the present study, the Kaiser effect points were determined by
taking the data surge points in the AE ringing count-time
relationship graph combined with the data of abrupt change
points in the cumulative energy log-time curve, while the
measured stress by hydraulic fracturing data was used to
comprehensively calibrate the acoustic emission results.

The measurement principle of hydraulic fracturing is based on
the assumption that the rocks in the Earth’s crust are linear and
homogeneous isotropic elastic bodies. There is a stress direction
parallel to the borehole axis in the main stress direction, and the flow
of fluid in the pore conforms to Darcy’s law. When high-pressure
fluid is injected into the tested formation segment during a hydraulic
fracturing test, the rock will break and form hydraulic fractures
around the wellbore, and the direction of crack propagation is
always along the maximum horizontal principal stress direction.
When the hydraulic fracturing system is closed, the crack will close
again. At the critical closure pressure of the crack, the fluid pressure
inside the crack is equal to the minimum horizontal principal stress
perpendicular to the crack. The closed fracture pressure at this time
is approximately equal to the size of the minimum horizontal
principal stress (Zhang et al, 2012; Wu, 2013; Dong et al, 2019;
Wang et al, 2020; He et al, 2022). The formula for calculating the
minimum horizontal principal stress using the hydraulic fracturing
method is as follows:

σh � Ps + PH (1)
Here, σh refers to the magnitude of the minimum horizontal

principal stress in MPa; Ps is the instantaneous shut-in pressure in
MPa; and PH is the hydrostatic column pressure in the wellbore at
the depth of the PH test interval in MPa.

Ps is the closed fracture system’s crack closure pressure obtained at
the wellhead after shutting down the hydraulic fracturing process. The
actual bottomhole closure pressure of the fractures needs to be adjusted
by adding the hydrostatic pressure PH to obtain the magnitude of the
minimum horizontal principal stress σh under in situ formation
conditions. Through analyzing and computing the hydraulic
fracturing data of the Xujiahe Formation in well YS102, it was
found that the fracture closure pressure distribution ranged from
45.52 to 55.35 MPa, with an average of 54 MPa (Figure 2A). Based
on this data, theKaiser effect point in the acoustic emission testing result
was calibrated, and the fourth Kaiser effect point value was determined
to represent the magnitude of current in situ stress (Figure 2B)."

The obtained results from the three-way in situ stress
measurements show that the maximum horizontal principal stress
in the study area varies between 66.51 MPa and 97.96 MPa, with an
average value of 75.06MPa;Meanwhile, it is found that the minimum
horizontal principal stress varies between 46.54 MPa and 83.99 MPa,
with an average value of 59.85 MPa; and the vertical principal stress
varies in the range of 63.85 MPa–91.14 MPa, with an average value of
70.82 MPa Table 2. The obtained results show that the order of three-
way stress is maximum horizontal principal stress > vertical principal
stress > minimum horizontal principal stress, indicating that the
study area can be categorized as type III in situ stress and is in a slip
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stress state; longitudinally, the three-way stress of the Xujiahe
Formation decreases gradually from the bottom to the top; In the
plane, the three-way stress of well LG166 in the Longgang area is
larger than that in the Yingshan area. Moreover, the test results are
greater than those in the Yingshan area.

4.2 Evaluation of in situ stress from logging
data

When measuring in situ stress using the experimental method,
drilling the sample drilling results in a missing core. Meanwhile, the
experimental analysis is costly and the samples reflect the characteristics
of discrete points. In other words, samples can reflect the in situ stress in
limited depths. As a result, the generalized in situ stress in the whole
profile may be inaccurate. In contrast, logging data has good continuity
and high resolution, so logging data can be used to obtain a smooth and
accurate in situ stress profile of the target layer (Mao et al, 2019). Based
on the obtained results from acoustic emission tests and considering the
stratigraphic anisotropy, utilized the ADS (Acoustic Density Stress)
method to interpret the in situ stress. This approach relies primarily on
acoustic and density logging data to calculate current in situ stress values
indirectly (Tan et al, 1990; Zhou et al, 2007). The ADS method has the
advantages of simplicity in calculation procedure and ability to obtain
continuous Earth stress profiles, and has been widely used (Zheng et al,
2014; Yao, 2016; Lyu, 2017; He et al, 2022; Zhang et al, 2022). This
method can be mathematically expressed as follows:

σv � ∫H

0
ρ h( ) · g · dh

σx � μg
v

1 − v
σv + μg

1 − 1 + μg( )v
1 − v

1 − Cma

Cb
( )PP

σy � v

1 − v
σv + 1 − 2v

1 − v
1 − Cma

Cb
( )PP

(2)

Where σx and σy are horizontal stresses along x- and
y-directions, respectively; σv denotes the vertical principal stress;
μg is the dimensionless non-equilibrium factor of horizontal skeletal
stress in the formation; v is Poisson’s ratio; Pp is the formation

pressure; Cma and Cb are the skeleton and volume compression
coefficients of rock, respectively.

The determination steps of each parameter are as follows:
Poisson’s ratio v is calculated based on acoustic logging data and
calibrated using rock mechanics experimental results; σv is obtained
by integrating the density of overlying strata using density logging
data; PP is the formation pressure, which can be calculated using the
formation pressure coefficient in the study area or equivalent mud
density. Cma and Cb are computed using the acoustic travel time
method; The parameter μg can be obtained using borehole diameter.
To this end, the stress deformation in the borehole is used to reflect
the change in tectonic stresses. The calculation formula is shown in
Equation (3). If there is no dual-diameter logging data available, μg
can also be obtained by an inverse calculation method using actual
measurement values.

μg � 1 + k 1 − d min

d max
( )

2

[ ] Cma

Cb
(3)

Where dmin and dmax are the minimum and maximum borehole
diameter at the measurement point, respectively; K is the scale
factor.

The coincidence between the calculated maximum
horizontal principal stress, minimum horizontal principal
stress, and vertical principal stress from logging and the
measured values is 75.4%, 74.0%, and 96.7%, respectively. The
above results indicating that the logging calculation method is an
effective scheme to establish a continuum in situ stress profile for
single wells in the Yingshan-Longgang area. As an example,
Figure 3 shows the measured and predicted in situ stress in well
YS102.

The obtained in situ stress in the Yingshan-Longgang area
using acoustic emission tests and logging data reveals that the
study area is dominated by a strike-slip stress state, and the in
situ stress increases with increasing depth in the longitudinal
direction. Compared to the Yingshan area, the Longgang area
exhibits higher three-way in situ stress in the planar direction.
Ground force is affected by numerous factors such as burial
depth, lithology, faults, and tectonic morphology (Xu et al,

FIGURE 2
Hydraulic fracturing construction curve and acoustic emission experimental results diagram: (A) Sand fracturing construction profile of well YS102 in
the Yingshan-Longgang, Xujiahe Formation in a depth of 2716.00 m–2730.00 m; (B)Distribution of cumulative energy and ringing count as a function of
the arrival time of acoustic emission specimens collected from the Xujiahe Formation at a depth of 2728.77 m in well YS102 in the Yingshan-Longgang
area.
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2019). The analysis of the planar distribution of in situ stress
indicates a significant variation in burial depth between the
Yingshan and Longgang areas. More specifically, the burial
depth of the Xujiahe Formation is deeper in the Longgang
area compared to the Yingshan area, resulting in higher
stress in the former.

5 Evaluation of in situ stress direction

5.1 Combined core wave velocity anisotropy
and paleomagnetic tests

Paleomagnetic core orientation refers to the use of core
samples to determine the characteristics of the magnetic

minerals to record viscous remanence at the time of
formation. This test is usually carried out to determine the
correlation between the direction of maximum horizontal
principal stress and the direction of viscous remanence in the
rock and obtain the angle between the maximum horizontal
principal stress and the geographic north pole. The rocks in
the formation are under compression loads and geological
stresses. As a result, fractures and pores are compressed to
varying degrees, and the greatest compression occurs along
the maximum horizontal principal stress. When the core is
removed from the stress-bearing environment elastic stress is
released.

The experiment on wave velocity anisotropy is conducted
using samples extracted from underground that have been
brought to the surface. At this stage, the sample is free from

FIGURE 3
In-situ stress interpretation section of the Xujiahe Formation in well YS102 in the Yingshan-Longgang area.
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the original stress of the rock and the stress relief causes the rock
core to develop microcracks in proportion to the degree of stress
release (Li et al, 1997). These micro-cracks derive from stress
relief and preferentially arrange themselves along the direction of
the maximum vertical principal stress. As a result, the cracks
become filled with air, which yields significant differences in the
wave impedances of air and rock. This manifests as prominent
directional wave velocity anisotropy. Each propagation speed
across different directions is then plotted and connected
sequentially to form sinusoidal or cosine curves. On the
maximum horizontal in situ stress direction, the degree of
stress unloading in the rock core is maximized, resulting in
the slowest wave speed in that direction. Conversely, the
fastest wave speed is observed along the minimum horizontal
principal stress direction (Zhou, 2007; Lucier et al, 2011; Min
et al, 2020). Accordingly, there is an obvious anisotropy in the
propagation velocity of sound waves in different directions in the
core. This characteristic can be used to obtain the relative
azimuthal angle between the maximum horizontal principal
stress and the marker line of the core.

Based on the orientation results of paleomagnetic core samples
from the Longgang-Yingshan area (Figure 4), it is inferred that the

angle between the core marker line and the geographical north pole
mainly varies between 135° and 180°.

According to the results obtained from the wave velocity
anisotropy tests, the wave velocity is a function of the angle
between the direction of the maximum horizontal principal stress
and the marker line. Figure 5A shows that the lowest wave
velocity occurs when the angle between the direction of the
maximum horizontal principal stress and the marker line is
40°. Moreover, Figure 5B illustrates that the lowest wave
velocity occurs along the maximum horizontal principal stress
that has an angle of 25° from the marker line. Figure 5C reveals
that there is no obvious sine and cosine wave velocity curve,
indicating that the anisotropy is poor and the experimental
results may not reflect the true direction of the in situ stress.
Combining the results of paleomagnetic and wave velocity
anisotropy measurements of the in situ stress direction
(Figure 6), it is inferred that the azimuth of the relative
maximum horizontal principal stress in the Xujiahe Formation
in the study area is mainly distributed in N110°–120°E with a
mean maximum principal stress azimuth of N100°E near the EW
direction.

5.2 Calibration and analysis of in situ stress
direction test results

According to the tangential stress analysis of the well wall, there
is a minimum perimeter tangential stress along the maximum
horizontal principal stress. Until the mud column pressure is less
than a certain threshold, this stress is negative, indicating that it is a
tensile stress. Once this tensile stress exceeds the rock tensile
strength, a tensile-induced fracture appears in the well wall along
the maximum horizontal principal stress (Jonaghani et al, 2019).
When drilling the core, stress is released in the borehole, but it
remains around the borehole. When the difference between the
maximum and minimum horizontal principal stresses around the
borehole exceeds the shear strength of the rock, the borehole
collapses and the block falls forming an elliptical borehole.
Currently, the borehole wall collapse method is one of the most
important methods for determining the direction of deep in situ

FIGURE 4
Core orientation results of the Xujiahe Formation in the
Yingshan-Longgang area.

FIGURE 5
Wave velocity anisotropy curves of the Xujiahe Formation in the Yingshan-Longgang area: (A) Sample group 1 from well YS3; (B) Sample group
10 from well LG166; (C) Sample group 5 from well YS102.
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stress with the long axis of the borehole along the minimum
horizontal principal stress (Huang, 2008). Logging images can
visualize the induced fracture and the orientation of the well
section where the stress collapse occurred, and can indicate the
direction of the maximum and minimum horizontal principal
stresses by recovering the direction of the induced fracture, and
well wall collapse, respectively.

The wall collapse in the imaging log of well YS3 in the Yingshan
area is 15°±5°, with a maximum horizontal principal stress
orientation of N105°±5°E (Figure 7A), and the mean value of the
maximum horizontal principal stress direction is N113.4°E
(Table 3); The wall collapse in the imaging log of well LG166 in
the Longgang area is 20°±5°, with a maximum horizontal principal
stress orientation of N110°±5°E (Figure 7B), and the mean
horizontal principal stress direction measured by the previous
experiments in this well was N115.9°E (Table 3). It is observed
that the experimental test results are in good agreement with the in
situ stress orientation interpreted by the imaging logs. However, the

FIGURE 7
Maximum principal stress orientation identified by wall collapse: (A) YS3 well at a depth of 2646 m; (B) LG166 well at a depth of 3773 m; (C)
YS102 well at a depth of 2724 m.

FIGURE 6
Distribution of the maximum horizontal principal stress results
for the Xujiahe Formation in the Yingshan-Longgang area.
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absence of induced fractures and well wall crumbling in the imaging
logs at the depth section in well YS102 (Figure 7C) indicates that the
two-way differential stress is small at this depth section, which
reduces the accuracy of in situ stress direction evaluation.

By interpreting the imaging log data in and around the sampling

depth section of well YS102, the well wall collapse orientation, and the

maximum horizontal principal stress direction were obtained. The

comparison of measured and calculated average maximum

horizontal principal stress direction in the YS102 well shows that

the calculated results are in good agreement with the experimental

data Table 4. Meanwhile, it is found that the azimuthal angle of the

maximum horizontal principal stress in this well has been shifted

counterclockwise to a smaller extent when compared with the other

two wells.
The experimental results of combined paleomagnetic wave

velocity anisotropy in the Yingshan-Longgang area are
consistent with the maximum principal stress direction reflected
in the electrical imaging logs. The average maximum horizontal
principal stress direction is N100°E, maintaining the present-day
near east-west regional stress field. However, the azimuth of the
maximum principal stress direction at well YS102 shifts
counterclockwise to a smaller angle. Analysis of the combined
regional stress and tectonic context suggests that a strong escape
occurred eastward from the eastern part of the extruded Tibetan

TABLE 4 In-situ stress direction results from image logging interpretation of well YS102 in the Xujiahe Formation in the Longgang-Yingshan area.

Well Depth/m Crumbling orientation/° Maximum horizontal principal stress orientation

YS102 2648.5–2652.0 8 N98°E

2697.3–2698.2 174 N84°E

2736.5–2736.8 168 N78°E

TABLE 3 Experimental paleomagnetic test results and directional calculations of the maximum horizontal principal stress in the Xujiahe Formation in the
Yingshan-Longgang area.

Well
number

Depth/
m

Number Paleomagnetism
Directional orientation

Average
paleomagnetic

Directional orientation

Angle of maximum
horizontal principal
stress to marker line

Maximum
horizontal

principal stress
direction

YS3 2644.73-
2644.94

1-a 135°E N134°E 40 N94°E

1-b 133°E

YS3 2652.00-
2652.18

2-a 185.1°E N 158.8°E 45 N113.8°E

2-b 132.4°E

YS3 2642.00-
2642.18

3-a 156.9°E N137.1°E 10 N127.1°E

3-b 117.2°E

YS3 2647.91-
2648.02

4-a 110.8°E N143.6°E 25 N118.6°E

4-b 176.4°E

YS102 2724.63-
2724.57

5-a 193.4°E N204.5°E 130 N74.5°E

5-b 215.6°E

YS102 2721.8-
2721.95

6-a 234.9°E N198.1°E 125 N73.1°E

6-b 161.2°E

YS102 2727.01-
2727.20

7-a 46.2°E N53°E 150 N83°E

7-b 59.8°E

YS102 2726.82-
2727.01

8-a 146.6°E N127.5°E 50 N77.5°E

8-b 108.4°E

LG166 3599.85-
3600.09

9-a 138.9°E N148.55°E 40 N113.4°E

9-b 158.2°E

LG166 3773.05-
3773.33

10-a 143.9°E N143.4°E 25 N118.4°E

10-b 142.9°E
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Plateau as the Indian plate continued to push the Tibetan Plateau
in the NNE direction, which has been the dominant geological
phenomenon in the region from the mid-late Xishan to present.
Meanwhile, strong lateral compressional stresses were generated in
the central Sichuan area that formed the compressive stress field in
the Yingshan-Longgang area and provided energy for creating an
east-west regional stress field in the study area. The top boundary
of the Xu Ⅱ section in the Yingshan area is characterized by a nearly
NW oriented long axis anticline, with structures of varying sizes of
traps developed from south to north. The structures are
interconnected through synclines and faults (Figure 8). The
YS3 well is located at the high point of the backslope structure
in the Yingshan area, and the YS102 well is on the same backslope
flank, with the maximum horizontal principal stress deflected in a
direction perpendicular to the axial direction.

6 Engineering applications for the
evaluation of the magnitude and
direction of in situ stress

6.1 Recommendations for hydraulic
fracturing modifications from in situ stress
magnitude evaluation

The in situ stress controls the pressure fracture expansion and
fracturing effect. The measured in situ stress indicates that the

Yingshan-Longgang area is under a walking slip stress state, and
the fractured fractures expand along the maximum principal
stress and vertical stress. The crack expansion forms narrow and
long vertical fractures. As a result, the longitudinal expansion is
weak, while the lateral expansion is strong (Hubbert and Wills,
1957).

Moreover, the morphology and distribution of hydraulically
fractured joints are controlled by the minimum horizontal
principal stress and horizontal two-way differential stress
(Renshaw and Pollard, 1994; Li et al, 2016; Zhang Ruxin
et al, 2019; Zhang and Qi, 2020; Li and Wang, 2021). The
latter determines the fracture pressure and affects the
initiation location of fractures. This is because fractures
expand along the lowest minimum horizontal principal stress
and stop when reaching a formation with higher minimum
horizontal principal stress. When the horizontal two-way
differential stress is high, hydraulic fracturing forms simple
and long directional planar fractures. However, Figure 9 shows
that when the horizontal two-way differential stress is low, a
complex network of longitudinal and transverse fractures
forms.

Given the longitudinal structure of in situ stress in the Yingshan-
Longgang area, the upper section of the XuⅡ middle section is an
optimal choice for fracturing. This section exhibits how horizontal
two-directional differential stress, which facilitates the formation of
complex, poorly oriented fractures and enables effective
modification of the reservoir volume.

FIGURE 8
Contour of the top surface of the Xu II section in the Ying Shan area.
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FIGURE 9
Simulation results of hydraulically fractured morphology in the middle and upper part of sublayer 2, member 2, Xujiahe Formation, and well 102 in
the Yingshan area.

FIGURE 10
Distribution of maximum shear stress around the well wall (A) for different borehole slope angles; (B) for different borehole azimuth angles.

FIGURE 11
Recommended orientation map for horizontal wells combining test results for natural fracture dominance direction and in situ stress direction: (A)
Predicted natural fracture distribution map of the Xujiahe Formation in the Yingshan-Longgang; (B) Proposed orientation of horizontal wells).
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6.2 Recommendations for horizontal well
placement from in situ stress directional test
results

For a Type III stress structure, wall stability gradually
increases as the borehole azimuth increases. More specifically,
horizontal wells have higher wall stability than straight wells.
Higher wall stability results when the borehole azimuth angle and
the maximum horizontal principal stress angle are at 45°

(Figure 10). Considering the present-day in situ stress
orientation (average N100°E) of the Xu II section, the overall
more developed natural fractures, and the NW orientation of the
dominant group system, the horizontal well should be deployed
at an azimuth of N20°-30°E in order to obtain a larger
modification volume and production (Figure 11).

7 Conclusion

In the present study, the magnitude and direction of in situ stress
in the second section of the Xujiahe Formation in Yingshan-
Longgang area were evaluated. Based on the performed analysis
and the obtained results, the main achievements of this article can be
summarized as follows.

(1) The maximum horizontal principal stress value of the Xujiahe
Formation in the Yingshan-Longgang area is between 66.51MPa
and 97.96 MPa, with an average value of 75.06 MPa; Theminimum
horizontal principal stress varies in the range of 46.54–83.99 MPa,
with an average value of 59.85MPa; The vertical principal stress
varies from 63.85-91.14MPa, with an average value of 70.82 MPa;
The order of the in situ stress is maximumprincipal stress> vertical
principal stress > minimum principal stress. The study are can be
categorized as a type III stress area with the state of slip stress.
According to the layer from deep to shallow, hydraulic fractures
primarily produce longitudinal tension joints. The three-way stress
value gradually decreases as the depth increases, while it increases
with increasing burial depth. The Longgang area has relatively
higher three-way stress values due to the influence of burial depth.

(2) The maximum horizontal principal stress azimuth in the
Xujiahe Formation ranges from N73.1° to 127.1°E, with an
average azimuth of N100°E and the maximum principal
stress occurs along the EW direction. However, at well
YS103 in the Yingshan area, the in situ stress direction
counterclockwise deflection becomes smaller due to the
influence of tectonic morphology.

(3) Considering the influence of the longitudinal variation of the
minimum horizontal principal stress and the two-
directional stress difference on the fracture extension
pattern, the middle and upper members of the second
member of the Xujiahe Formation have reasonable
fracturing performance; Taking into account the
maximum horizontal principal stress and the distribution

of natural fractures, it is recommended to deploy horizontal
wells with an orientation of N20°–30° E for greater volume
transformation and higher production.
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