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Based on the comprehensive analysis of wellbore characteristics in a deep shale gas field, the in-situ stress state of the shale reservoir was assessed in this study for the Longmaxi formation in the Dingshan area, Southwestern China. The data obtained from hydraulic fracturing, drilling-induced fractures, and in-situ core testing were used to determine the magnitude and direction of the maximum principal horizontal stress in five wells. Besides, hydraulic fracturing and cross-multipole array acoustic logging (XMAC) were employed to determine the vertical variation of the in-situ stress. Based on the logging interpretation and mechanical test results, the spatial distribution of rock mechanical parameters in the Dingshan area was assessed by the amplitude variation versus offset (AVO) seismic inversion. A 3D heterogeneous mechanical inversion model was realized via the ANSYS and CATIA3D finite element software packages, providing the area in-situ stress field simulation. The depth, fault strike, and position change effects on the main stress, horizontal stress difference, and horizontal stress difference coefficient were numerically simulated. The results show that the maximum principal stress azimuth was mainly concentrated in the NE20°-NE80° sector. Moreover, the development zone of natural fractures was related to the area with the highest principal stress differences. The maximum principal stress variation in the study area was mainly in the compressive range from −135 to −45 MPa, gradually increasing from east to west and south to north. The stress type mainly depended on the depth, fault strike, and rock mechanical parameters, while the stress difference and stress difference coefficient near the fault structure were relatively small. This study’s findings are considered instrumental in improving the borehole stability, determining the casing setting point, and optimizing the well location in deep shale reservoirs with similar geological conditions.
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INTRODUCTION
The rapid progress of horizontal staged fracturing and similar technologies provided breakthrough solutions for the global commercial development of shale gas. In particular, it became an important field of natural gas exploration and development in China, which self-generation and self-contained shale reservoirs have low porosity, ultra-low permeability, and relatively developed natural fractures (Wang et al., 2019). Since most of them have to be hydraulically fractured before economic development (Jang et al., 2015), shale gas production requires shale fracturing by the most effective methods, thus deriving many fracturing stimulation theories to create a complex fracture network (Kim and Lee, 2015). The development of a fracture system directly affects the exploitation efficiency of the shale gas reservoir and determines its quality and output (Ren and Lau, 2019). The assessments of hydraulic fracture expansion and designs of fracturing and perforation schemes are based on the main parameters of the in-situ stress field in the shale formation. The accuracy of formation rock stress state measurement and the authenticity of the adopted in-situ stress prediction model directly control the hydraulic fracturing efficiency. Therefore, the study of the in-situ stress field of shale reservoirs is crucial for shale gas exploration and development.
The rock stress in the formation is mainly formed by gravity and tectonic stresses induced by drilling, slotting, and coring (Li et al., 2019). The geomechanical model is established in the early stage of the oil and gas field development, which can address various problems encountered in the life cycle of oil and gas reservoir development. These problems may occur in the following stages: 1) in the exploration and evaluation stages of the reservoir to be developed, such as the evaluation of fault sealing (or leakage) potential (Ciftci et al., 2013), wellbore stability (He et al., 2015; Liu et al., 2019), and the potential location of oil-gas migration and accumulation (Zeng et al., 2010); 2) in the formal development stage of the reservoir, such as the determination of the best well trajectory (Zhang et al., 2015), casing set point and mud specific gravity, as well as prediction of anisotropic permeability of the fractured reservoir (Dubey et al., 2020); 3) in the whole subsequent production stage of the reservoir, which requires to select the best completion method, such as hydraulic fracturing or repetitive hydraulic fracturing (Chen et al., 2018), and stress sensitivity evaluation of the reservoir and fracture (Han et al., 2021); 4) in the secondary and tertiary oil recovery stages of reservoir development and process optimization, including water injection and steam injection (Sun et al., 2018).
After nearly a century of development, the reservoir stress state can be determined by various means. At present, the research techniques for determining in-situ stress of oil and gas reservoirs and mines are mainly divided into five categories (Ljunggren et al., 2003): 1) well trajectory analysis methods (Zhao et al., 2015), 2) core test methods (Nian et al., 2016), 3) calculation methods based on logging data (Han et al., 2018), 4) methods of actual measurement of underground in-situ stresses (Fu et al., 2021) and 5) simulation methods, including physical and numerical ones (Bai et al., 2018). In the study (Hashimoto and Matsu’Ura, 2006; Lü et al., 2017), the stress field simulation was performed using a simple three-dimensional geological model, whereas the geological unit was regarded as homogeneous and had constant mechanical parameters. However, such an assumption was often inconsistent with actual geological conditions, which deteriorates the accuracy of such stress field simulations.
In this paper, the geological conditions of the study area are assessed, and the rock mechanics parameters are experimentally determined. The single-well in-situ stress data of the study area are measured using the acoustic emission, drilling-induced fractures, and well deviation statistics. They are monitored, adjusted, and analyzed to obtain the in-situ stress distribution characteristics and their variation with depth. Based on the logging interpretation and rock mechanics test results, the spatial distribution of mechanical parameters is obtained by the amplitude variation versus offset (AVO) inversion. The maximum and minimum principal stress distribution characteristics, horizontal stress difference, and horizontal stress difference coefficient are predicted via the numerical simulation using a commercial finite element CATIA software package.
GEOLOGICAL BACKGROUND
Location and Structure
The case study is the shale formation in the Dingshan area, located in the Qijiang District of Chongqing, Southwest China, about 150 km away from Jiaoshiba Block of Fuling shale gas field. Figure 1 shows the location of the Dingshan area and the cross-section through Dingshan wells (Liu et al., 2017a; Hu et al., 2019). The NE-trending structural belt of the Lintanchang-Dingshan in Southeast Sichuan belongs to the complex basin margin structure. The structural characteristics of this area are as follows. It straddles four structural units: East Sichuan high and steep fault-fold area, South Sichuan low and steep fold area, North Guizhou thrust belt, and South Sichuan cover coat detachment zone. The sedimentary cap has experienced multi-stage tectonic movements. Like other blocks in the Sichuan Basin, it underwent six major tectonic cycles in geological history, including Yangtze, Caledonian Hercynian, Indosinian, Yanshan, and Himalayan (Liu et al., 2021). Most of the above structural units have fold and fault structures, i.e., trough-like folds composed of high and steep anticline belts and the fault belt in NE and NNE directions. The structural style is anticline wide and gentle, syncline compact, parallel arrangement in rows and belts. Most faults are reverse ones with large dip angles ranging from 60 to 85°.
[image: Figure 1]FIGURE 1 | [(A), 1,2] Location of the Dingshan area and (B) Cross-section through the Dingshan area (Liu et al., 2017b; Hu et al., 2019) (The crustal stress data were provided by the China Earthquake Data Center).
Stratigraphy
The main strata developed from bottom to top in the Dingshan area are Sinian of Proterozoic, Permian of Early Paleozoic, and Late Paleozoic and Mesozoic (Liu et al., 2013). The strata in the study area are well developed, and the sedimentary basement is an epimetamorphic rock of the Banxi group of pre-Sinian. Triassic strata are exposed on the area surface, while Devonian, Carboniferous, and Cenozoic strata are absent. Carbonaceous and sandy shales dominate the lower part of the Longmaxi formation, and the upper part is interbedded with calcareous shale and thin argillaceous limestone. According to the field thickness measurement, the high-quality shale section of the Longmaxi formation is stably developed, with a thickness of 28.9–35 m, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Distribution of shale gas intervals in the Longmaxi formation of Dingshan area.
Natural Fractures
The development orientation of fractures is closely related to in-situ stress, which is an important factor in controlling the distribution of natural and hydraulic-induced fractures in reservoirs. The paleotectonic stress field controls natural fractures’ formation, distribution, and development. The modern stress field controls the current occurrence state and effectiveness (opening and connectivity) of underground natural fractures, fracture forms, and extension directions of artificial fractures.
Core observation shows that the Longmaxi formation in the Dingshan area mainly features shear fractures, followed by tensile fractures, torsional fractures, interlayer fractures, and a small number of artificially induced fractures, as shown in Figure 3. High-angle shear fractures (Figures 3A–E) and vertical fractures (Figure 3B) are mainly developed, characterized by large extension length and straight fracture surface, and are mostly filled with calcite. The shale is rich in brittle index minerals; it undergoes the ductile shear fracture under local or regional tectonic stresses, forming high-angle tensile or Mode I fractures (also referred to as an opening mode, with tensile stresses normal to the crack plane) and shear or Mode II fractures (i.e., a sliding mode, with shear stresses acting parallel to the crack plane and perpendicular to the crack front), which are related to faults and folds, respectively. Tensile fractures are frequently referred to as joints, where no appreciable slip or shear is observed. The tensile fractures generally have small extension length and uneven fracture surface, being mostly filled with calcite (Figure 3D). Besides, a small number of tearing mode or Mode III fractures (i.e., a tearing mode with shear stresses acting parallel to the crack plane and parallel to the crack front) are observed. In organic-rich shale, the interlayer fractures (Figure 3F) are usually filled with calcite, pyrite, and organic matter. The occurrence of slip fractures is the same as that of rock stratum, with small dip angles, large trend variations, uneven fracture surfaces, and visible scratches. The induced fractures are artificial fractures caused by an imbalance between heavy mud and in-situ stresses, drilling tool loads, and torsion during drilling.
[image: Figure 3]FIGURE 3 | Characteristics of shale core fracture in the Longmaxi formation of Dingshan area. (A) DY3 2235.11 m. (B) DY1 2030.14 m. (D) DY1 3013.82 m. (E) DY1 2003.91 m. (F) DY3 2265.25 m.
The filling of fractures after their formation is a long-term process. According to the filling degree of minerals in fractures, they can be subdivided into full-filled, half-filled, and unfilled fractures. The filling degree of fractures becomes gradually weak, and so does the sealing of fractures. Core observation shows that about 60% of the fractures in the whole area are full-filled, 20% are half-filled, and 20% are unfilled. The core data analysis of five deep wells (namely Dingye 1–5, hereinafter abbreviated as DY1, DY2, DY3, DY4, and DY5) shows that the fracture filling materials include calcite, pyrite, organic matter, etc. The half-filled and filled fractures are mainly filled with calcite, accounting for about 68%, followed by the mixed filling of calcite and pyrite, accounting for 20%. The ratios of pyrite and organic matter filling are relatively small. Organic matter filling allows the respective fractures to play an important role in oil-gas migration and transportation in the reservoir space.
The core observation results combined with imaging logging interpretation data show that (Figure 4) there are mainly four groups of structural fracture development orientations, among which the NEE (80 ± 10) fractures are the most developed, followed by the NWW (305° ± 5°). The NNE (30° ± 5°) and NNW (350° ± 5°) fractures are relatively poorly developed. According to the intersecting relationship of core fractures and the analysis of the characteristics of fillings, NWW (305° ± 5°) and NNW (350° ± 5°) fractures are of the same stage, which can be matched as plane “X” type conjugate shear fractures. The fractures of NNE (30° ± 5°) and NEE (80° ± 10°) can be matched as another stage of plane “X” type conjugate shear fractures.
[image: Figure 4]FIGURE 4 | Rose diagram of fracture trend in shale gas well in the Dingshan area. (A) Rose diagram of shear fracture strike. (B) Rose diagram of tensile fracture strike.
SAMPLES AND TESTING
The engineering rock mechanics was used to study the mechanical characteristics and failure types of rock, which was also essential for the stress field distribution analysis. It was necessary to prepare test specimens meeting the respective standards to determine their mechanical parameters adequately. The rock samples were acquired from DY1, DY2, DY3, DY4, and DY5 wells in the Longmaxi formation of the Dingshan area (three samples per well) and processed into cylindrical specimens with a diameter of 25 mm and a height of 50 mm. Their end face’s parallelism was controlled within 0.01 mm. The testing procedure complied with the GB/T 23561.7-2009 Part 7 and GB/T 23561.8-2009 Part 8: Methods for Determining the Uniaxial Compressive Strength and Deformation Parameters of Coal and Rock, which implied the stress loading rate of 0.5–1.0 MPa/s and the displacement-measuring device accuracy of 0.001 mm. A WDW-100E microcomputer-controlled electronic universal testing machine loading system was employed in the tests. The maximum axial load range of the WDW–100E testing machine was 100 kN, and the accuracy was ±0.5%. A computer-aided high-precision test control was performed, with online monitoring and recording of the loads and displacements. The uniaxial compression tests were carried out on specimens with different bedding angles. The displacement-controlled loading mode was adopted, with a 0.12 mm/min loading rate.
The uniaxial compression test results are listed in Table 1. As observed, the average uniaxial compressive strength values of DY1, DY2, DY3, DY4, and DY5 specimens were 69.4, 90.12, 75.3, 80.6, and 82.3 MPa, respectively.
TABLE 1 | The uniaxial compression test results for the Longmaxi formation shale of the Dingshan area, China.
[image: Table 1]Herein, R, E, and μ are rock’s compressive strength, the Young (elastic) modulus, and Poisson’s ratio, respectively.
TEST RESULTS ON THE IN-SITU STRESS IN THE HORIZONTAL DIRECTION
When an object is subjected to an external force, a force opposing the external force is produced in its interior to keep balance, which is called the internal force. The in-situ stress is the internal stress existing in the crust rock mass, which is the force per unit area inside the medium caused by the vertical and horizontal movements of the crust and other factors. The in-situ stress state is described by the stress tensor, which includes three orthogonal principal stresses, and each principal stress has a direction and size (Rajabi et al., 2016). Only four components usually describe the in-situ stress tensor: the minimum horizontal stress magnitude, the maximum horizontal stress magnitude, the vertical stress magnitude, and the maximum horizontal stress direction (Bell, 1996; Yin et al., 2020). This paper mainly focuses on shale formation (namely the Longmaxi formation in China). Compared with the length and width in the horizontal direction of the study area, the distance changes little in the vertical direction. Therefore, we did not focus on the change of vertical stress of each well.
Longitudinal Profile of Horizontal Stress and Stress Difference
The In-Situ Stress Profile Based on the Logging Analysis
The stress difference distribution in five wells (DY1–DY5) of the Dingshan Block was obtained and analyzed in detail based on the logging interpretation results. The results show that the stress difference in the DY3 sidetracking horizontal well was 5 MPa. Those in DY1, DY2, DY4, and DY5 were 9, 8, 8, and 10 MPa, respectively, while the stress difference in the general bedding of deep wells was usually higher. As shown in Figure 5, the fracture pressure gradient significantly exceeded the maximum horizontal stress gradient and the minimum principal horizontal stress (PHS) gradient.
[image: Figure 5]FIGURE 5 | Stress profile of shale gas well of the Longmaxi formation in Dingshan area (based on logging interpretation results). (A) DY1 Well. (B) DY2 Well. (C) DY3 Well. (D) DY4 Well. (E) DY5 Well.
Vertical Variation Characteristics of In-Situ Stress Based on Fracturing Curve Reading
According to the fracture closure pressure data of each well (borehole) in the study area, the relationship between fracture closure pressure and depth was obtained and plotted, as shown in Figure 6. As observed, there is a certain correlation between the fracture closure pressure and depth. The fracture closure pressure in DY2 and DY3 specimens increased with depth. However, fracture closure pressure in DY2 fluctuated with a poor correlation with depth. The DY4 and DY5 fracture closure pressures decreased with depth, exhibiting a pronounced downward trend.
[image: Figure 6]FIGURE 6 | Relationship between fracture closure pressure and depth in Dingshan area. (A) DY1 Well. (B) DY2 Well. (C) DY3 Well. (D) DY4 Well. (E) DY5 Well.
According to the above results on fracture closure pressure, the maximum and minimum principal horizontal stress (PHS) values and the logging interpretation data were fitted to re-compile the vertical profile of the in-situ stress, as shown in Figure 7. It can be seen in Figure 7 that the fracture closure pressure obtained by logging interpretation differed from the horizontal minimum stress. The principal stress obtained from logging interpretation exceeded the corrected principal stress of well testing. However, the principal stresses obtained by different acquisition techniques increased with depth.
[image: Figure 7]FIGURE 7 | Stress vertical section of Dingshan area. (A) DY1 Well. (B) DY2 Well. (C) DY3 Well. (D) DY4 Well. (E) DY5 Well.
The Magnitude and Direction Distributions of the Horizontal In-Situ Stress
The Magnitude Distribution Characteristics of the In-Situ Stress
The magnitude and direction on the horizontal in-situ stress in the Dingshan area were based on fracturing curve data, minimum PHS data, and operation data obtained from well testing. The data on maximum and minimum PHS values in the study area were imported into AutoCAD. The preliminary contour maps of the maximum and minimum PHS values in the study area of the Longmaxi formation were drawn, as shown in Figure 8. As observed, the maximum PHS distribution in the Dingshan area decreased from the northwest (NW) direction to the southeast (SE) one. The maximum and minimum PHS values around DY4, DY5, and DY2 wells were relatively high, forming high-stress areas, while those near DY1 and DY3 wells were relatively low, corresponding to low-stress areas. The above maximum and minimum parameters decreased gradually from northwest to southeast, and the in-situ stress magnitudes dramatically dropped between DY3 and DY4 wells.
[image: Figure 8]FIGURE 8 | Magnitude and direction distribution of horizontal principal stress in the Longmaxi formation. (A) Magnitude and direction characteristics of maximum horizontal principal stress. (B) Magnitude and direction characteristics of minimum horizontal principal stress.
Among the five deep shale gas wells under study, the largest principal stress was observed in the DY2 well, and its minimum PHS was 107.61 MPa. The minimum PHS values were lower in relatively developed fractures. The fractures did not develop at higher compressive stresses, and the minimum PHS gradient was higher.
Azimuth Plane Distribution Characteristics of the In-Situ Stress
The preliminary orientation diagrams of maximum and minimum PHS in the Dingshan-Dongxi area were constructed, as shown in Figure 8. According to Figure 8A, the maximum PHS directions of DY2 well fell into the (NE-SW, NE40°) sector. The above directions changed from DY5 to DY4 wells from NW-SW to approximately E-W. DY3 and DY1 wells exhibited similar orientation changes. The maximum PHS direction of the DY1 well coincided with NEE-SW (∼NE40°). As shown in Figure 8B, the minimum PHS directions of DY2 and DY5 wells fell into the NW-SW sector, while those of DY3, DY2, and DY1 fluctuated from north to west. The minimum PHS direction of DY4 was approximately from south to north, slightly fluctuating between NW and NE directions.
MODEL AND NUMERICAL SIMULATION
The stress field of the Longmaxi formation in the Dingshan area was simulated via the finite element method (FEM) and the ANSYS software. The stress field simulation required the following steps: 1) determining the structural elements (such as faults, anticlines, and synclines) and strata geometry (e.g., elevation, thickness, etc.); 2) determining the spatial distribution of mechanical parameters (such as Poisson’s ratio and the Young modulus) of the rocks at different positions; 3) determining the load state and related boundary conditions of the geological body.
Geomechanical Model
Mechanical Parameters
Nuclear magnetic resonance and XMAC logging techniques were used to determine the mechanical parameters (the Young modulus, Poisson’s ratio, etc.), brittleness index, and rock element weight fraction in the profile. For various lithologies, the rock mechanical parameters may vary with formations. The AVO synchronous inversion of prestack seismic data can yield multiple-reservoir elastic parameters, making it possible to calculate the brittleness index via dynamic elastic parameters. Therefore, the AVO synchronous inversion can directly obtain dynamic elastic parameters (Liu et al., 2018). Compression and shear wave velocity and density logging data are the basic data for calculating dynamic elastic parameters. These logging data are vital for establishing the initial inversion model and constraining inversion results. Using the low-frequency components of logging curves in the Dingshan area, the initial 3D inversion model of the study area was constructed. Using the wide-azimuth angle gathers extraction to get the input data, the horizon mean slices of dynamic Young moduli and Poisson’s ratios of the Longmaxi formation in the Dingshan area were obtained by the AVO inversion, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Slicing of dynamic Young’s modulus and Poisson’s ratio along strata of the Longmaxi formation in Dingshan area. (A) Dynamic Young’s modulus (Pa). (B) Dynamic Poisson’s ratio.
The Young moduli of the fault zone were usually smaller by 15–35% than those of the normal strata in the Dingshan area (Liu et al., 2017a; Yong et al., 2018; Zhong et al., 2019). Such mechanical parameters as the Young moduli and Poisson’s ratios vary with fault size: the larger the fault length, the greater the fault drop; the larger the Young modulus of the rock, the smaller is its Poisson’s ratio and vice versa.
Geological Model and Finite Element Mesh
The steps to establish the geological model of the Dingshan area were as follows:
(1) The CAD software was used to extract the position information on the contour lines of each layer in the geological structure map to obtain the structural features at different positions.
(2) According to the geological information on several layers in the study area, the surfer software was used for surface fitting to obtain the surface related to the actual stratum distribution characteristics.
(3) The Catia 3D modeling software is used to simulate the closure and filling of the research object, and then the initial geological model of the Dingshan area was established.
(4) The initial geological model of the Dingshan area was imported into the ANSYS finite element simulation software.
As shown in Figure 10, to reduce the computational complexity and improve the computational accuracy, the geological model was meshed by quadrilateral elements and then subdivided into a series of nodes and elements. According to the characteristics of element types in the finite element software, the Solid 45 elements were used for meshing the shale reservoir as the most suitable for layered structure element division. More precise element division could produce more accurate results, but the computational complexity would also be increased. Therefore, the target strata and fault zones were subdivided into several quadrilateral grid elements with side lengths of 3–10 m. The surrounding rock was simulated with a coarse grid with a side length of 10–300 m. The study area around the borehole was split into fine grids, and the area far away from the study area was subdivided into coarse grids. The FEM model contained 1,124,643 elements and 188,632 nodes. Each of these nodes was assigned different mechanical properties, according to the results depicted in Figure 10, which turned the initially homogeneous model into a heterogeneous one. In the computations, tensile and compressive stresses had positive and negative values, respectively.
[image: Figure 10]FIGURE 10 | Modeling process of numerical simulation. (A) Construction information extraction point distribution map. (B) Fitting surface of each layer interface. (C) Development map of rock geological body. (D) 3D geological model of Longmaxi formation shale in Dingshan area.
RESULTS AND DISCUSSION
In the fractured reservoir, the propagation direction of hydraulic fractures was closely related to the stress state, fracture extension, and the development of natural fractures. Various stress parameters, horizontal stress difference ∆σ, and horizontal stress difference coefficient (Kh) were the main factors controlling the propagation of hydraulic fractures along the maximum principal stress direction (Liu et al., 2017b).
As seen in Figures 11A,B, the maximum and minimum principal stresses had similar distribution patterns. In contrast, gravity and plate boundary stress played a major part in the Dingshan area. Figure 11A shows the distribution diagram of the maximum PHS and azimuth contour of shale gas reservoirs in the Longmaxi formation of the Dingshan area. As observed, the variation range of the maximum principal stress in the study area ranged from −135 to −45 MPa, which implied the prevailing compressive stress state. The increasing trends from east to west and south to north were observed, strongly correlated with the strata buried depth of strata but could not be described by simple linear relationships. Due to the large fault structure segmentation of the near NEE trending, the stress field in the study area was characterized by obvious zoning. The existence of fault structures greatly affected the maximum principal stress: its variation gradient was the highest near the fault zone, especially in the areas with fault structure turns or intersection of multiple faults. Meanwhile, since the internal rocks of the fractured structure were partially broken, the relevant mechanical parameters were slightly lower, the maximum principal stress value in the fracture structure was reduced correspondingly. The larger fracture structure scales corresponded to the larger decline of the maximum principal stress.
[image: Figure 11]FIGURE 11 | Stress field of shale gas reservoir of the Longmaxi formation in Dingshan area. (A) Maximum horizontal principal stress and its azimuth distribution in the Longmaxi formation. (B) Minimum horizontal principal stress and its azimuth distribution in the Longmaxi formation. (C) Distribution of stress difference in the Longmaxi formation. (D) Distribution of stress difference coefficient in the Longmaxi formation.
As shown in Figure 11A, the azimuth of the maximum PHS of the Longmaxi formation in the Dingshan area mainly ranged between NE20° and NE80° directions, which was consistent with the stress azimuth of the far-field area on the whole. However, there were also some differences: the orientation of the maximum principal stress in the study area was approximately parallel to the strike of the main fault zone, while that in the local area was normal to the fault structure. The fault zone significantly affected the maximum principal stress distribution. The principal stress orientation exhibited refraction and deflection near the fault structure, especially at large fault scales and in multiple fault structures’ intersections.
The minimum PHS and its orientation distribution in the shale gas reservoir of the Longmaxi formation in the Dingshan area are shown in Figure 11B. As observed, the minimum PHS mainly ranged between −95 and −35 MPa, featuring the prevailing compressive stress state. The minimum PHS in the study area increased from south to north and from east to west, with an obvious depth correlation. However, in terms of the specific values, the minimum PHS value variation pattern strongly differed from the maximum principal stress. In the area under study, due to the high degree of rock breaking near the fault structure and the low ability to bear the shear load, the difference between the maximum and minimum principal stresses and the coefficient of stress difference were relatively small, as shown in Figures 11C,D. The fractured structure had a stronger effect on the distribution of the minimum principal stress than on the maximum one, showing a higher variation gradient and local zoning characteristics.
As shown in Figure 11B, the orientation distribution of the minimum PHS of the shale gas reservoir in the Dingshan area was more complex. The variation range was wider than that of the maximum principal stress. In particular, the orientation of the minimum principal stress near several main faults in the north and northeast directions of the study area changed greatly, indicating that the orientation of the minimum PHS was also affected by faults.
The reliability of the simulation results was verified by comparing the calculation results on the in-situ stresses of DY1, DY2, DY3, DY4, and DY5. As shown in Figure 12, the maximum relative error between the maximum and minimum PHS values did not exceed 15%, while the relative error of the local position did not exceed 10%. Therefore, the method of heterogeneous geomechanical modeling proposed in this paper accurately predicted the 3D in-situ stress field.
[image: Figure 12]FIGURE 12 | Comparison of horizontal principal stress results based on simulation and calculation. (A) Error of maximum horizontal principal stress results. (B) Error of minimum horizontal principal stress results.
CONCLUSION
1) The fracture extension directions of the Longmaxi formation in the Dingshan structure were mainly NWW, NE, approx. SN, and NNW, and the fracture development was relatively poor. The seismic interpretation results show that the structural pattern of the Longmaxi formation was high in the east and low in the west, mainly developing NE-SW, NNW-SSE fault systems and a small number of near-SN fault systems, mainly reverse faults. The implies that the area was mainly affected by tectonic compression and consistent with the in-situ stress distribution.
2) The maximum PHS in the study area varied within the range from 63.0 to 127.0 MPa, and the minimum PHS ranged from 48.0 to 109.0 MPa. The maximum and minimum PHS directions coincided with NE-SW and NW-SE lines, respectively. The northwest part of the study area was higher than the southeast one, and the PHS magnitude variation was directional. The maximum PHS and minimum PHS exhibited a certain correlation with the strata depth. The maximum PHS direction in the study area slightly deviated from the NE-SW direction to the near-EW direction. The minimum PHS direction coincided with the NW-SE line. The respective directions of DY3, DY2, and DY1 wells exhibited a systematic deviation from the north to the west, while that of the DY4 well deflected from the north to the east.
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