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The exploration and development potential of shale gas reservoirs in the Sichuan Basin is enormous; however, it also faces difficulties such as complex structures, strong heterogeneity, and unclear geophysical response characteristics. Fine prediction of geostress is an important part of shale gas exploration and development, which directly affects the implementation effect of reservoir evaluation, well trajectory design, and fracture reconstruction. The existing geostress prediction techniques lack high-precision seismic data constraints, making it difficult to accurately reflect the planar distribution characteristics of geostress in the block with rapid changes in complex tectonic zones. At the same time, the geophysical response characteristics of geostress in the Sichuan Basin are unknown, and the geostress seismic prediction technology lacks theoretical basis. This paper combines numerical simulation and physical experiments and defines the characteristics of the geophysical response of shale gas reservoirs in the Sichuan Basin changing with the stress field, and technical countermeasures for geostress seismic prediction have been established to provide technical means for accurate prediction of the geostress field in the shale gas block. Based on the geostress sensitive parameters obtained from prestack seismic inversion, the geostress field prediction of a shale gas work area in the Sichuan Basin is realized.
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1 INTRODUCTION
For geostress, many theories, methods, and applications are still in the exploratory stage (Yang et al., 2013; Song et al., 2017; Song et al., 2020; Liu et al., 2023). Geostress is a key factor affecting shale hydraulic fracturing design (Huang et al., 2019; Zheng et al., 2022; Huang et al., 2023a; He et al., 2023; Tan et al., 2023). Meanwhile, understanding geostress is a prerequisite for successful development of shale gas (Tan et al., 2017; Luo et al., 2022; Zhang et al., 2022; Huang et al., 2023b). The predecessors have carried out in-depth research on geostress logging calculation, geostress numerical simulation, and geostress seismic prediction methods and obtained a series of achievements (Karadeniz, 2019; Wu et al., 2023). However, due to various factors, it is difficult to make a major breakthrough in geophysical response characteristics and geostress seismic prediction methods under the condition of a natural fracture geostress-coupling medium.
First, the deep shale gas area in the southern Sichuan Basin is subject to multi-stage tectonic evolution, and the geostress changes rapidly (Craig, 2014; Huang et al., 2017). This study area mainly develops northeast structural groups, and small faults are developed in synclines between structures, with complex geological conditions. The geostress changes between different structural units are complex. The existing geostress prediction technology is mainly based on the theory of geomechanics and is obtained by finite element simulation using the calculation results of single-well geostress. This technology does not fully consider the lateral variation characteristics of the reservoir and lacks planar data constraints, resulting in low prediction accuracy between larger well spacing (Schoenball and Ellsworth, 2017; Wang et al., 2022). Seismic waves contain the stress and strain characteristics of reservoirs. Combining the advantages of seismic lateral resolution, starting from the constitutive equation of the reservoir, the geostress field seismic topological relationship is established to form a set of geostress prediction methods based on seismic data.
Second, the geophysical response of deep shale reservoirs in southern Sichuan to geostress is unclear. The underground structure and stress are key factors affecting the seismic anisotropy of shale reservoirs (Xu et al., 2019). Deep shale reservoirs have complex geological stresses, natural fractures are developed, and the geophysical response under the coupling conditions of geological stress field and natural fractures is unclear (Ji et al., 2015; Huang et al., 2018; Huang et al., 2022; Song et al., 2022). Therefore, it is considered to establish a deep shale reservoir structure stress equivalent model; explore the acoustic expression patterns of rock masses under different fault levels, fault properties, and stress conditions; clarify the seismic azimuth anisotropy response characteristics under natural fracture geostress coupling conditions; and provide theoretical support for geostress azimuth prediction.
Third, the seismic prediction technology of geostress in a deep shale reservoir is immature. The magnitude and orientation of geostress are the main factors for predicting the geostress field (Hayavi and Abdideh, 2016). The geostress azimuth prediction technology based on wide-azimuth seismic data is immature, and the seismic prediction technology for geostress size has not fully considered the reservoir heterogeneity, making the prediction accuracy low. Therefore, based on experimental research results, we will conduct research on seismic anisotropy characteristics based on wide-azimuth seismic data, clarify the dominant orientation of anisotropy, and achieve the prediction of geostress orientation. In terms of the magnitude of geostress, a rock physical model containing saturated fluid and fractured media is constructed based on linear sliding theory, and a prestack seismic inversion objective function based on anisotropy is constructed. By deriving the constitutive equation, the transformation from elastic waves to geostress magnitude is achieved.
Accurate prediction of geostress field is an internationally recognized problem in the industry today, but it is also an urgent problem in the field of shale gas exploration and development (Huang et al., 2020; Detournay et al., 2022; Dontsov, 2022; Zhang et al., 2023). This paper has confirmed the seismic wave response characteristics of deep shale reservoirs in southern Sichuan under the condition of natural fracture and geostress coupling, established the identification mode of deep shale reservoir geostress geophysical response, and integrated anisotropic petrophysical modeling, prestack seismic inversion, prestack seismic attribute, and other technical means to realize the seismic prediction technical method of deep shale reservoir geostress in southern Sichuan, which is of great significance to support the rapid and beneficial production of deep shale gas.
2 PHYSICAL MODEL TEST OF GEOPHYSICAL RESPONSE TO DEEP SHALE RESERVOIR GEOSTRESS
2.1 Preparation of core samples
The test pieces for rock mechanic parameter testing are obtained from surface outcrops and underground cores. According to the ISRM standard, each specimen is processed into a standard small cylinder with a diameter of 25 mm and a length of 50 mm, as shown in Figure 1, and the parallelism of the upper and lower end faces is controlled to be less than 0.01 mm.
[image: Figure 1]FIGURE 1 | Field outcrop preparation core and underground core.
Since shale often presents a certain degree of anisotropy under the compaction of perennial geological structures when it is formed, to have a more complete understanding of the mechanical properties of this batch of outcrops, with a bedding plane as a reference, we will drill cores from shales at different angles and test shale samples drilled from the same angle by applying different confining pressure values to observe the changes of shale strength of material parameters.
The test results of rock mechanics behavior in the outcrop are shown on the left side of Figure 2, and the rock cores are shown on the right side. There is less difference in the rock mechanics behavior between the rock sample of the proposed crop model specimen and the deep shale rock sample under different confining pressures, and the selected outcrop has good representativeness.
[image: Figure 2]FIGURE 2 | Stress–strain curve based on triaxial stress testing. Outdoor outcrop (left) and underground core (right).
2.2 Preparation of shale models containing faults
For the geological body model containing faults, we used field shale as the basic material, cut at different angles, and used cement slurry materials with different lime sand ratios as the filling material for simulating faults. After being formed by casting and curing, we will reform physical model for geophysical testing, as shown in Figure 3. A fracturing physical model test plan was constructed under different stresses, fault dip angles, and filling materials, and the parameters of those model are shown as Table 1.
[image: Figure 3]FIGURE 3 | Production of shale rock samples containing filled faults after molding.
TABLE 1 | Physical model test plans under different stresses, fault dip angles, and different filling materials.
[image: Table 1]2.3 Experimental methods
Experimental schemes for P-wave anisotropy were constructed under different stresses, fault dip angles, and filling materials, as shown in Figure 4 and Figure 5. Active source probes and several passive acquisition probes are arranged on both sides of the cube specimen, when considering both sides of the fault. The receiving probes are arranged in a fixed grid array, and their positions are sequentially changed. The amplifier and acoustic acquisition system are connected, and the active source probe is activated to emit excitation waves. The acoustic response of the receiving acquisition probe at each position is observed.
[image: Figure 4]FIGURE 4 | Comprehensive device for detecting the anisotropy of P-waves under three-dimensional stress (A) Triaxial stress testing device (B) Bearing platebear for P-wave excitation device (C) P-wave excitation device (D) P wave receiving and analysis device.
[image: Figure 5]FIGURE 5 | Acoustic testing model for rock samples containing faults.
The data collection scheme adopts a multi-point excitation, multi-point reception, and extraction scheme. In order to improve the coverage frequency, wide-azimuth transmission reception is adopted. After theoretical wavelet excitation, amplitude compensation and consistency processing are carried out on the collected data to ensure uniform energy of each receiving channel. Environmental noise and high-frequency random noise are suppressed, and the K-means algorithm is used to extract the first arrival of P-waves, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Method of P-wave travel time extraction.
As observed from the experimental data, as the dip angle of the fault increases, the receiving velocity first decreases and then increases; as the density and stress of the filling material increase, the receiving speed increases, the detailed results of which are shown in Table 2.
TABLE 2 | P-wave travel time extraction results under different stresses, fault dip angles, and filling materials.
[image: Table 2]After a series of AVAZ seismic data processing techniques such as bandpass filtering, channel equalization, and partial stacking, azimuth geophysical data are obtained. After extracting and analyzing the amplitude of the first arrival seismic wave data, the transmitted wave AVAZ response of the acoustic experiment under different stress states was obtained. The amplitude energy of the first arrival wave was extracted to obtain the projected wave AVAZ response, as shown in Figure 7. Subtracting the energy of isotropic transmitted waves (0 directional projected wave energy) yields the anisotropic transmitted energy, as shown in Figure 8. By comparison, it can be found that when the vertical principal stress is fixed, the AVAZ response of the transmitted wave gradually decreases with the increase in the geostress difference; with the decrease in the geostress difference, the transmitted wave AVAZ response gradually increases, indicating that the P-wave velocity exhibits anisotropic characteristics under different stress conditions, laying the foundation for subsequent research.
[image: Figure 7]FIGURE 7 | AVAZ response of the P-wave under different stresses.
[image: Figure 8]FIGURE 8 | Anisotropic AVAZ response of the P-wave under different stresses.
The geostress orientation is fixed, the transmission wave AVAZ feature detection of different strike fault models is carried out, and the influence of the geostress orientation on the seismic wave AVAZ feature is studied, as shown in Figure 9. By using the rose plot for transmitted wave amplitude, the AVAZ characteristics of transmitted waves have been found to have good consistency with the fault strike. When faults or fractures have already been formed, applying principal stress from other azimuths has a very little impact on seismic AVAZ, and it is difficult to observe the effect of stress orientation on seismic AVAZ through experiments. The rose plot direction is basically consistent with the fault orientation.
[image: Figure 9]FIGURE 9 | Rose plot of the relationship between seismic azimuth anisotropy and geostress orientation.
3 NUMERICAL SIMULATION OF GEOPHYSICAL RESPONSE TO DEEP SHALE RESERVOIR GEOSTRESS
3.1 Analysis of the influence of geostress on the elastic parameters of shale reservoirs
For deep fractured shale, the in situ geological conditions of high temperature and pressure have put forward higher requirements for shale exploration and fracture development (Zhang et al., 2022). Therefore, after completing the establishment of the rock physical model of shale, it is necessary to consider the influence of pressure on elastic parameters and then study the influence of pressure on the geophysical response. David and Zimmerman proposed the DZ model in 2012 to study the variation of rock stiffness parameters with pressure. In rock media without fractures, the equivalent bulk modulus and equivalent shear modulus obey the following expressions:
[image: image]
[image: image]
where [image: image] represents vertical principal stress, [image: image] represents attenuation coefficient, and [image: image] and [image: image] represent the elastic parameters under no pressure and ultimate pressure, respectively. Daley and Schoenberg derived similar fracture flexibility parameters as a function of pressure:
[image: image]
[image: image]
Based on the linear sliding theory of Schoenberg and Sayers (1995), the equivalent flexibility tensor S of fractured reservoirs is approximately equivalent to the sum of the flexibility tensor of the background media without fractures and the fracture disturbance flexibility tensor as follows:
[image: image]
The variation of the flexibility coefficient of the background medium with pressure and the variation of the fracture flexibility coefficient with pressure can be calculated separately, ultimately obtaining the stiffness coefficient of fractured shale under different pressures. Figure 7 shows the pressure-dependent curves of C33 and C55 parameters of the background medium obtained using the DZ model, where the stiffness coefficients C33 and C55 are important parameters in the VTI medium:
[image: image]
where [image: image] and [image: image] represent the P-wave velocity in both vertical and horizontal directions, respectively. [image: image] and [image: image] represent the S-wave velocity in both vertical and horizontal directions, respectively.
We explore the variation law of the stiffness coefficient based on the influence of pressure on velocity anisotropy. C33 and C55 will continue to increase with increasing pressure. At the beginning of applying of stress, the stiffness coefficient will rapidly increase with the increase of pressure, and when the pressure increases to a certain threshold value, it will increase extremely slowly until the limit state, and the results are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Elastic parameters of fractured shale background medium and their variation characteristics with pressure.
Similarly, the variation of fracture flexibility parameters with stress can be obtained. The fracture flexibility parameter represents the elastic parameter of the compressibility of the fracture, and the smaller its value, the smaller the transverse-to-longitudinal ratio of the fracture, which is close to the compacted state. From Figure 11, it can be observed that as the stress increases, [image: image] and [image: image] gradually decrease until the limit state.
[image: Figure 11]FIGURE 11 | Variation characteristics of fracture flexibility with varying pressure.
By using the fracture flexibility parameter, we can convert the distribution of geostress and provide a guarantee for the application of stress in subsequent experiments. The relationship between the maximum horizontal principal stress and the minimum horizontal principal stress is shown in Figure 12, while ensuring that the rock maintains its current fracturing condition.
[image: image]
[image: image]
[image: Figure 12]FIGURE 12 | Variation characteristics of maximum and minimum horizontal principal stresses with varying pressure.
Through calculation, it can be obtained that the maximum and minimum horizontal principal stresses will basically increase with the increase of stress, and the relationship is close to linear growth. The differential horizontal stress ratio (DHSR) obtained using geostress is an important brittleness index indicating fracturing, and its expression is as follows:
[image: image]
The DHSR is not related to [image: image], so it is not necessary to know the magnitude of overlying formation pressure in the DHSR calculation process. Usually, if the DHSR value is large, there are a large number of fractures parallel to the maximum horizontal stress direction in the formation. However, if the DHSR value is small, the area is more suitable for fracturing development and is prone to forming an orthogonal fracture network, which is conducive to the migration of oil and gas in the reservoir and the extraction of unconventional reservoirs.
Figure 13 shows the variation of DHSR parameters with pressure, and it can be observed that shale gradually increases the difficulty of fracturing with increasing pressure, mainly controlled by the compaction degree of the background medium. However, the presence of fractures can effectively improve the effectiveness of fracturing, so, theoretically, accurate prediction of fractures can provide a very good indicator for fracturing.
[image: Figure 13]FIGURE 13 | Characteristics of changes in the DHSR under pressure.
3.2 Geophysics response simulation of geostress in shale reservoirs
Based on the previous rock physics modeling, we can obtain the stiffness coefficient and density of the deep fractured shale rock physics model. When we set this stratum as the underlying stratum, we can obtain the geophysics response of the reflection interface through the above formula by changing the different upper media. Here, we define the overlying strata as isotropic sandstone and non-fractured shale and discuss them separately.
3.2.1 The overlying strata are sandstone
According to the perturbation principle, seismic wave propagates in weakly anisotropic media, and the reflection coefficient can be expressed as an isotropic part and anisotropic perturbation part.
[image: image]
The isotropic part can be expressed using the Zoeppritz formula or Aki–Richard formula as follows:
[image: image]
The anisotropic part can be expressed as follows:
[image: image]
Among them, [image: image] and [image: image] represent the perturbation quantities of rigid parameters and density, respectively:
[image: image]
The influence of different fracture azimuth angles on AVAZ data is shown in Figure 14, in which the blue line represents the seismic AVAZ. It can be found that the AVAZ rose plot can be used to determine the orientation of faults and fractures.
[image: Figure 14]FIGURE 14 | Influence of fracture azimuth on seismic AVAZ.
3.2.2 The overlying strata are non-fractured shale
When the overlying strata are non-fractured shale, the reflection coefficient is expressed as follows:
[image: image]
The anisotropic part of VTI can be expressed using Graebner’s exact formulation or Ruger’s approximate formula:
[image: image]
The anisotropic part can be expressed as follows:
[image: image]
Here, we assume that both the overlying and underlying strata are shale with consistent backgrounds, except for the development of fractures in the lower layer. Therefore, through formula derivation and numerical simulation, the variation of reflection coefficient Rpp with incident angle and azimuth angle can be obtained. Because the background is completely consistent, the difference is mainly reflected in the anisotropic perturbation part.
We compare the changes in reflection coefficients with incident angle and azimuth angle under different pressure states, as shown in Figure 15. Through comparison, it was found that fracture parameters can affect the variation of seismic amplitude with the incident angle and azimuth angle. Therefore, in conventional seismic exploration, directional anisotropy difference data can be used to extract fracture parameters, such as fracture strength and anisotropy parameters. Then, the obtained anisotropic parameters are brought into the conventional AVA/AVO inversion algorithm to obtain conventional linear elasticity parameters, such as Young’s modulus and Poisson’s ratio, to characterize the reservoir brittleness.
[image: Figure 15]FIGURE 15 | Variation of the seismic reflection coefficient with incident angle and azimuth under different stress conditions: (A) 0 MPa, (B) 10 MPa, (C) 20 MPa, and (D) 30 MPa.
When the azimuth or incidence angle is fixed, the influence of seismic wave amplitude on the incidence angle and formation pressure can be studied, as shown in Figure 15. It can be observed that the reflection coefficient changes with changes in pressure. During the initial process of applying of pressure, the elastic parameters of the rock will undergo significant changes, resulting in significant changes in the geophysical response; when the pressure is applied to a certain extent, the changes of linear elasticity parameters reach a certain threshold value and are in a relatively balanced state.
Overall, the influence of stress on seismic reflection coefficients is relatively small, and the main contribution is reflected in the anisotropic part.
As observed from the numerical simulation results of step-by-step pressurization, the seismic reflection coefficient changes significantly when the stress difference is less than 20 MPa, and the seismic reflection coefficient is sensitive to the change of stress difference, which verifies the reliability and effectiveness of seismic prediction of geostress, as shown in Figure 16.
[image: Figure 16]FIGURE 16 | (A) Variation of the seismic reflection coefficient with stress and incident angle; (B) variation of the seismic reflection coefficient with stress and azimuth angles.
4 RESEARCH ON PREDICTION TECHNOLOGY OF GEOSTRESS BASED ON AZIMUTH ANISOTROPY INVERSION
Thomson (1986) proposed Thomson weak anisotropy parameters to obtain the seismic reflection coefficient in anisotropy media. Gary (2013) established the relationship between Thomson weak anisotropy parameters with the geostress sensitive parameter DHSR to describe the favorable areas for shale gas reservoir fracturing, as shown in Figure 17. Because the DHSR cannot be obtained by well logging directly, we consider the mineral components, pores and fracture, and fluid characteristics of shale gas reservoirs in the Sichuan Basin to establish the rock physical model to estimate the Thomson weak anisotropy parameter and the workflow of rock physical modeling.
[image: Figure 17]FIGURE 17 | Rock physical modeling for Thomson weak anisotropy parameters.
Estimation of Thomson weak anisotropy parameters based on the rock physics model: the calculation results of longitudinal and shear waves are highly consistent with logging data, and the estimation of anisotropic parameters is reliable, as shown in Figure 18.
[image: Figure 18]FIGURE 18 | (A) Comparison between predicted Vp and Vs with actual well logging data; (B) calculation of Thomson weak anisotropy parameters by well logging data.
Ruger (1997) provided the reflection coefficient equation based on first-order perturbation theory, with the specific form as follows:
[image: image]
where [image: image] and [image: image] represent the mean value and difference of longitudinal wave impedance of upper and lower media, respectively; [image: image] and [image: image] represent the mean value and difference of shear modulus of upper and lower media, respectively; [image: image] and [image: image] represent the mean value and difference of longitudinal wave velocity of upper and lower media, respectively; [image: image] represents the mean value of shear wave velocity of upper and lower media; [image: image] represents the difference of anisotropy parameters of upper and lower media; [image: image] represents the incidence angle; [image: image] represents the azimuth angle, which refers to the included angle between the survey line direction and the fracture tendency.
According to Connolly (1999) and Martin (2001), the above equation is transformed into an azimuthal anisotropic elastic impedance form:
[image: image]
In the above formula, the six coefficients that form a trigonometric functions relationship with azimuth and incident angles are expressed as follows:
[image: image]
[image: image]
By using the formula of azimuthal anisotropic elastic impedance for predicting geostress, the impedance value of azimuthal elastic impedance is shown to often decrease sharply with the change of the incident angle, which is not conducive to the analysis of geostress changes. Normalization of azimuthal anisotropic elastic impedance is performed to obtain the normalized elastic impedance form:
[image: image]
To obtain six anisotropic elastic parameters, six elastic resistance antibodies with different orientations and incidence angles are required. Substituting multiple azimuth and multiple incidence angles into the above equation, we obtain the following equation system:
[image: image]
Based on the regression calculation of the elastic impedance of the well bypass and logging data, the coefficient matrix is obtained. By multiplying the data for inverted elastic impedance from different angles at each sampling point by the inverse of the coefficient matrix, the anisotropic elastic parameters at each point can be obtained. According to the wide-azimuth seismic inversion technology, necessary parameters can be obtained, which can then be used to calculate the DHSR.
Figure 19 shows the DHSR prediction results of a shale gas work area in the Sichuan Basin. The prediction results are highly consistent with the core test results, verifying the effectiveness of the method. This achievement has been successfully applied to the shale gas well location deployment and fracturing scheme design in the work area, realizing the fine evaluation of the “sweet spot” of the project.
[image: Figure 19]FIGURE 19 | DHSR prediction plan of a shale gas work area in the Sichuan Basin.
5 CONCLUSION
Under the condition of horizontal two-way geostress clamping in a faultless geological body, the propagation speed of longitudinal wave velocity along the maximum horizontal principal stress direction is the highest. For a stress difference less than 20 MPa, the greater the stress difference, the more obvious the AVAZ characteristics of the longitudinal wave, laying a theoretical foundation for conducting geostress prediction based on prestack seismic inversion.
The geostress orientation inside the geological body is greatly affected by geostress shielding. When the geological body has a fault, the geostress orientation only shows a certain deflection at the end of the fault. The internal principal stress orientation is almost consistent with the geostress orientation. The prediction of the geostress orientation based on seismic anisotropy needs to be further carried out by comprehensively considering the geostress and structural characteristics.
The theory of seismic prediction technology for geostress difference is solid, and the technology is mature, which can be further applied.
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