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The in-situ stress and formation pressure are important parameters in shale gas development. They directly affect the well wall stability, the direction of horizontal well drilling, and the fracturing effect during the shale gas development process. There are abundant shale gas resources in the southeastern Chongqing-Sichuan area, but the structure in the area is complex, and it is difficult to predict the in-situ stress and formation pressure. Therefore, in this paper, a finite element simulation model was established based on a large number of seismic, logging, and experimental rock mechanics data and the prediction accuracy of the stress field simulation was effectively improved. The construction of the stress field was based on the combined spring model, as well as the data related to the measured in-situ stress and the formation pressure obtained during drilling. The coupling relationship between the in-situ stress, the formation strain, and the formation pressure were derived to carry out the prediction of the distributions of the formation pressure and the formation pressure coefficient. The prediction results showed that the present-day maximum principal stress direction in the study area was about NE65°–110°, and the present-day maximum principal stress was 56.12–93.79 MPa. The present-day minimum principal stress direction was about NE335°–20°, and the present-day minimum principal stress was 48.06–71.67 MPa. The formation pressure was 2.8–88.25 MPa, and the formation pressure coefficient was 0.74–1.55. The formation pressure distribution was greatly affected by fault, tectonic location, in-situ stress and rock petrophysical properties, and the overpressure areas of the formation were distributed in the synclines and the deeply buried areas. This study shows that the finite element based formation pressure prediction method is effective.
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1 INTRODUCTION
Formation pressure is the reflection of the environmental stress of formation pore fluids, in which vertical load plays a leading role. For shale gas reservoirs, the variation of formation pressure is very large, often manifested as abnormal pressure (Chen et al., 2020; Sun et al., 2023). Abnormal pressure includes abnormal high pressure and abnormal low pressure. The measured formation pressure results are discrete, but the prediction of shale gas sweet spots requires a continuous formation pressure distribution. At this time, the conventional methods based on logging data, such as the Eaton method and the equivalent depth method, make the forecasting strategy of formation pressure further developed (Zhang, 2013). It is obvious that conventional logging method is an indirect method to predict formation pressure. Generally, the response of abnormal high pressure on logging curve is high porosity, low density, low wave velocity and low resistivity; while the abnormal low pressure shows the increase of density and resistivity, and the decrease of acoustic time difference (Sun et al., 2023). However, there are many factors that affect the change of rock porosity, density and acoustic wave time difference, such as undercompaction, temperature, diagenesis and structure (Xiong et al., 2016; Ma et al., 2020). Therefore, the formation pressure obtained by conventional methods often fails in complex structural areas. From the formation mechanism of formation pressure, it is affected by the superposition of overlying load and difference of horizontal tectonic stresses. Therefore, the finite element method based on geomechanics is a more direct method to predict formation pressure.
The Sichuan Basin and its surrounding areas contain rich reserves of shale gas resources, and the proven reserves exceed 2 × 1012 m3 (Guo et al., 2014; Nie et al., 2021). As the main horizontal section for shale gas exploration and development in southern China, the Silurian Longmaxi Formation has entered a stage of commercial shale gas development (Guo et al., 2014). The Nanchuan Area is another shale gas production area in the Sichuan Basin except for the Jiaoshiba Area (He et al., 2021). The Wufeng-Longmaxi Formation shale gas reserves have reached 1700 × 108 m3, and the Pingqiao Anticline has a shale gas production capacity of 6.5 × 108 m3. The testing production of a single well was 7.1 × 104 to 29.1 × 104 m3/d, and the production varies greatly (He et al., 2021). Since the Mesozoic and Cenozoic, the Sichuan Basin has experienced multiple periods of tectonic movement, resulting in a complex distribution of the magnitude and direction of the in-situ stresses in the Longmaxi Formation (Chen et al., 2020; Ma et al., 2020; Wang, 2020; Luan et al., 2022). The Nanchuan Area is located at the edge of the Sichuan Basin and is a high-pressure–normal-pressure transition zone for shale gas. The pressure coefficient is distributed between 0.8 and 1.5. Therefore, the research on the prediction of the distributions of the in-situ stress and formation pressure plays an important role in the exploration and development of shale gas in this area.
Because of the low porosity and low permeability properties of shale gas reservoirs, horizontal well drilling and hydraulic fracturing technology have been widely adopted worldwide in recent decades to improve shale gas recovery. However, the selection of borehole direction of horizontal wells and the fracture propagation of hydraulic fracturing, are inseparable from the in-situ stress. Numerous previous studies have been conducted on how to predict the in-situ stress field, and relatively mature research methods have gradually been developed, such as the logging interpretation method and the core testing method (Kingdon and Fellgett, 2016; Xing et al., 2018; Zhang et al., 2023). These methods can accurately obtain the in-situ stress data of single wells, but it is impossible to predict the in-situ stress field of an area with no wells. With the continuous progress of research, some researchers have conducted numerical simulation studies on in-situ stress based on finite element principles combining logging calculation and core testing method (Chatterjee and Pal, 2010; Wang et al., 2017; Chen et al., 2018). The reservoir pressure while drilling tester can directly measure the formation pressure of the target zone. The Schlumberger’s Pressure Xpress and Pressure XPresS-HT instruments have also used the Quartzdyne quartz pressure sensors to measure formation pressure (Xue et al., 2023). The core component of these instruments is the quartz pressure sensor, which calculates the real pressure and temperature values through the solution algorithm, and then gets the accurate measurement results of the dynamic response of the formation pressure. In addition, the formation pressure prediction based on logging algorithm depends on the high resolution of logging data. The common interpretation models include effective stress method, Bowers method, empirical statistical model method, equivalent depth method, Eaton method, etc., which determine formation pressure through the compaction characteristics of rocks in the depth domain (Shi et al., 2020). The mechanical modeling method used by most researchers in the process of numerical modeling is to simulate the stress field of the formation outside the fault as an isotropic body (Higgins et al., 2008; Huang et al., 2019; Li et al., 2020). In a complex tectonic zone, the distributions of the mechanical parameters of the rocks within a layer vary considerably (Li et al., 2023; Peng et al., 2023). If the stress field simulation is carried out using an isotropic mechanical model, the accuracy of the simulation results will be greatly affected. Therefore, in this study, we divided the mechanical parameters into different regions based on the distributions of mechanical parameters of rocks, which could effectively improve the accuracy of the simulation results (Yang et al., 2021; Si et al., 2023).
The formation pressure, also known as the formation pore fluid pressure, is one of the important indicators in the evaluation of shale gas preservation. It is an indispensable parameter for determining the safety of drilling operations during the development of shale gas. Its ratio to the hydrostatic pressure, being called the formation pressure coefficient, is also one of the important parameters in the evaluation of shale gas reservoirs. Currently, the method of predicting the formation pressure in a well and the surrounding areas still includes the use of resistivity and sonic logging data (Mouchet and Mitchell, 1989; Sun, 2017; Chen et al., 2021; Li et al., 2021). For the prediction of the formation pressure in an area, the relationship between the acoustic wave time difference of the effective stress equation and the pore pressure can be used (i.e., the Eaton method) (Eaton, 1972; Fillippone, 1979; Carpenter, 2015). The Eaton method can also be used to establish different calculation models for different regions. Therefore, many researchers have used the Eaton method as the basis and have combined the actual geological conditions of each study area to modify the model parameters, which can effectively improve the prediction accuracy of the formation pressure. The application of these methods, however, is inseparable from the development of the layer velocity field model. With continuous research progress, the sampling accuracy of the layer velocity data points must be greater than 12 ms, in order to obtain formation pressure prediction results that meet the accuracy requirements (Xu et al., 2015; Huo et al., 2021). The accuracy of the layer velocity modeling in complex tectonic zones cannot meet the requirement for formation pressure prediction. The method of predicting the formation pressure is mainly to use logging data to predict the values in the wells and surrounding areas. It is difficult to predict the formation pressure in areas between wells.
Using the principle of finite element numerical simulation, in this study, we used the seismic data and logging data and the ANSYS Software to predict the in-situ stress field of the Longmaxi Formation in the Nanchuan Area. Additionally, considering the characteristics of the lateral isotropy and longitudinal anisotropy of the shale reservoirs, the formation pressure and formation pressure coefficient were predicted based on the combined spring model. The prediction results of the formation pressure distribution obtained in this study can provide a reference for the deployment, exploration, and development of a shale gas well networks in similar areas.
2 GEOLOGICAL BACKGROUND
The study area is located in the southeast part of the Sichuan Basin (southwest of the Jiaoshiba Area) (Figure 1). The Silurian Longmaxi Formation in this area was deposited in a deep-water shelf sedimentary environment (He et al., 2021). The shale of the Longmaxi Formation have three main lithofacies: siliceous shale, mixed shale and clay shale (Ju et al., 2019). The deposition environment was characterized by a high paleo-productivity and an anoxic environment (Wang et al., 2017), resulting in the enrichment of organic matter and providing the area with a rich source material (Figure 2). In terms of the tectonic location, the area is located in the tectogene on the southeastern margin of the Sichuan Basin. The surface undulates greatly in this area. The Jurassic strata are exposed in the northwest, and the Silurian strata are exposed in the southeast. Overall, the burial depth of the target layer gradually decreases from northwest to southeast, and the burial depths are 500–5,800 m. Most of the faults in the Nanchuan Area have a strike of the north-east direction. The causal mechanism in these faults was the long-distance conduction of the intracontinental orogeny in the Jiangnan Uplift. In the Mid-Yanshanian, the study area was subjected to a thrusting stress from the south-east, causing the faults to be mainly north-east trending. In the Late Yanshanian, a small number of nearly south-north trending faults were formed under a east-west trending stress (Wang et al., 2017). Currently, because of the influence of the compression of the Indian and Eurasian Plates, the main body of the Qinghai-Tibet Plateau has moved eastward, producing an eastward compressive stress. After transmission, a southwest-northeast compressive stress field was formed in this area (Wang and Shen, 2020).
[image: Figure 1]FIGURE 1 | (A) Location of the study area; (B) basal boundary tectonic map of the Silurian Longmaxi Formation in the Nanchuan Area; and (C) structural profile of a survey line XX’.
[image: Figure 2]FIGURE 2 | Comprehensive stratigraphic units of the Nanchuan area, eastern Sichuan Basin.
The tectonic deformation on the boundary of the study area is mainly controlled by the Qinglongxiang Fault, and the internal tectonic deformation is controlled by the Pingqiaoxi, Longjiqiao, and Yangchungou Faults (Figure 1). The Qinglongxiang Fault is a basement thrust fault that thrusts upward to the surface. The fault runs through the entire study area from north to south and has a large fault dips to the northeast. The Permian upper-plate is exposed and a Cambrian detachment has developed, causing the Daqian Fault to slip along the Middle Cambrian strata. The development of a fault-propagation fold resulted in the formation of the Baima Syncline. In addition, the southern section of the Daqian Fault changes from northeast to north-northwest because of the change in the direction of tectonic stress. Affected by the Daqian Fault and the Qinglongxiang Fault, the northward dipping Shiqiao Nasal Shape Structure was formed. The Precambrian detachment at the bottom is strong. The basement fault extends farther, crossing the Qinglongxiang Fault, and the upper Silurian strata contains almost no detachment. The tectonic deformation to the west of the Qinglongxiang Fault and the east of the Longjiqiao Fault is relatively strong. The Precambrian basement fault detachment gradually weakens and eventually disappears at the bottom of the Longjiqiao Fault. The upper cap rocks are mainly controlled by the Cambrian detachment and the development of the fault-related folds, such as the Dongsheng Anticline and the Pingqiao Anticline. They all plunge to the northeast and disappear. To the west of the Longjiqiao Fault, the deformation progressively weakens. Therefore, there is no strong faulting and folding in the forward belt of the thrust nappe structure, and only detachment occurs. For the tectonic deformation in eastern Sichuan, the Cambrian is the main detachment surface of the along-bedding detachment. The stratigraphic angle of the lower plate of the fault is relatively small, and the overall low-angle slope transitions to an open syncline in the basin. In some areas, the north-northwest trending fault cuts the early small northeast-trending fault because of the later transformation. In the southern areas, a nearly south-north trending fault-propagation fold has formed because of the nearly east-west compression in the late period.
3 METHODS
3.1 Numerical simulation of in-situ stress
The present-day stress field is the in-situ stress field caused by the present-day tectonic stress. This stress directly affects the core technologies used in shale gas development, including the horizontal well drilling and hydraulic fracturing technology. Carrying out research on the present-day stress field in complex tectonic transform areas is conducive to finding favorable areas for shale gas production. The factors that affect the distribution of in-situ stress field mainly include the characteristics of structural development, rock mechanical properties, fault distribution characteristics, boundary stress environment (the direction and size of tectonic stress), etc. In this study, the simulation study of in-situ stress field in the Nanchuan area of the Eastern Chongqing is carried out based on the finite element method.
In-situ stress field simulation mainly includes the following steps: 1) Geological model; 2) Mechanical model; 3) Determination of boundary conditions; 4) Numerical simulation results; 5) Computer calculations and analyses of the simulation results.
3.1.1 Geological model
The geological model is the basic model of the numerical simulation of the in-situ stress field, which directly affects the mechanical model, mathematical model, the division of boundary elements, and the gap of finite elements (Kaiser et al., 2005; Barba et al., 2010; Ju and Wang, 2018; Wu et al., 2021). On the basis of seismic data and the basal boundary tectonic map of the present-day Longmaxi Formation in the Nanchuan area, a basic geological model was established. To establish a geological model that fully reflects the main geological characteristics of the study area, the model considered all the faults that control the tectonics (Jiu et al., 2013; Ju et al., 2017; Liu et al., 2022). The geological data revealed that for the major faults in the area (i.e., the Longjiqiao Fault, Pingqiaoxi Fault, Pingqiaodong No. 1 Fault, Qinglongxiang Fault, and Daqian Fault), the cutting horizon is generally the Cambrian-Permian, which extends upward to the surface and downward to the Precambrian basement.
3.1.2 Mechanical model
The simulation scheme used in this study adopted the finite element analysis method to treat the research area as an ideal elastic body, and the simulation was carried out under this state. The strain was produced on the plane as a result of the action of the stress, and the stress and strain in each finite element were assumed to be uniform.
The reasonable selection of the mechanical parameters of the rocks directly affects the accuracy of the numerical simulation. Therefore, in this study, the overall characteristics of the rock series were considered when selecting the regional mechanical parameters of the rocks. The geological model used in this study was mainly divided into two units: the fault unit and the surrounding rock unit. The values of the physical parameters of these two units were different, but each was regarded as an isotropic elastic body. According to the compressional wave time difference, shear wave time difference, and density data for the Longmaxi Formation in the study area, the following equations were used to calculate the elastic modulus and Poisson’s ratio of the formation (Xu, 2014):
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Where Ed is dynamic Young’s modulus (GPa); μd is dynamic Poisson’s ratio; ρ is rock density (kg/m3); △tp is compressional wave time difference (μs/m); and △ts is shear wave time difference (μs/m).
The dynamic-static conversion equation for the mechanical parameters of the rocks was used for the mechanical property interpretation (Xiong et al., 2016). The conversion equations for the mechanical parameters of the rocks in the study area are as follows (Eqs 3, 4):
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Where Ed and Es are dynamic and static Young’s modulus (GPa); μd and μs are dynamic and static Poisson’s ratio.
3.1.3 Determination of boundary conditions
Affected by the compression of the Indian Plate and the Eurasian Plate, a southwest-northeast compressive stress field has formed in the southeastern margin of the Sichuan Basin. The direction of the drilling-induced fractures in the Nanchuan Area was statistically analyzed, and the results showed that the present-day maximum principal stress direction is NE65°–150° (Figure 1). It represents the range of a clockwise rotation from NE65° to 150°. The range of angles covered by this result is 85°. For complex structural zones, deflection in the direction of principal stress exceeding 90° is common (Higgins et al., 2008; Ju et al., 2019). The large deflection in the direction of the principal stress is due to a well-developed faults in the study area (Figure 1). Therefore, fault is the factor that cause the disturbance of local stress and its direction deflection. There are many methods for obtaining in-situ stress, such as the triaxial rock mechanics experiments, the logging data calculation method, the hydraulic fracturing method, and the borehole stress relief method. In this study, we mainly use the logging data to calculate the in-situ stress data for the drilled wells in the area. The calculation results revealed that the maximum principal stress in the study area is 63.3–78.39 MPa, and the minimum principal stress is 54–68.16 MPa. The simulation experiment was repeated to obtain the most suitable loading data.
Because the in-situ stress situation is relatively complex and it is not clear how the stress acts on the boundary, in this study, we assumed the stress on the boundary to be uniform. A geological model was established using the ANSYS Software, and the corresponding mechanical parameters were assigned to the geological units. In the model developed in this study, a three-node triangular element was used for the grid division. According to the principle of finite element division, the grid units of the fault and its surrounding area were small, with a high grid density; and the grids in the other areas were large, with a small density. After the division, the grid of the model contained 59,363 nodes and 29,632 elements in total. After several simulations, the optimal simulation results were obtained when the maximum principal stress (75 MPa) and the minimum principal stress (65 MPa) were applied at 45° northeast and 135° northwest from the boundary, respectively (Figure 3).
[image: Figure 3]FIGURE 3 | Model grid division using ANSYS. δ1 and δ3 represent the horizontal maximum and minimum principal stresses respectively.
In the finite element method, the geological body is regarded as a finite continuous element connected by nodes. By endowing the geological body with mechanical parameters and imposing boundary stress conditions, the changes of stress, strain and displacement of each node in the region under the stress environment are calculated, which never reflects the change characteristics of the stress field of the geological body.
The displacement of any node (x, y) in the model can be expressed as:
[image: image]
Where w and v are the displacement in the X and Y direction, respectively.
Based on geometric equations, the relationship between strain and displacement is presented.
[image: image]
Strain matrix is expressed as:
[image: image]
Where [b] is geometric matrix, [δ] is nodal displacement matrix.
According to the principle of virtual displacement, The derived node load matrix is:
[image: image]
Where [P] is integral nodal load matrix, [K] is integral stiffness matrix, [δ] is node displacement matrix.
Based on the elastic mechanics equation, the relationship between stress and strain is:
[image: image]
Where [D] is elasticity matrix.
3.2 Method of predicting formation pressure
Formation pressure is the pressure of fluids in the pores of an underground rock mass on the rock’s skeleton, and it interacts with the in-situ stress. In particular, in strongly deformed tectonic zone, the deformation of the underground formation is complex, and the relationship between the in-situ stress and the formation pressure also becomes more complex. Therefore, the shale formation in the study area is considered to be a transversely isotropic medium and a longitudinally anisotropic medium based on the linear isotropic combined spring model (Thiercelin and Plumb, 1994). According to the theory of solid mechanics, we derived the relationship between the formation pressure and the in-situ stress under formation deformation. Logging data can accurately reflect the downhole formation pressure. Because of the complexity of the underground formation and the impacts of multiple factors, such as the tectonics and burial depth (Wang et al., 2010; Brooke-Barnett et al., 2015; Rajabi et al., 2017; Zeng et al., 2019), it can be difficult to predict the planar distribution characteristics of the formation pressure from the drilling data. Accurate prediction of the formation pressure distribution can effectively guide the deployment of the well networks for shale gas development. The technical process of this study is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Technical process of this study (modified after Ding et al., 2016).
3.2.1 Linear isotropic combined spring model
Based on the generalized Hooke’s law, the linear isotropic combined spring model of various systems comprehensively considers the influences of various factors, such as the formation’s elasticity, the tectonic pressure, and the tectonic deformation. In addition, this law has been applied widely in the prediction of the in-situ stress in shale formations (Thiercelin and Plumb, 1994; Ostadhassan et al., 2012; Najibi et al., 2017).
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Therefore, various factors, such as the horizontal stress, the tectonic deformation of the formation, and the overlying formation pressure, are used as the basic information to determine the coupling relationship between the stress, strain, and formation pressure based on the linear isotropic combined spring model (Eqs 10, 11) and the geological characteristics in the Nanchuan Area. Then, a formation pressure prediction equation suitable for the strong tectonic deformation (Eq. 12 in the study area is established. The equation is as follows:
[image: image]
Where α is Biot coefficient; Pp is formation pore pressure (MPa); μ is Poisson’s ratio; σv is overlying formation pressure (MPa); σH is horizontal maximum principal stress (MPa); σh is horizontal minimum principal stress (MPa); E is Young’s modulus (MPa); εH is maximum principal strain in the horizontal direction; and εh is minimum principal strain in the horizontal direction.
In this study, the Biot coefficient was obtained according to the differential equivalent medium model (Zou and Chen, 2018; Zhou et al., 2022). There is a positive correlation between Biot coefficient and porosity. The calculated results show that the average Biot coefficient of the Longmaxi shale is 0.76.
3.2.2 Formation strain
The formation strain (i.e., the formation’s linear strain) is the ratio of the length increment caused by the deformation of a small line segment of the formation in a certain direction to the original length. The formation strain directly affects the correlation between the horizontal stress and the vertical stress (Lv et al., 2022). In the horizontal area of the formation, the interaction between the horizontal stress and the vertical stress was almost nonexistent (Lv et al., 2022). As the degree of formation deformation increased, the mutual influence of the horizontal stress and the vertical stress also increased. The Petrol Software was used to extract the maximum and minimum curvature values (KH and Kh, respectively) of the strata in the Longmaxi Formation tectonic map (Figure 5). Using the thin plate theoretical Eqs 13, 14 (Sun, 2017), the horizontal maximum and minimum structural strains εH and εh in the horizontal direction are calculated:
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[image: Figure 5]FIGURE 5 | Curvature distribution of Silurian Longmaxi Formation in the Nanchuan area: (A) Maximum curvature; and (B) Minimum curvature.
Where εH is horizontal maximum strain; εh is horizontal minimum strain; h is burial depth of tectonic curved surface (m); KH is maximum curvature in horizontal direction; and Kh is minimum curvature in horizontal direction.
3.2.3 Overburden pressure
The overburden pressure is the gravity of the overlying formation, and it was calculated according to the basic gravity calculation equation:
[image: image]
where σv is pressure of overlying formation (MPa); h is buried depth (m); ρ(h) is the function of change in formation density with increasing depth (g/cm3); and g is acceleration of gravity (m/s2).
Because of the density of the overlying formation, it is not an isotropic body and is greatly affected by the burial depth of the formation. According to the density logging data for wells X1, X2, and X4 in the Nanchuan Area, the relationship between the density of the overlying formation and the depth was fitted as follows (Figure 6; Eq. 16):
[image: image]
[image: Figure 6]FIGURE 6 | Fitting of density logging data from wells in the Nanchuan Area.
The fitted equation for the density of the overlying formation (Eq. 16) was substituted into the equivalent overlying formation pressure equation (Eq. 12), and the overlying formation pressure for the wells with drilling data in the area was calculated. The fitting results are given in Table 1. The deviations of the calculation results were all less than 1%, which was within the allowable deviation range. These results show that the calculation results of this equivalent equation can effectively reflect the pressure distribution of the formation overlying the Longmaxi Formation in the Nanchuan Area.
TABLE 1 | Fitting of overlying formation pressure.
[image: Table 1]4 RESULTS
4.1 Interpretation results of rock mechanics parameters
To verify the accuracy of the calculation results of the mechanical parameters, rock samples were collected from wells X1 and X2 in the Longmaxi Formation in the study area.
The data from the triaxial stress tests were fitted with the seismic calculation data (Table 2; Figure 7). The rock mechanics parameters shown in Figure 2 include Young’s modulus and Poisson’s ratio. These values are obtained from the linear elastic section in the middle segment of the curve in Figure 7, which represents the stable mechanical state of the rock underground (Yin et al., 2018). The fitting results showed that the deviation of the Young’s modulus was less than 1%, and the deviation of the Poisson’s ratio was less than 8%. These deviations were within the acceptable range, so the calculation results were reliable.
TABLE 2 | Fitting of the mechanical parameters of the Silurian Longmaxi Formation in the Nanchuan Area.
[image: Table 2][image: Figure 7]FIGURE 7 | Stress-strain curves for the Longmaxi Formation shale in the Nanchuan Area: (A) sample from Well X1; and (B) sample from Well X2.
[image: Figure 8]FIGURE 8 | Distribution of mechanical parameters of the Silurian Longmaxi Formation in the Nanchuan Area: (A) Young’s modulus; and (B) Poisson’s ratio.
According to the differences in the distributions of the Young’s modulus and Poisson’s ratio, different mechanical units were defined, and the average values of the Young’s modulus and the equivalent Poisson’s ratio of the rock in the different regions were calculated (Table 3). The mechanical parameters of faults were generally selected to be 50%–70% of the Young’s modulus of the surrounding rock. In contrast, the Poisson’s ratio of the fault was larger than that of the normal sedimentary strata, and the difference between the two was usually between 0.02 and 0.1. The values for the buffer area were generally selected as the average Young’s modulus and Poisson’s ratio values of the simulated area (except for the fault area).
TABLE 3 | Mechanical parameters used in the simulation of the stress field in the Nanchuan Area.
[image: Table 3]4.2 Numerical simulation of in-situ stress
The comparison results of the measured values of the in-situ stress obtained by drilling in the study area show that the deviations between the simulated horizontal maximum principal stress and the actual measured in-situ stress were all less than 3 MPa, and the stress deviation rate was less than 2% (Table 4). The deviations between the simulated minimum horizontal principal stress and the measured in-situ stress were all less than 4 MPa, and the deviation rate was mostly less than 5%. The deviation rate of the horizontal differential stress (the difference between the horizontal maximum principal stress and the horizontal minimum principal stress) was slightly higher, but most of the values were less than 15%, and the deviations were less than 2 MPa. After comprehensive analysis, we concluded that the deviation of the simulation results was within a reasonable range and that they generally conformed to the actual geological law.
TABLE 4 | Comparison of present-day in-situ stress field data.
[image: Table 4](1) Present-day maximum principal stress
The simulation results revealed that the study area is in a compressive stress field environment, and the present-day maximum principal stress direction is NE65°–110°, which is consistent with the direction of the drilling-induced fractures. Because of the impact of the pre-existing faults, when the in-situ stress acts on the fault, component forces will be generated along the fault direction, causing the direction of the maximum horizontal principal stress to deflect to the east (Figure 9A).
[image: Figure 9]FIGURE 9 | In-situ stress field of the Silurian Longmaxi Formation in the Nanchuan Area: (A) maximum horizontal principal stress; and (B) minimum horizontal principal stress.
The difference between the directions of the maximum horizontal principal stress on the east and west sides was approximately 45°. The range of the maximum principal stress was 56.12–93.79 MPa. The maximum principal stress values in the anticline and the fault zone were the smallest (52.32–68.5 MPa), and they were in the low-stress area. However, the stress values at the tip of the extension of the fault zone and the bend area of the fault were relatively large, and stress concentration occurred in these areas. The region can be regarded as being in a critical state, in which the fracture has been about to penetrate and form a fault, but this penetration has not yet occurred.
The high- and low-stress areas of the faults with different strikes and the nearby areas also were different. The stress values of the southwest-northeast trending faults in the study area were slightly smaller than those of the southeast-northwest trending faults. For example, for the faults in the west, when the tectonic stress was transmitted in the areas containing faults with different strikes, the difference in the strike of the fault caused a change in the equivalent physical parameters of the rocks near the fault, resulting in a change in the fault stress and also a change in the stress value in the surrounding areas. The present-day maximum principal stress in the area to the left of the Longjiqiao Fault (F1) in the study area was relatively large. The burial depth of the stratum in this area was greater than 4500 m, and the confining pressure was relatively large, which affected the mechanical parameters of the rock to a certain extent. The burial depth in the area on the right of the Longjiqiao Fault (F1) was relatively shallow, and the present-day maximum principal stress value was relatively small. The stress value in the syncline area in this zone was higher than that in the nearby flat area. Excluding the influence of the faults, the core area of the anticline was significantly larger than its wing area. However, the situation was the opposite in the anticline area, and the stress value in this area was relatively low. The compressive stress in the core area of the anticline was the smallest, and it has gradually increased toward the two wings.
(2) Present-day minimum principal stress
The present-day minimum principal stress of the Longmaxi Formation in the Nanchuan Area, Eastern Chongqing, is also compressive stress, and the direction of the stress is NE335°–20°, which is consistent with the direction of the well wall collapse during drilling. The present-day minimum principal stress value is in the range of 48.06–71.67 MPa (Figure 9B).
The distribution of the minimum principal stress throughout the entire area was uneven. The distribution of the low-value area was obviously controlled by the faults and depth. The fault zone area was a low-value area with values of 48–55 MPa. Similarly, with the Longjiqiao Fault (F1) as the boundary, the minimum horizontal principal stress values to the west of the fault were relatively large (69.3–71.3 MPa), and the values to the east of the fault were relatively small (50.6–68.1 MPa). They also were affected mainly by the distribution of the mechanical parameters of the rocks.
5 DISCUSSION
5.1 Distribution law of formation pressure
The formation pressure prediction equation (Eq. 5) is used to obtain the distribution of the formation pressure in the study area (Figure 8). The results were fitted using the measured formation pressure data (Table 5). The formation pressure of the target zone is obtained through pressure measurement while drilling, and the mud pulse signal is used to measure formation pressure in real time. The equipment used is SDC-I pressure gauge while drilling.
TABLE 5 | Fitting of the formation pressure and formation pressure coefficient.
[image: Table 5]The predicted values were compared with the actual measured data. The results revealed that the deviations between the predicted values of the formation pressure and the measured values were less than 3 MPa, the deviation percentage was less than 4%, and the deviation of the formation pressure coefficient results was also less than 0.05 (Table 5). The deviations were within the allowable range, the results were generally consistent with the actual geological laws, and the simulation results were reliable. The results show that the coupling relationship between ground stress, formation strain and formation pressure can be well applied in complex deformation area, and the accuracy of formation pressure prediction can be improved.
Based on the formation pressure prediction results (Figure 10), the range of the formation pressure in the area was 2.8–88.25 MPa. The distribution of formation pressure is affected by many factors such as fault, in-situ stress, tectonic location and petrophysical parameters. The distribution of the formation pressure was greatly affected by the burial depth of the formation and the tectonic position (Chatterjee, 2008). The areas with high formation pressures were distributed mainly to the west of the Longjiqiao Fault (F1) and in the syncline area between the Pingqiao No. 1 Fault (F3) and the Qinglongxiang Fault (F4). The formation pressures are in these areas were between 55.78 MPa and 88.25 MPa. Additionally, the burial depths of the formation in these two areas were large (>3500 m). The area with a low formation pressure was distributed mainly in the southeastern part of the study area. The burial depth of formation in this area (<1,000 m) was the shallowest in the study area, and the formation pressure was less than 20 MPa. The main reason for this was that in the shallow buried area, the overlying strata pressure is low, the positive pressure on the shale bedding surface of Longmaxi Formation is reduced, the fracture is in the open state, resulting in the shale gas escape. In the area where the degree of formation deformation was large, the formation pressure gradient was relatively large, about 12 MPa/km. In the areas with a small degree of formation deformation, the formation pressure gradient was relatively small, about 3 MPa/km.
[image: Figure 10]FIGURE 10 | Formation pressure distribution of the Silurian Longmaxi Formation in the Nanchuan Area.
The coefficient of formation pressure is the ratio of formation pressure to hydrostatic pressure at the same depth, which can directly reflect the change of formation pressure system in the area, and plays an important role in drilling safety and well pattern layout. The Eq. 17 is used to calculate the distribution of the formation pressure coefficient (Figure 11).
[image: image]
where αp is formation pressure coefficient; Pp is formation pressure (MPa); and Ph is hydrostatic pressure (MPa).
[image: Figure 11]FIGURE 11 | Distribution of formation pressure coefficient of the Silurian Longmaxi Formation in the Nanchuan Area.
The formation pressure coefficient ranged from 0.74 to 1.55 (Figure 11), and most of the areas exhibited formation overpressure (pressure coefficient >1.1), the formation pressure in the areas near the basin (the western part of the F1 Fault) is above 1.4. The normal-pressure zone (0.9 < pressure coefficient <1.1) was distributed around the fault. The low-pressure zone (pressure coefficient <0.9) was distributed in the fault zone area and the shallow-buried area in the southeastern part of the study area.
5.2 Factors affecting formation pressure
The results show that the formation pressure in complex tectonic deformation area is controlled by multiple factors such as formation deformation, in-situ stress and petrophysical parameters. Therefore, considering the influence of various factors on formation pressure, the prediction accuracy of formation pressure in complex tectonic deformation areas can be improved (Guo and Zhang, 2014; Fang et al., 2018).
(1) Faults
In the faults and surrounding areas, the formation pressure was low. The high formation pressure areas occurred in the regions far from the faults. This was mainly due to the development of through-going fractures in the faults and surrounding areas during the formation of the faults, leading to the escape of shale gas. As the distance from the fault increased, the stress concentration phenomenon weakened, and a set of areas where fractures developed but were unconnected gradually formed at distances far from the faults (Shen et al., 2015; Zheng et al., 2019). This area has been conducive to the accumulation and storage of shale gas, resulting in an increase in the formation pressure and the formation of a high-value area.
As shown in Figure 11, the formation pressure on the southeast side of the fault is slightly greater than that on the northwest side. This phenomenon has been confirmed by the formation pressure test results of various wells. This is because the faults in the study area have left-lateral characteristics, which will aggravate the plane heterogeneity of tectonic stress (He, 2021). It causes the southeast side of the fault to be under strong compression conditions, while the northwest side is under weak compression conditions. Thus, the southeast side of the fault has relatively low formation pressure, while the northwest side has relatively high formation pressure (Figure 11).
(2) Structural position
Generally, the more intense the structural deformation is, the higher the degree of fracture development is. The fracture development density is within the appropriate range, which is conducive to shale gas reservoir. Therefore, the formation pressure distribution in different structural locations is quite different. In addition to the fault area, the most intense deformation is in the back and syncline area. The results show that the formation pressure in the synclinal core is high (70–76.2 MPa) and gradually decreases toward the two wings, while the formation pressure in the anticlinal core is low (33.6–42 MPa) and gradually increases toward the two wings. The main reason is that with the formation deformation and bending, the inverted “V” type tensile fracture with downward opening is formed in the synclinal core area with the increase of deformation degree, which is conducive to shale gas accumulation and high formation pressure. On the other hand, the anticlinal area is easy to form the “V” tensile fracture with the opening up, which is easy to cause the shale gas escape and the formation pressure is relatively reduced.
(3) Petrophysical property
Rock physical properties mainly refer to rock mechanical parameters (Young’s modulus and Poisson’s ratio). The research results show that formation pressure in rock strata is positively correlated with Young’s modulus and negatively correlated with Poisson’s ratio. The main reason is that the larger Young’s modulus is and the smaller Poisson’s ratio is in the formation, the more difficult deformation is to occur in the region. When tectonic stress is received, the change of formation pore space can be reduced, so that these regions can maintain high formation pressure. Strata with small Young’s modulus and large Poisson’s ratio are prone to deformation under the influence of tectonic stress, forming new fractures and gradually connecting with other previous fractures, resulting in shale gas escape and formation pressure reduction.
Hydrocarbon generation can promote the formation of secondary pores, thus improving the petrophysical properties and formation pressure of shale reservoirs. In the hydrocarbon generation period, the paleooverpressure was formed under the action of hydrocarbon generation. However, whether the ancient overpressure can be preserved depends on the sealing properties of the overlying layer. If the overburden layer is destroyed, the paleooverpressure environment will change to normal pressure or even negative pressure (Ju et al., 2019). According to the formation pressure evaluation results of the Longmaxi Formation in the study area, overpressure is extremely common (Figure Figure11), and its formation is due to the expansion and pressurization mechanism of hydrocarbon generation (Tang et al., 2022).
(4) In-situ stress
The present geostress includes overlying strata pressure and horizontal stress. The overlying formation pressure is the gravity of the overlying formation, which depends on the depth of the formation. The influence of overlying formation pressure on formation pressure (formation pore pressure) mainly includes two aspects. First, in the area with a large burial depth, with the increase of overlying formation pressure, the confining pressure of the formation increases, so does the Young’s modulus of the rock, thus affecting the formation pressure. Second, as the burial depth decreases, the overlying formation pressure gradually decreases, so does the positive pressure of the bedding surface of the Longmaxi shale. When the pore pressure of the local layer is greater than the breakthrough pressure, a large number of micro-fractures will be formed, forming new storage space and providing a channel for the shale gas to escape, resulting in the decrease of formation pressure.
The influence of horizontal geostress is mainly manifested in the squeezing effect of horizontal geostress on formation pores. The greater the horizontal in-situ stress is and the greater the angle between it and crack strike, the stronger the squeezing effect on formation pores and the stronger the restraint effect on gas in pores, and the better the formation pressure can be maintained. On the contrary, the smaller the horizontal stress is, the smaller the angle between it and the fracture strike is, the smaller the binding force on the gas in the pores is. When it is greater than the breakthrough pressure, the pore space of the formation will increase and the formation pressure will decrease.
Through this study, we found that four factors (fault, structural position, petrophysical property, in-situ stress) affect formation pressure. Since formation pressure is caused by overlying load and in-situ stress, therefore, in-situ stress is the primary factor affecting formation pressure. For faults, structural position and petrophysical property, they will play a certain role in regulating formation pressure, so they are secondary factors. On the whole, in-situ stress belongs to external factor, while faults, structural position and petrophysical property belong to internal factor. The external factor has a greater influence on formation pressure.
Compared with the traditional methods, the interpretation method of formation pressure adopted in this paper is based on its genetic mechanism. Therefore, it has advantages in the prediction of formation pressure compared with the traditional methods. However, this method is still a static model. In fact, the formation pressure of shale reservoirs can change continuously during the development of hydrocarbons. Therefore, how to construct a dynamic model of shale formation pressure is a scientific problem worth further exploration in the future.
6 CONCLUSION
On the basis of this study, the following conclusions can be drawn.
1. The direction of the present-day maximum horizontal principal stress in the Nanchuan Area is about NE65°–110°, and the magnitude is 56.12–93.79 MPa. The direction of the present-day horizontal minimum principal stress is about NE335°–20°, and the magnitude is 48.06–71.67 MPa. The in-situ stress direction is greatly affected by the faults, and slight deflection occurs in the fault area. The present-day distribution of the in-situ stress is greatly affected by the tectonic position and burial depth, and the distribution exhibits a northeast-southwest trend. The stress values in the fault area are small, and stress concentration occurs at the tip and bend of the fault.
2. The formation pressure in the Nanchuan Area is between 2.8 MPa and 88.25 MPa, and the pressure coefficient is 0.74–1.55. The burial depth and formation position have relatively large influences on the distribution of the formation pressure. The fractures in the fault zone area are dense and connected, which makes it easy for the shale gas to escape, leading to a low formation pressure. The formation pressure values in the syncline area are greater than those in the anticline area. The formation pressure gradient in the fold area is larger than that in the flat area. The in-situ stress in the anticline area is relatively small, the formation pressure is less than 40 MPa, and the pressure coefficient is 1.33–1.38.
3. In this study, the prediction accuracy of the in situ stress field was effectively improved by dividing the geological model into mechanical units. In addition, based on the linear isotropic combined spring model, the influences of the formation’s deformation and the in-situ stress on the formation pressure were considered, and the accuracy of the formation pressure prediction was improved. A technique for predicting the formation pressure distribution of shale gas reservoirs in complex structural areas was developed, and it is not only applicable to the Nanchuan area, but also to shale gas reservoirs in other complex tectonic transformation areas worldwide.
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