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Abstract

:

The extent of fracture development is associated with the degree of enrichment of a natural gas reservoir and its productivity. Based on numerical simulation results of the paleotectonic stress field, a set of evaluation methods for determining the degree of development of reservoir tectonic fractures were established using rock rupture criteria. Taking the fourth member of the Leikoupo Formation in the Pengzhou area of western Sichuan as an example, a finite element (FE) method was employed to simulate the paleo-tectonic stress field during the period of fracture development, and the degree of tectonic fracture development was further evaluated using the above methods. The results indicated that effective fractures were created in the Himalayan period. In this time, mainly NE–NEE and nearly E–W strike tectonic fractures were developed in the target layer. The fractures were mainly low-angle and oblique fractures, while the high-angle fractures were less developed. According to the integrative fracture index (F), five typical fracture development areas were determined: the fault zone, and the northern, eastern, southeastern, and central regions of the study area. The reliability of the fracture prediction results was verified using fracture distribution statistics and gas production test results.
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1. Introduction


With improvements in the level oil and gas exploration, fractured reservoirs have acquired a significant position in the distribution of oil and gas fields around the world [1,2]. In fractured reservoirs, fractures represent the main channels for fluid seepage and oil and gas migration, and they control the formation and distribution of oil and gas reservoirs [3,4,5]. The fourth member of the Leikoupo (T2l4) Formation in the Pengzhou area of western Sichuan is a typical fractured reservoir. Several natural gas accumulations have been discovered within this reservoir, making the area another major gas field after Puguang and Yuanba [6,7,8,9]. However, fractures complicate the geological conditions of the reservoir and create many problems for the exploration and development of the region [3,10,11]. Therefore, the study of fractures is of great significance for the rational development of natural gas in the Pengzhou area.



Fracture research has a history of more than one hundred years and has resulted in a number of distinctive research methods, including the geological method of outcrop, core, and cast thin section observation [12,13,14]; the geophysical method of seismic data and logging data analysis [15,16,17,18]; and the numerical simulation method of tectonic stress fields [19,20,21], etc. However, geological and geophysical methods require a large amount of basic geological data. The numerical simulation method of tectonic stress fields is suitable for areas with limited data.



In recent years, tectonic fractures have become a key object of research. Tectonic stress controls the development and distribution of tectonic fractures [20,22]. Therefore, the analysis of changes in regional stress is a popular approach for characterizing the distribution of fractures in an area. In previous studies, the relationships between the curvature, folds, and fracture characteristics have been studied using the rock rupture criterion and the main structure curvature method [23,24,25]. These studies have provided a foundation for predicting the development and distribution of tectonic fractures in these reservoirs. Meanwhile, in other studies, numerical simulation methods were employed to calculate regional tectonic stress fields, and the development of tectonic fractures in reservoirs was predicted based on the Griffith rupture and the Mohr–Coulomb criteria [3,26,27,28,29]. In addition, based on the numerical simulation results of the stress field, some studies predicted fracture initiation and propagation phenomena using the principle of rock fracture mechanics [30,31,32], and the research results explained the mechanism of fracture development to a certain extent, which has a guiding role in the fracturing and reconstruction of gas reservoirs. However, these studies only predicted the degree of development of tectonic fractures and did not further predict the distribution characteristics of fracture occurrence. Fracture occurrence plays a decisive role in quantifying the anisotropy of fractured reservoirs [33]. Therefore, it is very important to predict fracture occurrence and study the influence of the dip angle on the degree of fracture development, to accurately understand regional fracture distribution characteristics.



Owing to intense tectonic activity, the reservoirs in the Pengzhou area of western Sichuan involve fractures with multiple development stages and characteristics [9,34]. However, the distribution of fractures in these reservoirs has not been systematically interpreted, which restricts the effective development of these natural gas pools. Therefore, in this study, a finite element method was used to simulate the tectonic stress field during the fracture development period, and then a fracture occurrence calculation model and fracture prediction model were established on the basis of the rock rupture criteria. Finally, a set of evaluation methods for the degree development of reservoir tectonic fractures were formulated, and an evaluation was carried out of the degree of development of the reservoir tectonic fracture in the T2l4 Formation in the Pengzhou area, western Sichuan. The present study can provide a geological foundation for the exploration and development of reservoirs in the Pengzhou area.




2. Geological Setting


The Pengzhou area is the piedmont of Longmenshan in the Western Sichuan Depression. The Longmenshan Piedmont Tectonic Belt (LPTB) involves the Shiyangchang and the Jinma-Yazihe secondary structures (Figure 1). The Jinma-Yazihe structure is a NE-trending faulted anticline in the N, while the Shiyangchang structure is a NE-trending anticline with a short axis in the S. Pengxian and Guankou are two major reverse faults in the structural belt of the Western Sichuan Depression that sandwich the LPTB (Figure 1). The NE-striking Guankou Fault is situated in the northwest of the LPTB, while the NE-striking Pengxian Fault in the SE involves a plane inclined to the NW. In addition, minor interlayer faults are present within the main portion of the LPTB. These faults constitute a transport network through which oil and gas migration in the area primarily occurs. A platform margin evaporation/lagoon tidal flat carbonate depositional system has formed in the study area. The reservoirs in this area are mainly located in the intertidal zone, and the lithology of the reservoirs is mainly carbonate and dolomite mixed with gypsum [9].



According to tectonic evolution studies of the area, the main structure of the LPTB emerged in the Late Indosinian period [34]. Entering the Yanshanian period, the structure continued to develop and terminated in the Himalayan period. This indicates that the Pengzhou area in western Sichuan has experienced several tectonic movements, and the tectonic fractures of the T2l4 Formation may exist in multiple stages. Previous studies have shown that the T2l4 reservoirs developed four stages of tectonic fractures [9,34]. The fracture development stages include the following periods (Figure 2): (1) the second phase of the Late Indosinian, (2) the third phase of the Late Indosinian to Early-Middle Yanshanian, (3) the Middle to Late Yanshanian, and (4) the Himalayan. As illustrated in Figure 2, the tectonic fractures formed in the first three stages were mostly filled during diagenesis. After entering the Himalayan period, the diagenesis was less intense, and the newly formed tectonic fractures were unfilled. Furthermore, in the Himalayan period, the crude oil cracked and became natural gas, under the conditions of deep burial and high temperatures [35]. The unfilled tectonic fractures formed at this time became the main storage space and transportation channels for oil and gas. Therefore, the tectonic fractures formed during the Himalayan period were the focus of the present study.




3. Theory and Methods


3.1. Evaluation Process of Tectonic Fracture Development


Numerical simulation of tectonic stress fields using finite element methods can successfully obtain the distribution characteristics of the tectonic stress field during the fracture formation period. On this basis, the degree of development of regional tectonic fractures can be evaluated, in combination with the rock rupture criterion. Figure 3 presents the specific process for evaluating the degree of development of reservoir tectonic fractures. First, a real 3D structural model was built by combining the regional seismic interpretation results with the analysis of structural characteristics and tectonic evolution history, and the fault model was further embedded. Then, based on acoustic emissions, rock mechanics test results, and logging data, a three-dimensional heterogeneous mechanical model was established, and numerical simulation of the paleotectonic stress field was carried out. According to the numerical simulation results and rock rupture criteria, a fracture occurrence calculation model and fracture prediction model were established, to evaluate the degree development of tectonic fractures in the reservoir.




3.2. Fracture Occurrence Calculation Model


When the rock is subjected to the action of stress, it will rupture, and the form of rupture is generally developed into tensile fractures or shear fractures. Therefore, fracture occurrence can be calculated using the numerical simulation results of the tectonic stress field combined with the rock rupture criterion. The Griffith and Mohr–Coulomb criteria are widely used to investigate rock rupture under compressive and tensile stress conditions, respectively. The Griffith criterion is expressed in the following:
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where σ1, σ2, and σ3 are the maximum, intermediate, and minimum principal stresses, respectively, Pa; σT is the tensile stress on the fracture surface, Pa; and θ is the rupture angle, °.



When compressive stress exists, the Mohr–Coulomb formula is expressed as follows:


  [ τ ] = C +  σ n  tan φ  



(3)
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   τ n  =    σ 1  −  σ 3   2  sin 2 θ  
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  θ =  π 4  −  φ 2   



(6)




where [τ] is the shear strength, Pa; C is the cohesive strength, Pa; φ is the internal friction angle, °; σn is the normal stress on the shear plane, Pa; and τn is the shear stress, Pa.



Fracture occurrence can be calculated according to the fracture normal vector. It is assumed that t′ is the normal vector of the fracture in the principal stress coordinate system (x′, y′, z′), where the principal stresses σ1, σ2, and σ3 are aligned with x′, y′, and z′, respectively. The normal vector t′ is expressed in the global coordinate system (x, y, z) as follows [36]:


  t =    [       t x       t y       t z       ]   T   



(7)
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where ui, vi, and wi (i = 1, 2, 3) are the direction cosines of principal stresses in the global coordinate system.



Then, the fracture occurrence can be obtained:


  η = arccos  |   t z   |   
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where η is the fracture dip angle, °; γ is the fracture dipping direction, °; and ξ is the fracture strike direction, °.




3.3. Fracture Prediction Model


According to the Griffith criterion, when the tensile stress of the rock is greater than or equal to its tensile strength, the rock will rupture, forming tensile fractures. In order to characterize the degree development of tensile fractures in the target layer, the tensile fracture index (T) was utilized, and its mathematical expression is as follows:


  T =  |     σ T     σ t     |   



(15)




where σt is the tensile strength of the rock, Pa. The extent of tensile fracture development is proportional to T.



Based on the Mohr–Coulomb criterion, when the shear stress on a rock is greater than or equal to its shear strength, shear failure occurs and shear fractures are formed. Similarly, the shear fracture index (S) was used to characterize the extent of development of shear fractures in the target layer, and its mathematical expression is as follows:


  S =  |     τ n    [ τ ]    |   



(16)




The extent of development of shear fractures is also proportional to S.



Tensile and shear fractures can be developed in the stratum; thereby, the extent of development of fractures should be determined by both systems of fractures. Consequently, the integrative fracture index (F) was incorporated into the evaluation of the extent of development of tectonic fractures, and its mathematical expression is as follows:


  F = m × T + n × S  



(17)




where m and n are the scale of tensile and shear fractures, respectively. The extent of development of the fracture system of the target layer is directly relevant to F.



The fracture degree of development also depends upon the fracture dip angle. F in Equation (17) refers to the degree of fracture development in the fracture’s normal direction. The degree of fracture development in the vertical and horizontal directions can be calculated as follows:


   {     F z  = F cos η      F h  = F sin η cos (  |  α − γ  |  )      



(18)




where Fz is the fracture index in the vertical direction; Fh is the fracture index in the horizontal direction; and α is the azimuth, °. It is obvious from Equation (18) that the direction of the maximum horizontal fracture index is parallel to the fracture dipping direction (i.e., α = γ).





4. Paleotectonic Stress Field Simulation


The Himalayan movement represents the period of most intense tectonic activity in the western Sichuan depression [34]. Therefore, tectonic fractures in the T2l4 Formation are closely linked to these activities. Reconstructing the tectonic stress fields in this formation during the Himalayan period is crucial for understanding the development of the associated fractures. In the present study, the finite element method was employed to simulate the tectonic stress field in the Pengzhou area during this period. The simulation steps, which were described in Guo et al. [26], are summarized as follows: (1) establishment of a structural model of the study area, (2) determination of the mechanical parameters of rocks in the area, (3) assignment of boundary conditions, and (4) finite element calculation.



4.1. Establishment of Structural Model


A reasonable and accurate structural model is the key to the numerical simulation of the tectonic stress field. Based on the seismic interpretation results, the point cloud data of the top surface of the T2l4 Formation in the Pengzhou area of the Sichuan Basin was obtained. Then, the point cloud data were imported into the reverse engineering software 3DMove, to establish a structural surface model. Next, the structural surface model was imported into the finite element software COMSOL, to establish a structural geometry model, and the interpreted faults were further embedded into the geometric model. Finally, a 3D structural model of the target layer in the study area was established; the modeling process is shown in Figure 4. The study area was approximately 32.4 km from NE to SW, and 13.6 km from NW to SE. In total, 23 major faults were considered in the established model. To decrease the influence of border effects on the calculations, the study area was isolated from the overburden and basement during the simulation (Figure 5).




4.2. Determination of Mechanical Parameters


After the structural model was successfully obtained, it was transformed into a mechanical model that could be numerically calculated. The Young’s modulus, Poisson’s ratio, and bulk density of the rock were important parameters for the numerical simulation of the tectonic stress field. Velocities of P- and S-waves were obtained on the basis of logging data, while the dynamic Young’s modulus (Ed) was calculated using the following equation [37]:


   E d  =   D E N    V s 2      3  V s 2  − 4  V p 2     V s 2  −  V p 2     



(19)




where DEN represents the bulk density of the rocks, g/cm3; Vs represents the shear wave slowness, μs/ft; and Vp represents the compressional wave slowness, μs/ft.



However, in the FE calculation of the tectonic stress fields, adopting static parameters that reflect the mechanical properties of rocks in the formation is necessary. Based on the data obtained from the rock mechanics tests, a relationship was established between the dynamic and static Young’s modulus (Figure 6). The calculated static elastic modulus obtained from the logging data, and the Poisson’s ratio and rock density determined through the rock mechanic tests, served as parameters for the target layer. Moreover, the faults developed in the study area could have directly affected the results of the numerical simulation, so the rock mechanics parameters of the faults needed to be defined. Generally speaking, the fault zone is defined as a transition zone, and its mechanical parameters are related to those of the surrounding rock. The elastic modulus of the fault zone is generally 60% of the surrounding medium, and the Poisson’s ratio of a fault zone is larger than that of a corresponding normal stratum [38,39]. According to the practice of many oilfields, the tensile and shear strength of a fault zone are also 60% of the corresponding mechanical parameters of the rock [19,39]. Consequently, the rock mechanics parameters for the numerical simulation of the tectonic stress field were determined, as shown in Table 1.




4.3. Determining the Boundary Conditions


Boundary forces applied on the model boundaries included the horizontal tectonic stress, overburden pressure, and self-gravity [40]. The gravity of the model was expressed as the product of rock density and gravitational acceleration. Meanwhile, to decrease the influence of border effects and easily impose constraints, the loading boundary was set outside the study area, so that the horizontal tectonic stress was vertically applied to the boundary [29].



The depth of the model was associated with the z-axis, which involved a positive load, while the x-axis was directed to the E, and the y-axis was directed to the N. The analysis of the tectonic evolution, fracture formation times, and occurrence of conjugate shear fractures in the study area suggested that the direction of the maximum principal stress during the Himalayan period was nearly NESW. Based on the acoustic emission experiment, the maximum principal stress during the Himalayan period varied between 119.8 and 140.6 MPa, with an average of 131.2 MPa, and the minimum principal stress varied between 95.5 and 104.1 MPa, with an average of 101.3 MPa. Therefore, the boundary conditions for the simulation of the tectonic stress field during the Himalayan period (Figure 7) were as follows: a pressure of 131.2 MPa was utilized in the near NE–SW direction (NE235°), while a pressure of 101.3 MPa was utilized in the nearly NW–SE direction (NE145°). Meanwhile, constraints on the x-, y-, and z-directions were imposed on the nearly NE, nearly NW, and bottom boundaries of the model, respectively.




4.4. Meshing and Numerical Simulation


In the numerical simulation of the paleotectonic stress field, Solid45 element was used to grid the model, in which the grid at the fault zone was densified, while the overlying strata and surrounding rock were sparsely meshed, to improve the calculation efficiency. The model was divided into 185,405 grid cells and 32,192 grid nodes, as shown in Figure 8.





5. Results and Discussion


5.1. Paleotectonic Stress Field in the Himalayan


The Himalayan tectonic stress field in the study area was numerically simulated using COMSOL, and the results are shown in Figure 9. The results indicate that the maximum principal stress distribution range was 100–170 MPa, the intermediate principal stress distribution range was 95–140 MPa, and the minimum principal stress varied between 60 and 110 MPa. The stress distribution was highly dependent on the geographical location. The burial depth in the south and southwest of the study area is much deeper, leading to higher vertical stresses. The corresponding high stress is mainly concentrated in these areas. The central part of the study area belongs to the core of the anticline, where the stress values are relatively low. The stress distribution also depends upon the mechanical properties. It was found that the stresses in the fault zone were much lower than in other areas, due to the smaller elastic modulus in the fault zones, while the stress value in the vicinity of the fault zone was high. This phenomenon can be explained by the relative weakness of the interior portion of the fault zone, which is characterized by stress release and rock fracture [41]. Rocks around the fault zone show signs of deformation and are in a state of stress concentration [42]. The target layer in the study area is under the compressive stress environment, resulting in a high level of development of shear fractures. The above results indicate that the distribution characteristics of the regional stress field are controlled by multiple factors, such as the burial depth, the structural position, and the mechanical properties, etc.




5.2. Evaluation of the Degree of Development of Tectonic Fractures


According to the paleotectonic stress field simulation, the degree of development of tectonic fractures in the target strata during the Himalayan epoch was evaluated. Equations (1)–(18) were coded in MATLAB and automatically calculated in COMSOL. Figure 10 presents the distribution of the strike and dip angles of the tectonic fractures during the Himalayan period. Two main groups of tectonic fractures were developed in the study area, with corresponding strikes of NE–NEE and nearly E–W, respectively. The fractures in the nearly E–W strike were mostly concentrated in the central part of the study area, while the fractures in the NE–NEE strike were mainly developed in other areas. Moreover, two groups of fault-related fractures were developed around the fault zones: one group (NE-NEE) had the same strike as the fault, while the other group (nearly E–W) had a conjugate shear relationship with the fault. It can be seen from Figure 10b that low-angle fractures (<30°) and oblique fractures (30°–60°) were predominantly developed in the study area. The fractures in the NE–NEE strike were mainly low-angle fractures, while the fractures in the nearly E–W strike were generally oblique.



Figure 11 shows the prediction results of the degree development of tectonic fractures in the target strata of the study area. The F value of the fault zone was greater than 1.6, indicating that the tectonic fractures in the fault zone were highly developed. In addition, the F values of the northern, eastern, and southeastern regions of the study area were also large, at approximately 1.3, which shows a relatively high degree of tectonic fracture development. Compared with the above areas, the F value of the central region of the study area was relatively smaller, approximately 1.1, indicating a relatively low degree of fracture development. The F value in the southwest of the study area was less than 1, which indicates that the tectonic fractures are essentially undeveloped in this area. The results show that the degree development of tectonic fractures in the study area was controlled by both structures and faults.



In the anticlinal region, the value of Fh was greater than that of Fz, indicating that the degree of fracture development in the maximum horizontal direction was higher than that in the vertical direction. The degree of anisotropic fracture development depends on the geographical location and the fracture dip angle. Based on the prediction results of fracture occurrence, it is believed that oblique fractures and high-angle fractures are more likely to develop in the core area of the anticline, resulting in a lower degree of development of vertical fractures and a higher degree of development of horizontal fractures. This means that drilling horizontal wells in these areas is more likely to cause fractures. In other areas beyond the fault and anticline core, the value of Fz is larger than that of Fh, which indicates that the vertical fracture development is higher than the maximum horizontal fracture development, suggesting that mainly low-angle fractures have developed in these areas.




5.3. Validation of Prediction Results


According to the image-logging of the target layer in the study area (Figure 12a), the distribution characteristics of tectonic fractures in the T2l4 Formation were statistically analyzed. The statistical results of the fracture dip angle and strike are shown in Figure 12. The low-angle fractures (<30°) were highly developed in the reservoirs, followed by oblique fractures (30°–60°), and high-angle fractures (>60°) accounted for the lowest proportion of the entire fracture system (Figure 12b). The fracture strike exhibited mainly NE–NEE and subordinate nearly E–W directions (Figure 12c). The prediction results were in good agreement with the statistical results of fractures, which indicates that the prediction results were reasonable.



The open flow rates obtained from the gas production test of four wells in the study area were compared, as shown in Figure 13a. It should be noted that well PZ113 has the deepest burial depth, and the acid fracturing of this well failed due to the high fracturing pressure. In addition, well PZ1 has the largest open flow rate, exceeding 3 million m3/d, followed by well PZ6-4, while well YaS1 has the smallest open flow rate. Meanwhile, it can be seen from Figure 13b that the F value of the PZ1, YaS1, and PZ6-4 wells was greater than 1, in which the F value of PZ1 was the largest, followed by that of PZ6-4, with that of YaS1 being the smallest, indicating that the degree of fracture development of the above three wells decreased successively. The open flow rates of the three wells had the same variation rule with a corresponding degree of fracture development. The above analysis further verified the accuracy of the fracture prediction results.



Based on the above analysis, the degree of fracture development directly affects gas production. The anticline core in the study area mainly develops oblique fractures and high-angle fractures, and the Fh values in this area are high. For example, the wells PZ1, YaS1, and PZ6-4 located in this area have large Fh values, showing a relatively high degree of fracture development in the maximum horizontal direction. Considering that the core area of the anticline included in the PZ6-4 platform is the largest, it is suggested that future horizontal wells should be formed in the PZ6-4 platform. In this way, it would be easier to encounter fractures during drilling and obtain a higher production.





6. Conclusions


According to the numerical simulation results of the paleotectonic stress field, a fracture occurrence calculation model and fracture prediction model were established using rock rupture criteria, and finally a set of evaluation methods for the degree of development of reservoir tectonic fractures were formed. Taking the T2l4 Formation in the Pengzhou area of western Sichuan as an example, the tectonic stress field during the period of fracture development was simulated using FE. On this basis, the degree of tectonic fracture development was evaluated using the above methods. The following conclusions were drawn:




	(1)

	
The formation of tectonic fractures in the T2l4 Formation involved four stages. The ineffective fractures were mostly developed during the first three stages, whereas effective fractures that formed the main storage space and transportation channels for oil and gas were created in the last stage, which corresponds to the Himalayan period.




	(2)

	
The maximum, intermediate, and minimum principal stresses of the target layer during the Himalayan movement period were 100–170 MPa, 95–140 MPa, and 60–110 MPa, respectively. The distribution of paleotectonic stress was mainly controlled by the burial depth of the stratum, the structural position, and faults. The stress in the fault zone was much lower than in other regions, while the stress near the fault zone tended to increase due to differences in mechanical properties.




	(3)

	
Two main groups of tectonic fractures were developed in the Himalayan period, with the corresponding strikes of NE–NEE and nearly E–W, respectively. The fractures were mainly low-angle and oblique fractures, while high-angle fractures were less developed. The nearly E–W strike fractures, which were chiefly concentrated in the central part of the study area, were usually oblique and high-angle fractures. The NE–NEE strike fractures, which were mostly developed in other areas, were mainly low-angle fractures.




	(4)

	
The distribution of tectonic fractures in the study area was controlled by both structures and faults. The degree of fracture development was the highest in the fault zone, followed by the northern, eastern, and southeastern regions of the study area, while the degree of fracture development was relatively low in the central part of the study area. However, the fracturing was essentially undeveloped in the southwest of the study area.




	(5)

	
The reliability of the fracture prediction results was verified using fracture distribution statistics and gas production test results. Considering that the core area of the anticline in the PZ6-4 platform is the largest, and as the oblique fractures in these areas are developed, it is recommended to conduct more horizontal drilling in the PZ6-4 platform.
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Figure 1. Structural unit division and location of the study area in the western Sichuan basin. 
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Figure 2. Sequence diagram of the tectonic fracture formation period and dissolution in the T2l4 reservoir. 
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Figure 3. Flow chart for evaluation of the reservoir tectonic fracture development. 
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Figure 4. Construction process of the 3D construction model of the target layer. 
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Figure 5. Three-dimensional structure model of the target layer in the study area. 
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Figure 6. Plot showing the relationship between the dynamic (Ed) and static (Es) Young’s modulus. 
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Figure 7. Illustration of the mechanical model for the Pengzhou area during the Himalayan Period. 
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Figure 8. Finite element meshing diagram. 
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Figure 9. Plots showing the paleotectonic stress fields for the T2l4 Formation in the Pengzhou area during the Himalayan period. (a) Maximum principal stress, (b) intermediate principal stress, and (c) minimum principal stress. 
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Figure 10. Distribution of the tectonic fractures in the T2l4 Formation during the Himalayan period. (a) Prediction of the tectonic fracture strike, and (b) prediction of the dip angle of the tectonic fracture. 
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Figure 11. Plots exhibiting the predicted distribution of the degree of tectonic fracture development in the T2l4 Formation during the Himalayan period. (a) The degree of fracture development in the fracture normal direction, (b) the degree of fracture development in the vertical direction, and (c) the degree of fracture development in the maximum horizontal direction. 






Figure 11. Plots exhibiting the predicted distribution of the degree of tectonic fracture development in the T2l4 Formation during the Himalayan period. (a) The degree of fracture development in the fracture normal direction, (b) the degree of fracture development in the vertical direction, and (c) the degree of fracture development in the maximum horizontal direction.



[image: Energies 16 01797 g011]







[image: Energies 16 01797 g012 550] 





Figure 12. (a) Image-logging of well PZ1, (b) statistical results of fracture dip angle, and (c) rose diagram of fracture strike in the T2l4 Formation. 
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Figure 13. (a) Tested open flow rate of the four wells, and (b) fracture index of four wells in the study area. 
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Table 1. Data for rock mechanical parameters used in the numerical simulation.
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	Strata
	E (GPa)
	μ
	ρ/(g/cm3)
	C (MPa)
	ϕ (°)
	σt (MPa)





	T2l4
	—
	0.24
	2.8
	41.42
	33.6
	4.75



	Overburden/surrounding rock
	35.0
	0.25
	2.7
	30.18
	26.8
	4.23



	Basement
	55.0
	0.22
	3.1
	50.32
	40.8
	7.65



	Faults
	26.9
	0.29
	2.5
	27.10
	21.8
	2.54







E—Young’s modulus; μ—Poisson’s ratio; ρ—density of rock; C—cohesion of rock; ϕ—internal friction angle; σt—tensile strength of rock.
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