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Abstract

:

This study delves into the geomechanical responses of different sedimentary hydrodynamic cycles in deep tight sandstone formations. Employing core observation and thin section analysis, we quantitatively identified and characterized bedding planes, sedimentary microfacies, and tectonic fractures. Then, the intricate relationships between various architectural interfaces and geomechanical parameters were elucidated. Subsequently, utilizing finite element numerical simulation software, in situ stress and fracture parameters were derived. By identifying a fracture facies zone correlated with the sedimentary hydrodynamic cycle and production data, our findings unveil several key insights: (1) Geomechanical parameters (Young’s modulus, Poisson’s ratio, brittleness index) exhibited noteworthy variations within the T3x2−5 sand group, indicative of weak elasticity and robust plasticity. (2) The effective distance, influenced by diverse reservoir architecture interfaces, displayed variability, with each transition between peak-valley-peak or valley-peak-valley pinpointed as a distinct sedimentary hydrodynamic cycle. (3) In environments characterized by strong sedimentary hydrodynamics (between two level 3 architecture interfaces), fractures with larger strike angles and lower dip angles were observed to be more prevalent. (4) Three significant fracture faces—level I, level II, and level III—were discerned within the study area. Notably, reservoirs associated with level III exhibited characteristics suggestive of medium porosity and permeability, indicative of a gas layer. By thoroughly understanding the geomechanical response characteristics of formations such as the Xujiahe Formation, it is possible to guide the exploration and development of energy resources such as oil and natural gas. This helps to improve the efficiency and safety of resource extraction, promoting the sustainable utilization of energy.
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1. Introduction


Constrained by the continuous development of conventional reservoirs, there is an urgent imperative to explore new oil and gas territories to meet the escalating energy demand. Deep-ultra-deep tight sandstone has emerged as a focal point for oil and gas exploration globally [1,2,3,4]. The advancement of pivotal core technologies has played a pivotal role in propelling breakthroughs in deep and ultra-deep oil and gas exploration, furnishing substantial support for ensuring national energy security. Particularly, the extent of fracture development has been a significant determinant in governing stable and high yields in deep and ultra-deep tight sandstone reservoirs [5,6,7,8]. Hence, scrutinizing the characteristics and genetic mechanism of structural fractures bears great significance in enhancing drilling success rates and expanding exploration areas in deep-ultra-deep tight sandstone gas reservoirs [4,6,9,10,11,12,13]. The geological resources of tight sandstone gas in the Xujiahe Formation of the Sinopec exploration area in the Sichuan Basin are estimated to be 40,481.84 × 108 m3, with proved reserves of 2691.32 × 108 m3, resulting in a proved rate of 6.6%. This underscores the significant potential for exploration and development [14,15,16]. Bedding planes, which are mechanically weak surfaces formed during the sedimentary process, are widely prevalent in tight sandstone in major sedimentary basins, indicating variations in sedimentary hydrodynamic conditions [17,18,19,20]. The characteristics of bedding planes, hydrodynamic cycles, and geomechanics exert a significant influence on the enrichment of tight sandstone oil and gas and the efficient exploration of oil and gas resources [21,22].



Constrained by the presence of diverse bedding types and varied assemblage modes, the geomechanical characteristics of different sedimentary hydrodynamic conditions were significantly influenced by weak bedding planes [5,23,24]. Consequently, under the influence of a singular stress environment, shear fractures, tensile fractures, and tensile-shear fractures could be generated, resulting in a myriad of structural fracture combinations. Subsequently, the development and distribution characteristics of fractures exhibited highly intricate patterns [19,20,25]. The attributes of bedding surfaces, encompassing their composition, dip angle, and combination mode, can signify different sedimentary hydrodynamic conditions, consequently leading to diverse response characteristics (mechanical properties, in situ stress, and fractures) in geomechanics [26,27]. Consequently, the development characteristics of in situ stress and tectonic fractures were exceedingly intricate, especially concerning stress mechanisms, fracture types, geometry, formation and evolution, and distribution patterns [28,29,30]. Essentially, considering the sedimentary structural characteristics, four significant bedding planes were identified in deep tight sandstones, namely massive bedding, horizontal bedding, parallel bedding, and cross-bedding, respectively. Through discerning the discrepancies and alterations in mineral composition, structure, and color of the rock, these bedding planes could be distinguished. The diversity of bedding planes underscores the complexity of sedimentary hydrodynamic conditions, which result in varied distributions of tectonic fractures and stress characteristics [31,32,33,34,35]. To facilitate the analysis and prognosis of the development characteristics of in situ stress and fractures, a deeper comprehension of the geomechanical response characteristics of reservoir architecture interfaces and sedimentary hydrodynamic conditions is imperative. Such insights will offer guidance for the exploration and development of tight sandstone gas reservoirs.



In this study, we employed finite element numerical simulation to analyze the geomechanical response of deep tight sandstone to various sedimentary hydrodynamic cycles. Through core observation and microscopic thin section analysis, we quantified bedding planes, sedimentary microfacies, and tectonic fractures. Subsequently, we determined the rock’s mechanical properties and in situ stress parameters. Then, three distinct reservoir architecture interfaces (II, III, and IV) based on sedimentary hydrodynamics were identified. By integrating data from core samples, logging interpretation, and geochemical testing, we established correlations between these interfaces and geomechanical parameters. Using ANSYS 15.0 software, in situ stress and fracture parameters for a single well were derived, discerning fracture zones linked to sedimentary hydrodynamics and production data. The findings offer theoretical guidance and practical insights for the exploration and development of similar deep tight sandstone reservoirs worldwide.




2. Geological Setting


Tectonically, the Sichuan Basin, situated in the western part of the Yangtze Block, is a large composite superimposed basin with both gas- and oil-bearing characteristics (Figure 1A) [16,36]. It is bounded by the Longmenshan thrust belt and Longquanshan uplift belt. Within the basin lies the Western Sichuan Depression in its western part (Figure 1B) [37,38]. This depression comprises six significant sub-tectonic units: three uplifts (Longmenshan piedmont tectonic belt, Xinchang tectonic belt, and Zhixinchang tectonic belt), two depressions (Chengdu depression and Zitong Depression), and one slope (Zhongjiang Slope) (Figure 1C). The Xinchang gas field is situated in the NEE-trending Xinchang tectonic belt, which lies in the middle part of the Western Sichuan Depression. This region has experienced multiple stages of tectonic movements since the Late Triassic (Figure 1C) [39]. The Sichuan Basin has witnessed three significant tectonic movements: the Indosinian, the Yanshanian, and the Himalayan orogeny [36]. Throughout the Proterozoic-Cenozoic period, the basin experienced the deposition of thick two-phase strata comprising marine and continental lithologies. During the Late Triassic, the Xujiahe Formation represented a transitional and early continental facies. The Western Sichuan Depression, situated in the subsidence and depositional center of the front depression zone of the Longmenshan foreland basin, received sediment from three main provenances: the Longmenshan mountains in the west, the central Sichuan paleo-uplift in the east, and the Micang-Daba mountain orogenic belt in the north. Consequently, these varied sedimentary sources led to the presence of multiple sedimentary hydrodynamic conditions and bedding planes within the region.



Vertically, the Xujiahe Formation can be delineated into five sections, with the Xu 2 section being the primary oil- and gas-bearing stratum [40]. During the early and middle stages of the second member of the Xujiahe Formation (T3x2 Formation), delta-lacustrine sedimentary systems prevailed, transitioning to a more prominent river channel in the later period. This led to the formation of extensive braided river delta deposits, contributing to the substantial thickness (560–660 m) of the second member (Figure 1D) [37]. The lithology predominantly comprises thick layers of fine-grained lithic sandstone in the middle and upper strata, with individual sand body layers averaging up to 70 m in thickness. The lower part mainly consists of interbedded sandstone and mudstone, occasionally featuring argillaceous bands and coal seams within the sand bodies. The T3x2 Formation exhibits tight physical properties, with porosity ranging from 2.5% to 4.5% and matrix permeability of less than 0.1 × 10−3 µm2. Some cores display locally higher porosity and permeability, reaching 9% and 0.2 × 10−3 µm2, respectively [41]. Influenced by multiple tectonic movements, fractures have developed within the T3x2 Formation sandstone, displaying various types and complexities in the in situ stress environment [38,42]. Fractures with lower angles tend to have higher linear density but smaller aperture, showing secondary calcite and quartz filling characteristics. Conversely, fractures with higher angles exhibit lower linear density but larger aperture, indicating partially filled or unfilled characteristics. Geomechanical parameters in different sedimentary conditions within the T3x2 Formation are intricate, particularly regarding the interplay among bedding planes, microfacies, rock mechanical properties, in situ stress, and fracture parameters, necessitating urgent investigation into the geomechanical response characteristics of various sedimentary hydrodynamic cycles within the formation in the western Sichuan Basin.




3. Methods and Techniques


3.1. Core Observation and Sampling


To accurately assess the developmental characteristics of sedimentary hydrodynamic conditions and tectonic fractures, core observation methods were utilized to analyze lithology, bedding planes, and fractures. Twelve representative wells were selected for core observation and sampling, providing over 500 m of cumulative core length. During this process, the location, thickness, and types of bedding planes, along with the developmental characteristics of tectonic fractures, were identified and documented through photography. To account for variations in sedimentary hydrodynamic conditions and geomechanical characteristics, including tectonic fractures and mechanical properties, over 30 specimens were meticulously sampled from the T3x2 Formation within the study area. These specimens underwent thin section and scanning electron microscope testing to characterize the microscopic sedimentary-structural bedding and fractures. The observed results from these analyses constitute crucial foundational data for reservoir architecture studies and analysis of geomechanical response characteristics.




3.2. Reservoir Architecture Division


In this manuscript, our aim was to quantitatively analyze sedimentary hydrodynamic conditions through reservoir architecture division. Following reservoir architecture theory principles [43,44,45,46,47] and incorporating cycle constraint and hierarchical anatomy concepts, we identified five significant reservoir architecture interfaces in the T3x2 Formation within our study area, labeled as level 0 to level 4 architecture interfaces. For instance, the laminar interface was classified as level 0, while the hierarchical interface corresponded to level 1. Additionally, we categorized the interface of a hierarchy group as level 2, identifiable through core observation. Moreover, the interlayer and accretive body interfaces within channel sand bodies were identified as level 3, and the interface of a single sand body and interbank interface between channel cores as level 4. Notably, these interfaces are closely linked to sedimentary hydrodynamic conditions. The reservoir architecture in 10 representative wells was examined, focusing on quantifying three significant architecture interfaces (level 2, 3, and 4). By combining this analysis with logging interpretation, we identified sedimentary facies and architecture interfaces in these typical wells. We summarized the developmental characteristics of different hierarchy groups (level 2 architecture interfaces) across various wells and conducted an analysis of diverse sedimentary hydrodynamic conditions, leading to the determination of corresponding sedimentary hydrodynamic cycles. These findings can effectively guide the study of geomechanical response characteristics.




3.3. Quantitative Calculation of Geomechanical Parameters


Well logging data and stress calculation models are widely recognized as rapid and effective methods for obtaining in situ stress and rock mechanical properties, with accuracy levels surpassing 90%. In this study, we selected six representative wells to acquire geomechanical parameters. Initially, using shear-wave and portrait-wave data, we determined the rock’s Young’s modulus and Poisson’s ratio (Equations (1) and (2)). Subsequently, an optimized computational model (Equations (3)–(5)) was employed to calculate in situ stress for each well. Equation (3) was used to compute the horizontal maximum principal stress, considering Poisson’s ratio and rock pore pressure, while Equation (4) determined the horizontal minimum principal stress. Additionally, Equation (5), along with the rock’s density and depth, facilitated the calculation of vertical principal stress. The rock’s brittleness index was derived using Equation (6), which incorporated Young’s modulus and Poisson’s ratio. As a result, we obtained distribution characteristics of rock mechanical parameters, in situ stress, and brittleness index. Furthermore, various geomechanical characteristics across different lithologies and sedimentary structures were computed. These calculated results provide reliable mechanical parameters and in situ stress magnitudes for finite element numerical simulations, enabling quantitative characterization of fracture parameters. They serve as valuable guidelines for researching geomechanical response characteristics across diverse sedimentary hydrodynamic cycles.
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where E shows the rock’s Young’s modulus, MPa; μ is the rock’s Poisson’s ratio, dimensionless; ρ refers to the rock’s density, kg/m3;   Δ  t s    and   Δ  t p    indicate the time differences of shear wave and portrait wave, respectively, μs/ft.
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where SH, Sh, and SV show the horizontal maximum, horizontal minimum, and vertical principal stress, respectively, MPa; ξ1 and ξ2 refer to the horizontal tectonic stress coefficient, dimensionless; α shows the Boit coefficient, dimensionless; E refers to the rock’s Young’s modulus, MPa; μ is the rock’s Poisson’s ratio, dimensionless; PP shows the pore pressure, MPa; H is the depth, m; ρ(h) refers to the density of the overlying strata (a function related to the depth h), g/cm3; g is the gravitational acceleration, m/s2. During model calculation, the horizontal tectonic stress coefficient and the Boit coefficient were obtained by the correction and reverse calculation with the measured results of in situ stress.
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where BI is the rock’s brittleness index, dimensionless; E shows the rock’s Young’s modulus, MPa; μ is the rock’s Poisson’s ratio, dimensionless; Emax and Emin refer to the maximum and minimum value of Young’s modulus, respectively, MPa; μmax and μmin refer to the maximum and minimum value of Poisson’s ratio, respectively, dimensionless.




3.4. Finite Element Numerical Simulation of In Situ Stress


The FENS approach discretizes a continuous geological body into finite elements, enabling numerical solutions [48,49]. These elements, interconnected by nodes, are assigned actual rock mechanical parameters, considering three key variables: displacement, stress, and strain. Equations, based on equilibrium conditions and boundary stress at nodes, are solved to incorporate node displacement (unknown) and stiffness matrix coefficients. Utilizing interpolation functions, node displacement is determined, enabling the calculation of internal stress and strain. By combining these units, the in situ stress distribution across the geological body is calculated, with simulation accuracy tied to the fidelity of the geological model. The FENS process involves four main steps: (I) establishing the geological model, (II) generating the mesh model, (III) constructing the mechanical model, and (IV) determining boundary loading conditions. Step I involves determining the vertical model size and lithological combinations based on bedding plane, lithology, and sedimentary structure. In Step II, the continuous geological model is discretized into elements and nodes, with rock mechanical parameters assigned based on logging interpretation and testing (Table 1). The model comprises 274,986 nodes and 1,574,649 elements. Step IV sets boundary load conditions, including loading stress and displacement, according to loading methods and fracture direction. Two vertical models are established to explore the relationship among sedimentary hydrodynamic conditions, in situ stress, and fracture parameters (Figure 2). These models incorporate different lithological combinations and architecture interfaces, achieving high accuracy. For instance, a 16 m section in the zj 20 well is divided into 41 lithologies and architectures. Loading stress is applied to boundaries, and gravitational acceleration is considered. This approach yields the distribution of in situ stress in the study area’s selected section. The loading stress on the north–south boundary of the current geological model was 150 MPa, and on the east-western boundary was 86 MPa. In the ancient geological model, the loading stress on the north-south boundary was 320 MPa, and on the east–west boundary was 85 MPa. The bottom of the model was constrained in the z-direction, and gravitational acceleration was applied to the model. Consequently, the distribution of in situ stress in the selected typical section of the study area was obtained.




3.5. Quantitative Characterization of Fracture Parameters


In this study, the objective was to quantitatively characterize the developmental characteristics of fracture parameters using rock rupture criteria and mathematical calculations. The three-dimensional stress condition was analyzed, and two significant criteria, namely the Coulomb–Mohr criterion and Griffith rupture criterion, were selected to assess rock rupture in the sandstone. Equations linking in situ stress, strain, and fracture parameters were established based on elasticity theory. By considering the principal strain and corresponding principal stress, the strain energy per unit volume was calculated, providing a measure of the magnitude of elastic strain energy within the entire rock mass [48,49]. These calculations allowed for the quantitative characterization of fracture parameters, enabling a better understanding of their developmental characteristics in the study area.



The established rupture criterion was listed as follows:



	(1)

	
Where σ3 > 0, the Coulomb–Mohr criterion was used, then the fracture’s volume density and linear density could be determined by Equations (8) and (9):
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where Dvf is the volume density of fracture, m2/m3; J0 refers to the required surface energy without pressure, J/m2; E shows the rock’s Young’s modulus, MPa; μ refers to the rock’s Poisson’s ratio, dimensionless; σ1, σ2, σ3 are the minimum, medium, and maximum principal stresses, respectively, MPa; b refers to the fracture aperture, m; σp is the rock rupture stress, MPa; Dlf shows the fracture linear density, /m; L1 and L3 show the characterized unit lengths along the σ1 and σ3 orientations, m; and θ is the rock rupture angle, °.




	(2)

	
Where σ3 < 0, the Griffith criterion was used, which could be divided into two situations:




	
σ1 + 3σ3 > 0; the criterion is shown as follows:
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where Dlfc shows the calculated fracture linear density, /m; σt refers to the rock’s tensile strength, MPa.



	
σ1 + 3σ3 ≤ 0; according to Equation (11), the fracture volume density and linear density could be obtained.
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The fracture aperture could be calculated through Equation (12):


  b =      ε 3    −    ε 0       D  l f      



(12)




where ε0 shows the maximum elastic strain of rock affordability.



By employing Equations (7)–(12), the linear density, aperture, and volume density of fractures in the typical section were quantitatively determined. These calculations provide reliable and valuable insights into the study of geomechanical response characteristics under various sedimentary hydrodynamic conditions. The obtained results serve as a reliable and effective support for further analysis in this field of research.





4. Results


4.1. Developmental Characteristics of Bedding Plane and Structural Fractures


In this study, we investigated the developmental characteristics of sedimentary microfacies, bedding planes, and structural fractures using core observation and thin section identification methods. Six distinct sedimentary microfacies were identified within the T3x2 Formation based on observed results and considering grain size, lithology, and sedimentary structural characteristics (Figure 3). The underwater distributary channel microfacies displayed normal grading and well-developed bedding planes, indicating strong hydrodynamic conditions (Figure 3A,B). Conversely, the mouth bar microfacies exhibited inverse grading and trough cross-bedding, indicating relatively strong hydrodynamic conditions (Figure 3C,D). The interdistributary bay microfacies showed well-developed silty mudstone, suggesting a weak hydrodynamic environment (Figure 3E,F). The sandy debris flow microfacies was characterized by massive sandstone at the bottom and abundant mud gravel at the top, representing a weak hydrodynamic condition (Figure 3G,H). The inshore shallow lake microfacies consisted of black shale, indicating a weak sedimentary hydrodynamic environment (Figure 3I,J). Finally, the natural levee microfacies exhibited interbedded sandstone and mudstone, suggesting a relatively weak hydrodynamic condition (Figure 3K,L). Thin section analysis (Figure 3M,N) revealed that the sandstone was primarily composed of quartz, with medium compaction action observed. Carbonate and clay cementation were the dominant cement types, and the reservoir space mainly consisted of secondary pores, primarily formed by feldspar dissolution (Figure 3O–R). Metasomatism of cement to clastic particles was also observed within the T3x2 Formation (Figure 3S,T).



Based on observed developmental characteristics within the T3x2 Formation (Figure 4), four types of bedding planes were identified: sand lamination, horizontal bedding, parallel bedding, and trough cross-bedding (Figure 4A–E,G–I). Additionally, three significant types of structural fractures were distinguished: bedding-plane shear fractures, shear fractures with medium-high dip angles, and tensile-shear fractures with high dip angles (Figure 4A,B,E–H). Bedding-plane shear fractures with low angles exhibited slipping and rupturing along horizontal or low-angle parallel bedding, influenced by shear stress, evidenced by scratches, mirror surfaces, and small steps (Figure 4A,E,H). Two categories of shear fractures with medium-high dip angles were identified: one followed weak bedding planes at medium-high angles, while the other penetrated through weak bedding planes due to strong tectonic stress (Figure 4B,E,G). Conjugate shear fractures with high dip angles and multiple fracture sets were primarily developed in tight sandstone with well-developed horizontal bedding planes (Figure 4A). Tensile fractures displayed a slightly curved form, indicating the combined action of shear and derived tensile stress, influenced by mechanical heterogeneity of bedding planes (Figure 4F). These developmental characteristics indicate significant differences in tight sandstone with various bedding planes (level 2 architecture interface), profoundly influenced by sedimentary hydrodynamic conditions. These observations offer valuable insights and guidance for analyzing geomechanical responses across different sedimentary hydrodynamic conditions.




4.2. Distribution Characteristics of Reservoir Architecture


To elucidate the distribution characteristics of reservoir architecture, we analyzed 10 representative wells, focusing on wells cx 563 (5054–5072 m) and zj 20 (4067.83–4083.83 m) to present our findings (Figure 5 and Figure 6). By correlating core samples with the logging gamma curve, we accurately described the vertical developmental characteristics of lithology, bedding planes, and fractures. In well cx 563, we identified three significant architecture interfaces: level 2, level 3, and level 4 (Figure 5). Each sedimentary hydrodynamic cycle represented a continuous change in hydrodynamic conditions (e.g., 5057.45–5058.39 m). The reservoir exhibited low physical properties, with porosity ranging from 1 to 3% and permeability from 10 to 50 mD. The lithology mainly comprised fine sandstone, medium-fine sandstone, argillaceous siltstone, and silty mudstone. We distinguished three bedding planes within the T3x2 Formation: parallel bedding, sand lamination, and horizontal bedding planes, which contributed to determining the reservoir architecture interfaces of level 2. Moreover, we identified four significant microfacies in the delta-front facies of well cx 563: distributary channel, mouth bar, sheet sand, and interdistributary bay. Overall, the well exhibited three reservoir architecture interfaces of level 2, 15 of level 3, and four of level 4 (Figure 5), each corresponding to changes in sedimentary hydrodynamic conditions. Notably, within two level 4 interfaces, we identified a continuous sedimentary sand body between two level 3 interfaces. Similarly, within two level 3 interfaces, the level 2 interface indicated a relatively weak change in sedimentary hydrodynamic conditions.



In well zj 20 (Figure 6), we distinguished three reservoir architecture interfaces: level 2, level 3, and level 4. In total, we identified 15 level 2 interfaces, eight level 3 interfaces, and two level 4 interfaces. The lithology mainly comprised fine sandstone, medium sandstone, and medium-coarse sandstone, with four distinct bedding planes observed: parallel bedding, sand lamination, trough cross-bedding, and massive bedding planes. Porosity and permeability of the reservoir were primarily distributed in the range of 2–10% and 0.1–1 mD, respectively, indicating poor reservoir properties. Two significant microfacies were identified in the delta-front facies of well zj 20: the distributary channel and the mouth bar. Combining gas production yield, reservoir pressure, porosity, and permeability, we distinguished three types of reservoirs: gas reservoir, gas-bearing reservoir, and poor gas layer. For example, in the sedimentary environment of the mouth bar, a continuous sand body was observed between two level 3 interfaces, indicating a stable sedimentary hydrodynamic cycle. Interestingly, integration of porosity, permeability, total hydrocarbon content, fracture dip angle, and fracture tendency revealed a positive correlation between higher porosity and permeability magnitudes with reservoir architecture interfaces. Areas with higher total hydrocarbon content were primarily located near regions with level 3 interfaces. However, due to the limited number of fractures, the relationship between fracture parameters and reservoir architecture interfaces remained unclear. Overall, different reservoir architecture interfaces reflected varying sedimentary hydrodynamic conditions, leading to different geomechanical response characteristics, necessitating further analysis of geomechanical parameters’ developmental characteristics.




4.3. Characteristics of Geomechanical Parameters


Eleven geomechanical parameters are depicted in Figure 6, including fracturing pressure, horizontal maximum principal stress, horizontal minimum principal stress, vertical principal stress, brittleness index, Poisson’s ratio, Young’s modulus, coefficient of stress difference, stress intensity, fracture dip angle, and fracture tendency. Fracturing pressure ranged primarily between 95 and 155 MPa, with an average of 123.45 MPa. The horizontal maximum principal stress varied from 125 to 190 MPa, averaging 138.19 MPa, while the horizontal minimum principal stress ranged mainly between 87 and 97 MPa, averaging 94.93 MPa. The vertical principal stress ranged from 95 to 115 MPa, averaging 102.98 MPa. Brittleness index showed a range of 0.3 to 0.6, averaging 0.39, and Poisson’s ratio varied between 0.24 and 0.33, with a mean of 0.31. Young’s modulus ranged from 7.1 to 65 GPa, with an average of 38.11. The coefficient of stress difference ranged from 0.293 to 0.944, averaging 0.458, and stress intensity varied from 25 to 90 MPa, averaging 47.76 MPa. Fracture dip angle was primarily between 0 and 60°, with an average of 12.19°. Furthermore, the current in situ stress state was determined by analyzing the relationship among horizontal maximum principal stress, horizontal minimum principal stress, and vertical principal stress (Figure 7). Three significant stress mechanisms were identified: Type I (subdivided into Ia and Ib), Type II (thrust fault stress mechanism), and Type III (strike-slip fault stress mechanism). In the T3x2 Formation, strike-slip stress was observed at depths of 4050–4238 m and 4263–4425 m, while thrust fault stress was determined at a depth of 4238–4263 m.



The analysis revealed significant insights into the geomechanical parameters across different sand groups. Fracture strike patterns varied notably among wells. For instance, in well zj 20, fracture strikes were prevalent in ranges of 0−20°, 50−60°, 90−110°, and 170−180° (Figure 8A), while well gm 3 exhibited concentrated strikes in the ranges of 60–80° and 150−160° (Figure 8B). Similarly, in well xc 8, strikes were mainly in the ranges of 100−110° and 170−180° (Figure 8C), and in well xc 5, they clustered around 70−90° and 120−130° (Figure 8D). Regarding sedimentary structures, massive bedding was most developed in well zj 20, followed by trough cross-bedding and parallel bedding, while sand lamination was least prominent. Similar trends were observed in other wells, with variations in the dominance of specific bedding structures (Figure 8E–H). Analysis of Young’s modulus across sand groups indicated values predominantly between 20 and 55 GPa, with the T3x2–5 sand group exhibiting a lower value (23 GPa) (Figure 8I). Poisson’s ratio ranged mostly between 0.28 and 0.34, with T3x2−5 showing a higher value (0.335) (Figure 8J). The brittleness index and coefficient of stress difference were primarily distributed in the ranges of 0.24−0.53 and 0.30−0.51, respectively, with T3x2−5 demonstrating relatively lower values (Figure 8K,L). This suggests that the rock in the T3x2−5 sand group exhibited weaker elasticity and stronger plasticity. Overall, these findings offer crucial insights and guidance for understanding the geomechanical response across diverse sedimentary hydrodynamic conditions.





5. Discussion


5.1. Geomechanical Response Characteristics on Reservoir Architecture Interface of Level 4


To scrutinize the geomechanical responses at the level 4 reservoir architecture interface, we examined the correlations between various parameters and the distance from this interface. Parameters included fracturing pressure, horizontal and vertical principal stresses, Poisson’s ratio, Young’s modulus, stress intensity, and more. Constrained by the bottom reservoir architecture interface, we observed fluctuations in these parameters over the sedimentary process. Fracturing pressure, for example, exhibited sinusoidal patterns concerning distance from the interface (Figure 9A). In distributary channels, the effective distance was 5 m, with pressure peaking at 0.3, 2.3, and 4.3 m, and valleys at 1.5, 3.5, and 5.0 m. Contrasting patterns were observed in interdistributary bays and mouth bars. The horizontal minimum principal stress mirrored fracturing pressure trends, with distributary channels showing higher magnitudes (92–95 MPa) than mouth bars (88–92 MPa) (Figure 9B). Horizontal maximum principal stress varied with distance; for example, in mouth bars and distributary channels, the effective distance was 5 m, while in interdistributary bays and distal bars, it was 2.5 m (Figure 9C).



Additionally, vertical principal stress, Poisson’s ratio, and Young’s modulus showed similar trends concerning their relationship with distance from the architecture interface (Figure 9D–F). In distributary channels, Poisson’s ratio ranged from 0.29 to 0.33, higher than in mouth bars (0.26–0.315), while Young’s modulus was higher in mouth bars (50–70 GPa) compared to distributary channels (40–55 GPa). Effective distances varied with sedimentary environments, critical for understanding fracture behavior. For instance, in interdistributary bays, it was 1.5 m, while in distal bays, it was 2.5 m. In contrast, in mouth bars and distributary channels, it extended to 5.0 m, indicating prolonged influence on fracture behavior. Similar response patterns were observed at the level 4 architecture interface (Figure 9G–I). The brittleness index in mouth bar environments (0.50–0.60) exceeded that of distributary channels (0.42–0.50), indicating stronger elasticity in mouth bars. Considering these parameters’ responses, different sedimentary microfacies represented varying hydrodynamic environments. For example, interdistributary bay environments showed significant control by the architecture interface at 1.5 m, with hydrodynamic changes at 0.7 m. In distal bars, it was 2.5 m, revealing changes at 0.3, 0.7, and 1.5 m. In distributary channels, it was 5.0 m, with changes at 0.3, 1.5, 2.3, 3.5, 4.3, and 5.0 m. In mouth bars, it was 5.0 m, with changes at 1.1, 2.3, 4.5, and 5.0 m. Peaks and valleys in geomechanical responses corresponded to level 2 or level 3 interfaces, indicating hydrodynamic cycle changes.




5.2. Geomechanical Response Characteristics on Reservoir Architecture Interface of Level 3


The relationship between fracturing pressure and distance from the level 3 architecture interface (Figure 10A) showed a notable negative correlation. In mouth bars and distributary channels, fracturing pressure initially decreased (0–1.5 m), then increased (1.5–2.0 m) with distance. For interdistributary bays and natural levees, the effective distance influenced by the level 3 interface was 1.0 m. Statistical analysis of horizontal minimum principal stress revealed higher values in distributary channels (96–108 MPa) than in interdistributary bays (94–96 MPa) and natural levees, with mouth bars having the lowest (88–92 MPa) (Figure 10B). Horizontal minimum principal stress showed a weak correlation with distance from the level 3 interface. The relationship between horizontal maximum principal stress and distance (Figure 10C) revealed higher values in distributary channels (135–180 MPa), followed by mouth bars (130–150 MPa), and lower values in interdistributary bays and natural levees (125–135 MPa). Overall, horizontal maximum principal stress showed a negative relationship with distance, indicating two peaks and valleys (0.5 m, 0.8 m, 1.3 m, and 2.0 m) in mouth bars and distributary channels.



When analyzing the relationships among vertical principal stress, Poisson’s ratio, and Young’s modulus with distance from the architecture interface (Figure 10D–F), an overall negative correlation emerged. Vertical principal stress was higher in the interdistributary bay and natural levee (105–108 MPa), contrasting with the lower values in the distributary channel (96–105 MPa) (Figure 10D). Poisson’s ratio displayed a heterogeneous distribution, mainly ranging from 0.25 to 0.33 in the distributary channel, reflecting strong heterogeneity and turbulent hydrodynamics. Conversely, for the interdistributary bay and natural levee, Poisson’s ratio concentrated in the range of 0.285–0.305, indicative of a relatively stable hydrodynamic condition (Figure 10E). Young’s modulus varied, with mouth bars showing higher elasticity (46–65 GPa) compared to a broader range (30–65 GPa) in the distributary channel, suggesting greater heterogeneity and hydrodynamic variability (Figure 10F). Regarding the coefficient of stress difference, brittleness index, and stress intensity (Figure 10G–I), the coefficient mainly ranged from 0.35 to 0.45 in the interdistributary bay and natural levee, suggesting stability. In the mouth bar and distributary channel, distinct peaks and valleys (0.5 m, 1.0 m, 1.4 m, and 2.0 m) indicated two hydrodynamic cycles (Figure 10G). Brittleness index values (0.50–0.60) in mouth bars signified high elasticity. Stress intensity mirrored the coefficient of stress difference, indicating changing hydrodynamics in mouth bars and distributary channels. Overall, horizontal maximum principal stress, Poisson’s ratio, Young’s modulus, coefficient of stress difference, brittleness index, and stress intensity highlighted sedimentary hydrodynamic changes. The effective distance influenced by the level 3 interface was 1.0 m, with distinct peaks and valleys identifying sedimentary hydrodynamic cycles.




5.3. Geomechanical Response Characteristics on Reservoir Architecture Interface of Level 2


The relationships among fracturing pressure, horizontal minimum principal stress, and horizontal maximum principal stress with distance (Figure 11A–C) showed a weak negative correlation across distributary channels, interdistributary bays, and natural levees. For instance, in the distributary channel microfacies (Figure 11C), as distance from the level 2 interface increased, horizontal maximum principal stress decreased from 170 MPa to 145 MPa. The correlation between vertical principal stress and distance varied with hydrodynamic environments (Figure 11D). Poisson’s ratio displayed a clear negative trend with distance (Figure 11E), primarily ranging between 0.25 and 0.32 in distributary channels, indicating decreasing values with distance and strong heterogeneity. In contrast, during interdistributary bays, Poisson’s ratio was more stable, mainly between 0.28 and 0.30, indicating a relatively consistent hydrodynamic environment. Similarly, Young’s modulus declined from 60 GPa to 35 GPa over 1.0 m in distributary channels, reflecting changing mechanical properties (Figure 11F), while in interdistributary bays, Young’s modulus remained relatively constant at 38–42 GPa, indicating more uniform petrophysical characteristics.



Considering the relationship between the coefficient of stress difference and distance from the architecture interface (Figure 11G), after filtering out anomalies, the coefficient of stress difference was notably higher in distributary channels (0.40–0.80) compared to interdistributary bays (0.35–0.40). The effective distance influenced by the level 2 interface was within 1 m, indicating a stable hydrodynamic condition within a cycle. Analyzing the brittleness index, a clear negative correlation was evident (Figure 11H). As distance increased (0–1.0 m) in distributary channels, the index decreased from 0.60 to 0.45, suggesting greater elasticity. In interdistributary bays, the index ranged mainly between 0.40 and 0.45, reflecting similar petrophysical properties. Examining the stress intensity’s relationship with distance from the level 2 interface (Figure 11I), as distance increased, intensity decreased. In distributary channels, it ranged from 40 to 90 MPa, indicating higher rupture susceptibility, while in interdistributary bays, it was mostly between 35 and 40 MPa. These six key geomechanical parameters (fracturing pressure, horizontal maximum principal stress, Poisson’s ratio, Young’s modulus, brittleness index, and stress intensity) showed a strong relationship with distance from the level 2 interface. The effective distance influenced by the interface in distributary channels was within 1 m, while in interdistributary bays, it was 0.6 m. Generally, as distance increased from the level 2 interface, these parameters decreased.




5.4. Response Characteristics of Fracture Parameters on Various Architecture Interfaces


Similarly, to analyze fracture parameter responses across various architecture interfaces, we focused on fracture strike and dip angle (Figure 12). However, given the unique complexity of structural fractures and reservoir architecture, data points were limited. Examining the relationships between fracture strike, dip angle, and distance from the architecture interface (Figure 12A,B), we found the effective distance influenced by the level 2 interface was under 2.0 m. Fracture strike showed a strong positive correlation with distance, while dip angle exhibited a weaker positive correlation. As distance from the level 2 reservoir interface increased, strike ranged from 10 to 180°, and dip angle from 5 to 60°. Analyzing the statistical results of the fracture strike’s relationship with distance from the level 2 interface (Figure 12C), we observed an initial decrease (0–1.7 m), followed by an increase (1.7–3.2 m) to 40–140°. Similarly, examining the fracture dip angle’s relationship with the level 2 interface (Figure 12D), we noted an initial rise (0–1.3 m), succeeded by a gradual decline (1.3–3.2 m). The effective distance controlled by the level 3 interface was 3.2 m, indicating a hydrodynamic shift around 1.5 m (±0.2 m).



Considering the relationships among fracture strike, dip angle, and different reservoir architecture interfaces (Figure 12E,F), the effective distance influenced by the level 2 interface was 2.0 m. Points near this interface showed lower strike values (0–40°) and dip angles (0–10°). Likewise, the effective distance controlled by the level 3 interface was 3.2 m, indicating a significant change around 1.5 m. Near this interface, points displayed higher strike values (120–180°) and lower dip angles (0–10°). At approximately 1.5 m from the level 3 interface, fractures showed medium strike values (40–80°) and dip angles (20–50°). Due to limited level 4 interface data, understanding fracture parameter responses was challenging. Strong sedimentary hydrodynamic conditions (between two level 3 interfaces) favored fractures with higher strike values and lower dip angles. Conversely, weak sedimentary hydrodynamics (between two level 2 interfaces) favored fractures with lower to medium strike values and dip angles.




5.5. The Coupling Simulation among In Situ Stress, Fracture’s Parameter, and Reservoir Architecture Interfaces


To investigate the interplay between in situ stress, fracture parameters, and sedimentary hydrodynamics, we conducted finite element simulations and fracture calculations in the zj 20 well, focusing on depths between 4067.83 and 4083.83 m and between 4291 and 4299 m. The coupling simulation results (Figure 13) illustrated that reservoir architecture interfaces and lithologic combinations significantly influenced in situ stress distribution. It is worth noting that in our ANSYS simulations, negative values indicated compressive environments, while positive values indicated extensional stress, a departure from conventional structural geology but consistent for analysis purposes. Vertical principal stress magnitude correlated strongly with rock density and burial depth. Horizontal minimum principal stress ranged from 67.2 to 90.7 MPa, lower (67.2–81.7 MPa) in strong hydrodynamic conditions (4081.5–4083.83 m) and higher (88.9–99.7 MPa) in weak hydrodynamic conditions (4078.5–4079.3 m). Similarly, horizontal maximum principal stress ranged from 121 to 169 MPa, lower (121–142 MPa) in strong hydrodynamic conditions and higher (153–169 MPa) in weak hydrodynamic conditions. Stress intensity varied between 121 and 165 MPa, with higher values (145–165 MPa) indicating strong hydrodynamic environments around 4278.5 to 4279.3 m. Fracture parameters like volume density, linear density, and aperture closely correlated with sedimentary hydrodynamics. In distributary channel microfacies, as hydrodynamics transitioned from strong to weak, fracture development weakened accordingly. Mouth bar microfacies showed consistent fracture development characteristics with changing hydrodynamic conditions (Figure 13).



Based on simulated data from a typical well in zj 20 (4291–4299 m), the horizontal minimum principal stress ranged from 68.6 to 86.0 MPa, indicating lower values (68.6–78.3 MPa) in strong hydrodynamic conditions (4294–4295 m) and higher values (81.3–86.0 MPa) in weak hydrodynamic conditions (4291.3–4291.4 m). Similarly, the horizontal maximum principal stress ranged from 119 to 151 MPa, with lower values (119–139 MPa) in strong hydrodynamic conditions and higher values (144–151 MPa) in weak hydrodynamic conditions. Stress intensity mirrored these trends, ranging between 124 and 154 MPa, aligning with changing hydrodynamic conditions. Fracture parameters such as volume density, linear density, and aperture were notably influenced by sedimentary hydrodynamics. In the distributary channel microfacies, fracture development consistently reflected changes in the hydrodynamic environment (Figure 14).



Overall, coupling in situ stress, fracture distribution, reservoir architecture interfaces, and gas production delineated three distinct fracture levels: I, II, and III (Figure 13 and Figure 14). In level I, the reservoir exhibited high fracture linear density (0.1031–0.356 × 10−2/m), volume density (0.226–1.134 m2/m3), aperture (0.2–1.5 mm), and stress intensity (135–150 MPa). Total hydrocarbon content was high, indicating good porosity and permeability (gas-bearing layer). For level II, fracture linear density (0.0177–0.1235 × 10−2/m) and volume density (0.106–0.512 m2/m3) were medium, with high aperture (0.2–1.5 mm) and stress intensity (135–160 MPa). Total hydrocarbon content was moderate, indicating poor porosity and permeability (poor gas layer). Level III showed low fracture linear density (0–0.1031 × 10−2/m), volume density (0–0.106 m2/m3), and aperture (0–0.1 mm), with stress intensity between 140 and 165 MPa. Total hydrocarbon content was moderate, suggesting medium porosity and permeability (gas layer).





6. Results and Conclusions


To explore how different sedimentary hydrodynamic cycles affect deep tight sandstone, we conducted core observations, thin section analyses, and log calculations to assess parameters like Young’s modulus, Poisson’s ratio, brittleness index, and in situ stress. Finite element numerical simulations were then employed to determine in situ stress and fracture parameters.



	(1)

	
Young’s modulus ranged from 20 to 55 GPa, with lower values seen in specific sand groups. Poisson’s ratio was mainly between 0.28 and 0.34, with higher values observed in certain sand groups. The brittleness index varied from 0.24 to 0.53, indicating different elasticity and plasticity levels.




	(2)

	
Effective distances controlled by level 4 architecture interfaces varied, affecting sedimentary hydrodynamic environments differently. Peaks and valleys shifted in geomechanical responses corresponded to changes in hydrodynamic cycles. Distances influenced by different architecture interfaces ranged from 0.6 to 2.5 m, highlighting varied environmental impacts. The Young’s modulus, Poisson’s ratio, coefficient of stress difference, brittle index, and stress intensity were key parameters in the sedimentary hydrodynamic environment.




	(3)

	
Fracture characteristics were influenced by architecture interfaces, with distinct patterns seen at different levels. Fracture strike and dip angles varied based on proximity to specific interfaces, indicating strong or weak sedimentary hydrodynamic conditions. The loading stress, Young’s modulus, and Poisson’s ratio played significant roles for fracture dip and strike.




	(4)

	
Three fracture face levels (I, II, III) were identified, each associated with different reservoir characteristics. Level I showed high fracture density and stress intensity, indicating good gas-bearing properties. Level II exhibited moderate fracture characteristics, while Level III displayed lower density and stress intensity, suggesting moderate gas potential.







This research provides new theories and methods for the geomechanical response of sedimentary hydrodynamic cycles, promoting research and technological innovation in the field of geology. This contributes to the advancement of disciplines related to geology, providing more scientific and technological support for sustainable development. In-depth research on the geomechanical response characteristics of different sedimentary hydrodynamic cycles can provide a scientific basis and technological support for resource development, environmental protection, and infrastructure development, promoting the development of Earth sciences and facilitating the realization of sustainable development.
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Figure 1. Structural characteristics of northern part of the Western Sichuan Depression. (A) is the structural schematic diagram of China; (B) shows the structural schematic diagram of Sichuan Basin; (C) refers to the structural characteristics of the study area; (D) shows the stratigraphic characteristics in the study area. I—Longmenshan Fault; II—Micang-Daba Mountain thrust belt; III—Kangtien ancient land; IV—Western Sichuan Depression; V—Northern Sichuan Depression; VI—Low moderate structural belt in central Sichuan; VII—Eastern Sichuan fault-fold belt; VIII—ancient uplift. 
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Figure 2. The established geomechanical model and boundary loading conditions. 
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Figure 3. The observed sedimentary characteristics of core and thin section. (A) well zj 20, 4069.73 m, medium sandstone, parallel bedding; (B) well xc 7, 5185.77 m, fine-medium sandstone, normal grading; (C) well zj 20, 4080.15 m, medium-coarse sandstone, trough cross-bedding; (D) well cf 563, 4436.13 m, medium sandstone; (E) well cf 563, 4922.53 m, silty mudstone; (F) well cf 563, 4845.12 m, silty mudstone, visible carbon shavings; (G) well ls 1, 4248.79 m, medium sandstone, mud gravel were developed; (H) well ls 1, 4259.5 m, medium sandstone, visible developed mud gravel; (I) well xc 7, 4976.74 m, black shale; (J) well xc 7, 4976.83 m, black shale; (K) well dy 2, interbedded sandstone and mudstone; (L) well dy 2, 4985.91 m, interbedded sandstone and mudstone; (M) well xc 12, 4767.28 m; (N) well gm3, 4880.01 m; (O) well cx 563, 4899.70 m, line contact between particles; (P) well gm3, 4880.00 m, secondary enlargement of quartz; (Q) well xc 12, 4767.28 m, secondary dissolution pore and feldspar debris dissolution pore; (R) well gm 3, 4880.01 m, few pores and poor development of roar channels; (S) well zj 20, 4200.3 m, dissolution is developed along the edge of micro fracture; (T) well xc 12, 4812.24 m, calcite metasomatism of feldspar; where specimens in (A,B) belonged to sedimentary environment of the distributary channel; samples in (C,D) were in the sedimentary condition of the mouth bar; specimens in (E,F) belonged to sedimentary environment of the interdistributary bay; samples in (G,H) were in the sedimentary condition of the sandy debris flow; specimens in (I,J) belonged to sedimentary environment of the inshore shallow lake; samples in (K,L) were in the sedimentary condition of the natural levee. 
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Figure 4. Developmental characteristics of bedding plane and structural fractures in the study area. (A) well gm 3, 4920.61 m, trough cross-bedding, bedding fractures and plane shear fractures; (B) well cx 565, 5059.05 m, structural fracture with high dip angle, penetrated the parallel beddings, fully filled with calcite; (C) well dy 2, 4938.54 m, structural fracture with high dip angle, penetrated the parallel beddings; (D) well xc 8, 5169.2 m, tensile-shear fracture; (E) well zj 20, sand lamination developed, structural fractures were developed along the weak bedding planes; (F) well zj 20, 4071.67 m, structural fracture with high dip angle, penetrated the parallel beddings; (G) well gm 3, 4918.33–4920.2 m, rock’s rupture were highly related to the bedding planes. 
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Figure 5. The reservoir architecture division of the T3x2 Formation in well cx 563 (5054–5072 m). 
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Figure 6. The reservoir architecture division and geomechanical characteristics of the T3x2 Formation in well zj 20 (4067.83–4083.83 m). 
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Figure 7. The characteristics of stress mechanism in the T3x2 Formation in well zj 20. 
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Figure 8. The developmental characteristics of geomechanical parameters in the T3x2 Formation in the study area. (A–D) shows the rose diagram of fracture strike in well zj 20, gm 3, xc, 8, and xc 5, respectively; red color shows the distribution interval of fracture strike; (E–H) refers to the pie chart of four different reservoir architecture interfaces of level 2 in well zj 20, gm 3, xc 8, and cf 563, respectively; (I) indicates the Young’s modulus; (J) shows the Poisson’s ratio; (K) refers to the brittleness index; (L) is the coefficient of stress difference. 
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Figure 9. Geomechanical response characteristics on reservoir architecture interface of level 4. (A) is the relationship between fracturing pressure and distance from architecture interface (bottom) of level 4; (B) shows the relationship between σHmin and distance from architecture interface (bottom) of level 4; (C) refers to the relationship between σHmax and distance from architecture interface (bottom) of level 4; (D) indicates the relationship between σV and distance from architecture interface (bottom) of level 4; (E) shows the relationship between the Poisson’s ratio and distance from architecture interface (bottom) of level 4; (F) is the relationship between the Young’s modulus and distance from architecture interface (bottom) of level 4; (G) refers to the relationship between the coefficient of stress difference and distance from architecture interface (bottom) of level 4; (H) shows the relationship between the brittleness index and distance from architecture interface (bottom) of level 4; (I) refers to the relationship between the stress intensity and distance from architecture interface (bottom) of level 4; where σHmin shows the horizontal minimum principal stress, MPa; σHmax refers to the horizontal maximum principal stress, MPa; σV is the vertical principal stress, MPa. 
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Figure 10. Geomechanical response characteristics on reservoir architecture interface of level 3. (A) is the relationship between fracturing pressure and distance from architecture interface (bottom) of level 3; (B) shows the relationship between σHmin and distance from architecture interface (bottom) of level 3; (C) refers to the relationship between σHmax and distance from architecture interface (bottom) of level 3; (D) indicates the relationship between σV and distance from architecture interface (bottom) of level 3; (E) shows the relationship between the Poisson’s ratio and distance from architecture interface (bottom) of level 3; (F) is the relationship between the Young’s modulus and distance from architecture interface (bottom) of level 3; (G) refers to the relationship between the coefficient of stress difference and distance from architecture interface (bottom) of level 3; (H) shows the relationship between the brittleness index and distance from architecture interface (bottom) of level 3; (I) refers to the relationship between the stress intensity and distance from architecture interface (bottom) of level 3; where σHmin shows the horizontal minimum principal stress, MPa; σHmax refers to the horizontal maximum principal stress, MPa; σV is the vertical principal stress, MPa. 
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Figure 11. Geomechanical response characteristics on reservoir architecture interface of level 2. (A) is the relationship between fracturing pressure and distance from architecture interface (bottom) of level 2; (B) shows the relationship between σHmin and distance from architecture interface (bottom) of level 2; (C) refers to the relationship between σHmax and distance from architecture interface (bottom) of level 2; (D) indicates the relationship between σV and distance from architecture interface (bottom) of level 2; (E) shows the relationship between the Poisson’s ratio and distance from architecture interface (bottom) of level 2; (F) is the relationship between the Young’s modulus and distance from architecture interface (bottom) of level 2; (G) refers to the relationship between the coefficient of stress difference and distance from architecture interface (bottom) of level 2; (H) shows the relationship between the brittleness index and distance from architecture interface (bottom) of level 2; (I) refers to the relationship between the stress intensity and distance from architecture interface (bottom) of level 2; where σHmin shows the horizontal minimum principal stress, MPa; σHmax refers to the horizontal maximum principal stress, MPa; σV is the vertical principal stress, MPa. 
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Figure 12. Response characteristics of fracture parameters on various reservoir architecture interfaces. (A) is the relationship between the fracture strike and distance from reservoir architecture interface (bottom) of level 2; (B) shows the relationship between the fracture dip angle and distance from reservoir architecture interface (bottom) of level 2; (C) refers to the relationship between the fracture strike and distance from reservoir architecture interface (bottom) of level 3; (D) is the relationship between the fracture dip angle and distance from reservoir architecture interface (bottom) of level 3; (E) shows the relationship between fracture strike and distance from various reservoir architecture interfaces; (F) indicates the relationship between fracture dip angle and distance from various reservoir architecture interfaces. 
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Figure 13. The coupling simulation results of in situ stress and fracture parameters in different microfacies in typical well of zj 20 (4067.83–4083.83 m). 
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Figure 14. The coupling simulation results of in situ stress and fracture parameters in same microfacies in typical well of zj 20 (4291–4299 m). 
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Table 1. The mechanical parameters in different lithologies/architectures.
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	Top Depth/m
	Bottom Depth/m
	Thickness
	Lithology/Architecture
	E/GPa
	µ
	Density/kg/m3





	4067.83
	4068.33
	0.5
	fine sandstone
	44.75
	0.291
	2476



	4068.33
	4068.43
	0.1
	medium sandstone
	45.14
	0.290
	2485



	4068.43
	4068.54
	0.11
	sand wave lamination
	45.36
	0.289
	2494



	4068.54
	4069.13
	0.59
	medium sandstone
	45.88
	0.285
	2513



	4069.13
	4069.25
	0.12
	parallel bedding
	47.29
	0.287
	2530



	4069.25
	4069.63
	0.38
	medium sandstone
	47.92
	0.287
	2536



	4069.63
	4070.05
	0.42
	parallel bedding
	47.30
	0.282
	2537



	4070.05
	4071.05
	1.00
	fine sandstone
	49.00
	0.287
	2536



	4071.05
	4072.33
	1.28
	medium sandstone
	56.50
	0.290
	2604



	4072.33
	4072.73
	0.40
	medium sandstone
	58.21
	0.298
	2593



	4072.73
	4073.12
	0.39
	fine sandstone
	52.40
	0.287
	2577



	4073.12
	4074.16
	1.04
	medium sandstone
	48.53
	0.284
	2548



	4074.16
	4074.33
	0.17
	fine sandstone
	50.59
	0.282
	2575



	4074.33
	4074.38
	0.05
	parallel bedding
	50.74
	0.281
	2578



	4074.38
	4075.16
	0.78
	fine sandstone
	51.29
	0.281
	2582



	4075.16
	4075.62
	0.46
	medium sandstone
	53.48
	0.276
	2621



	4075.62
	4075.92
	0.30
	fine sandstone
	52.95
	0.279
	2608



	4075.92
	4077.02
	1.10
	medium sandstone
	53.84
	0.283
	2606



	4077.02
	4077.62
	0.60
	medium sandstone
	53.28
	0.286
	2587



	4077.62
	4078.47
	0.85
	fine sandstone
	58.18
	0.297
	2601



	4078.47
	4079.37
	0.90
	medium sandstone
	66.98
	0.313
	2630



	4079.37
	4080.05
	0.68
	fine sandstone
	55.20
	0.281
	2620



	4080.05
	4080.15
	0.10
	fine sandstone
	50.60
	0.268
	2622



	4080.15
	4080.25
	0.10
	medium sandstone
	52.91
	0.276
	2621



	4080.25
	4080.35
	0.10
	fine sandstone
	54.57
	0.281
	2620



	4080.35
	4080.45
	0.10
	medium sandstone
	55.54
	0.274
	2618



	4080.45
	4080.50
	0.05
	sand wave lamination
	56.92
	0.288
	2618



	4080.50
	4080.70
	0.20
	fine sandstone
	57.73
	0.289
	2621



	4080.70
	4081.12
	0.42
	medium sandstone
	60.55
	0.296
	2625



	4081.12
	4081.52
	0.40
	fine sandstone
	52.85
	0.281
	2588



	4081.52
	4082.31
	0.79
	medium sandstone
	40.80
	0.257
	2542



	4082.31
	4082.41
	0.10
	fine sandstone
	45.56
	0.265
	2571



	4082.41
	4082.61
	0.20
	medium sandstone
	47.29
	0.265
	2586



	4082.61
	4082.81
	0.20
	fine sandstone
	48.54
	0.266
	2596



	4082.81
	4083.17
	0.36
	parallel bedding
	48.69
	0.261
	2610



	4083.17
	4083.26
	0.09
	medium sandstone
	47.33
	0.255
	2610



	4083.26
	4083.36
	0.10
	fine sandstone
	46.57
	0.252
	2610



	4083.36
	4083.41
	0.05
	sand wave lamination
	45.85
	0.249
	2609



	4083.41
	4083.56
	0.15
	medium sandstone
	45.88
	0.247
	2618



	4083.56
	4083.66
	0.10
	fine sandstone
	46.33
	0.247
	2624



	4083.66
	4083.83
	0.17
	medium sandstone
	47.63
	0.251
	2628







Where E shows the rock’s Young’s modulus, MPa; μ is the rock’s Poisson’s ratio, dimensionless.
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