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Abstract

:

Natural fractures are of paramount importance in storing carbon in shale oil reservoirs, where ultra-low porosity and permeability necessitate their essentiality for enhanced oil recovery. Therefore, comprehensively clarifying the characteristics of natural fractures in shale oil reservoirs is imperative. This paper focuses on investigating the microscopic features of natural fractures in organic-rich continental shale oil reservoirs that are commonly found in the Lower Jurassic strata of the Sichuan Basin, employing them as a representative example. Multiple methods were utilized, including mechanical testing, Kaiser testing, multi-scale CT scanning (at 2 mm, 25 mm, and 100 mm scales), and a numerical simulation of fluid seepage in fracture models. The results revealed that the in situ stress of the target seam displays the characteristic of σH > σv > σh, with σv and σh being particularly similar. The relatively high lateral stress coefficient (ranging from 1.020 to 1.037) indicates that the horizontal stresses are higher than the average level. Although the 2 mm CT scan provides a more detailed view of fractures and connected pores, it primarily exhibited more pore information due to the high resolution, which may not fully unveil additional information about the fractures. Thus, the 25 mm shale core is a better option for studying natural fractures. The tortuosity of the different fractures indicated that the morphology of larger fractures is more likely to remain stable, while small-scale fractures tend to exhibit diverse shapes. The simulations demonstrated that the stress sensitivity of fracture permeability is approximately comparable across different fracture scales. Therefore, our research can enhance the understanding of the properties of natural fractures, facilitate predicting favorable areas for shale oil exploration, and aid in evaluating the carbon storage potential of shale oil reservoirs.
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1. Introduction


Shale oil is one of the most important unconventional resources [1,2,3,4,5], attracting global attention in recent years [6,7,8,9,10,11,12]. The use of hydraulic fracturing technology has made it possible to extract oil and gas from previously uneconomical shale formations [13,14], leading to a shale oil production boom, particularly in the United States and Russia [15,16,17]. As an alternative to conventional energy, shale oil is leading a new energy revolution to address China’s energy shortage [18]. Recent research has shown that shale oil also has excellent potential in the Qingshankou Formation (Fm) in the Songliao Basin [19] and the Lianggaoshan Fm and Ziliujing Fms in the Sichuan Basin [20]. Notwithstanding the abundant resources of shale oil, its effective exploitation has been hampered by the extremely low porosity and permeability of the reservoirs [21,22]. As such, the recovery of shale oil remains a pressing research focus.



Natural fractures are the primary channels for oil and gas seepage, making them essential for enhanced recovery [23,24,25,26]. In addition, natural fractures in reservoirs are crucial for creating a low-carbon environment, as they serve as significant storage spaces for carbon storage [27,28,29,30,31,32]. Consequently, many scholars have conducted research on shale natural fractures [21,33,34,35,36] and the multi-scale dimensional evaluation of natural fractures in shale has been a hot topic [22,37,38]. Information about natural fractures, such as fracture density, filler, orientation, width, and length, can be obtained from shale outcrops [39] and the natural fracture orientation can serve as a vital indicator of the present-day stress field [40]. Additionally, full-diameter shale drill cores can be used to study natural fractures, and macroscopic fractures can be described by observing fresh, unweathered shale cores [22]. Moreover, the Formation MicroScanner Image (FMI) data of formation resistivity can also identify natural fractures [41], though the accuracy of microfracture observation is insufficient. Further research on fracture observation through scanning electron microscope photographs has also been conducted [42], although thin sections may alter the original state of the fracture.



In recent years, there has been an increasing demand for a more precise observation and description of in situ natural fractures. Non-destructive techniques such as radiation X-ray computed tomography (CT) scanning have become a common means of studying in situ fractures and microscopic pores [43,44,45,46]. Gou et al. (2019) [45] used nano-CT and micro-CT to finely study the pore-fracture structure of shales, but the study primarily focused on the pore system. However, numerous advanced representation techniques have been utilized to thoroughly investigate the connectivity of shale pores, as extensively documented in studies by Sun et al. (2016, 2020) [47,48]. On the other hand, the shale fracture shape can be well revealed by using micron-CT [49] and the fracture length, width, connection forms, and tortuosity as well. Furthermore, CT scanning can also be used to monitor fracture propagation in real-time [44]. Additionally, numerical modeling based on the geometries of reservoir rocks can be established using CT scanning, and further coupling studies can be conducted using COMSOL [50].



While CT scanning is a widely used technique for studying natural fractures in shale, there has been limited research on the comparative characterization of these fractures using different core sizes. The investigation of corresponding natural fracture characteristics across different scales remains largely understudied. Therefore, this study investigates the characteristics of natural fractures in continental shale oil reservoirs of the Lower Jurassic in the Sichuan Basin at the microscopic scale using multi-scale cores. To achieve this goal, various methods, such as mechanical testing, Kaiser testing, and multi-scale CT scanning (at 2 mm, 25 mm, and 100 mm scales), were employed. In addition, numerical simulations of the fluid seepage in fracture models were conducted to study the fluid seepage characteristics in fractures at different scales. Thus, this paper presents a novel and comprehensive approach, particularly, by combining the CT scanning technique with the finite element method (FEM) to enable the microscopic observation of fractures and the numerical simulation of fluid flow in fluid–solid coupling within the fracture. This approach allows for an investigation into the characterization of microscopic fractures in shale oil reservoirs. Therefore, the results of this study can contribute significantly to a better understanding of the properties of natural fractures and aid in predicting favorable areas for shale oil exploration.




2. Geological Setting


The Sichuan Basin is a significant resource-based basin in China, known for its abundant shale oil and gas reserves [22]. This basin is a first-order tectonic unit of the Yangzi Platform that formed during the Indo–Chinese period and was later folded and deformed by the Himalayan movement, resulting in its current tectonic condition. Based on its geomorphological features, the Sichuan Basin can be further classified into six zones: the low and gentle tectonic zone in north Sichuan, the low and steep tectonic zone in west Sichuan, the gentle tectonic zone in central Sichuan, the low and folded tectonic zone in southwest Sichuan, the low and steep tectonic zone in south Sichuan, and the high and steep tectonic zone in east Sichuan (Figure 1a).



The Jurassic sedimentary assemblage in the Sichuan Basin is primarily composed of clastic rocks interspersed with tuffs, covering an area of approximately 18 × 104 km2, with thickness varying from 500 to 4500 m. The southern region of the basin presents a relative thinness in comparison to the substantially thicker formations found in the northern basin. The basin’s Jurassic formations are divided from bottom to top into the Ziliujing Formation (ZLJ Fm), the Lianggaoshan Formation (LGS Fm), the Shaximiao Formation (SXM Fm), the Suining Formation (SN Fm), and the Penglaizhen Formation (PLZ Fm) (Figure 1b). While the Lower Jurassic is well-preserved in the Sichuan Basin, the SXM Fm of the Middle Jurassic and other formations have suffered various degrees of denudation and they are relatively well-preserved only in the central Sichuan Basin.



This study collected shale samples from the typical exploration well Pingan 1. The upper section of the LGS Fm in Pingan 1 is further divided into three sublayers: the upper LGS-1, the upper LGS-2, and the upper LGS-3. Among them, the percentage of clayey feldspathic quartz shale in the upper LGS-1 is 54.8%. The average content of clay minerals is 44.3% and the quartz content is 46.9%, with small amounts of calcite and pyrite. The porosity of the upper LGS-1 ranges from 0.86% to 4.66%, with an average of 2.84%. The TOC (total organic carbon) content ranges from 0.57% to 2.56%, with an average of 1.35%. The shale of the upper LGS has a high content of brittle minerals; in particular, the brittle mineral content of the upper LGS-1 ranges from 40.6% to 74.7%, with an average of 54.8%. As shown in Figure 1a, Pingan 1 is located in the low and gentle tectonic zone, and its shale oil production has reached 112.8 m3/d, a high yield [51]. The shale samples were obtained from Pingan 1 at an average depth of 3011.2 m.




3. Experiments and Methodology


The present study incorporates a combination of experimental tests and numerical simulation methods which consequently provide a comprehensive overview of the principles and techniques employed in CT scanning and FEM numerical simulations.



3.1. The Mechanics of the Shale Oil Reservoir


The development of natural fractures in shale oil reservoirs typically involves two processes: fracture initiation and propagation. Type I fractures (tension cracks), which are the most hazardous among type II (shear cracks) and type III (tension–shear cracks), initiate when the tensile stress exceeds the rock’s tensile strength. Additionally, fracture toughness is a crucial parameter that indicates the rock’s ability to resist fracture propagation. Thus, both of these mechanical parameters have a significant impact on fracture development.



The Brazilian splitting test is a highly effective method for determining both the tensile strength and fracture toughness of rocks [52,53]. To prepare the specimens for the test, samples are taken from vertical strata and cut into three pieces, which are then standardized to ensure a height-to-diameter ratio of 1. The rock samples are then carefully machined to meet the requirements of the International Society for Rock Mechanics’ Recommended Test Specification. The size, mass, and density of the specimens are all carefully documented in Table 1. In addition to evaluating the rock’s tensile strength, the Brazilian splitting test also assesses its fracture toughness by introducing pre-fabricated cracks into the specimens. Specifically, three semi-disc specimens are extracted from the vertical strata and manual cracks are created to achieve a height-to-crack length ratio of 0.5, as required by the standard. More detailed specifications of the specimens are provided in Table 2.



The test apparatus is a rock multi-field coupling triaxial tester with a maximum axial testing force of 500 KN and a deformation measurement error of less than ±0.5%. The apparatus is capable of controlling temperatures ranging from room temperature to 150 °C, with a temperature control accuracy of ±0.5 °C. To determine the tensile strength, the test was performed after axial compression loading at a rate of 0.001 mm/s until the residual strength value was noticeable. During the fracture toughness assessment, the axial loading rate was controlled at a slower pace of 0.0001 mm/s. The highest axial load and the displacement of the specimen at the time of failure were recorded and documented. Finally, the specimen was removed, and a displacement–load curve was plotted to depict the specimen’s degradation.



In addition, assessing the present-day in situ stress state can provide insight into the propagation behavior of natural fractures in shale oil reservoirs. The Kaiser effect test, which is an effective experimental method that has been commonly used for determining in situ stress [23,54,55], was carried out to obtain the present-day in situ stress of the Pingan 1 well. The Kaiser effect of rocks can be used to measure the historical maximum stress that the rock has undergone. In general, a uniaxial loading test is performed on rock samples, and the emitted sound signals are detected using an acoustic emission instrument. The stress corresponding to the Kaiser point, which is the abrupt increase in the number of sound emissions observed in the relationship between the emitted sound signals and stress, is considered to be the historical maximum stress that the rock has experienced. Typically, a rock sample is taken vertically from the full-size core and three samples are taken horizontally at an incremental angle of 45°. The Kaiser test was performed on the three group rock cores (a total of 12 specimens) with an average depth of 3011.2 m. After conducting measurements, we were able to determine the in situ stresses of three-layer sections located at depths of 3010.00 m, 3010.60 m, and 3013.00 m.




3.2. The CT Scanning of Multi-Scale Shale Cores


The tests were carried out with a CT scanner apparatus of the GE Phoenix Nanotom S at the Northeast Petroleum University, China. A detailed schematic of the X-ray CT scanning setup is shown in Figure 2. Its maximum resolution is approximately 200 nm, which is sufficiently fine to display the cores’ information. The sample diameter that the CT scanner can hold to test ranges from 1 to 120 mm, which fulfills the test requirements. The advantages of using CT scanning include (1) its ability to provide a comprehensive view of very small feature surfaces from a large amount of image data without destroying the sample and (2) the CT images reflect information on the energy decay of the X-rays as they penetrate the object. The pore structure and the relative density value within the core are positively correlated by the grey scale of the 3D CT images. Therefore, the 3D digital core can make a qualitative analysis and quantitative evaluation of pore throat size, connectivity, and morphology.



Compared to experimental analysis methods, such as mercury piezoelectricity and scanning electron microscopy, CT scanning has an advantage in the rapid and non-destructive scanning of rock samples in a wide range and in all directions. The digital cores obtained by CT scanning can be used to study the microscopic pore and fracture characteristics of the reservoir in a more intuitive way, and their application on microscopic pore and fracture structure evaluation is more extensive.



For the purpose of achieving a comparative study on the morphological characteristics of the microfracture at multi-scales, three kinds of core sizes, including 100 mm, 25 mm, and 2 mm, are selected for the scanning test and then analyzed to display the fracture morphology using the program Avizo. The scanning accuracy of the 2 mm core samples ranges from 0.92 to 1.25 μm. Their detailed parameters, including fracture length, width, connection forms, tortuosity, etc., are then displayed and analyzed.




3.3. Natural Fracture Simulation


The use of CT scans can effectively showcase the natural fracture features of shale and enable seepage simulations in typical shale fractures with fluid–solid coupling, allowing for a better understanding of the types of fractures that contribute to the increased seepage capacity of shale reservoirs. To accomplish this, realistic fracture models were created using the CT scans, and seepage simulations were conducted on different natural fracture types. The fluid–solid coupling process was carried out through the use of COMSOL Multiphysics, a simulation software that utilizes various physics interfaces to model fluid–solid coupling processes, such as fluid flow, heat transfer, solid mechanics, and other relevant phenomena. The software uses the FEM to solve the mathematical equations that describe the physical behavior of the system. FEM is a widely used method for modeling fluid–solid interactions [56]. In COMSOL, the fluid–solid coupling is implemented through two physics interfaces: the fluid flow interface and the structural mechanic interface. The fluid flow interface models the behavior of fluids, including velocity, pressure, temperature, and density, while the structural mechanics interface models the behavior of solid materials, including stress, strain, and deformation. The software utilizes boundary conditions to achieve these goals. Additionally, COMSOL allows for non-linear fluid–solid interaction, where the behavior of the fluid and the solid are mutually affected. Overall, COMSOL is a powerful tool for modeling fluid–solid coupling processes, offering a wide range of options for defining the physics, geometry, and boundary conditions of a system.



In this study, we present a fully coupled simulation of the mutual interactions between fluids and solids in coal, implemented using the COMSOL software. The fluid in the channel is assumed to be in a state of fully developed laminar flow, with a constant density and incompressible viscous flow of gas. Thus, the flow of fluid in the channel is described by the incompressible Navier–Stokes equations for the velocity field u (u, v) in the moving spatial coordinate system and pressure p.


  ρ   ∂ u   ∂ t   + ρ     u −  u 0    ⋅ ∇   u − ∇ ⋅   − p I + η   ∇ u +     ∇ u    T      = F  



(1)






  − ∇ ⋅ u = 0  



(2)







Here, the I denotes the unit diagonal matrix and F represents the volume force affecting the fluid. Assuming that there is no gravity or other volume force affecting the fluid (i.e., F = 0), the velocity of the coordinate system is denoted by u0 (u0, v0).



The fluid exerts a force on the structural wall, generated by viscous resistance and fluid pressure, causing the elastic deformation of the coal skeleton, which is compressed under external loading. The outer boundary of the coal sample is fixed, and all boundaries in contact with the fluid domain are subject to the load imposed by the fluid, except for the outer boundary. The formula is given below:


   F T  = − n ⋅   − p I + η   ∇ u +     ∇ u    T       



(3)







Here, n denotes the normal vector of the boundary. This load represents the sum of pressure and viscous forces.



The pressure and velocity of the fluid and solid domains are transmitted through their common boundaries, and the Arbitrary Lagrangian–Eulerian (ALE) method is used to handle geometric deformation and boundary movement through dynamic meshing [57].


   v t  (  x 0  ,  y 0  ) =       ∂ v   ∂ t        x 0  ,  y 0     



(4)






   v  T i m e   (  X n  ,  Y n  ) =       ∂ v   ∂ t        X n  ,  Y n     



(5)




where X and Y are the material frame coordinates and x and y are the coordinates of the spatial frame.



Figure 3 displays the models created from the CT scan data of two different shale core sizes: 100 mm and 25 mm. The models used in the simulations were created using the following process: (1) identifying fractures from scanned sections, as shown in Figure 3a,e, (2) segmenting the data based on specific thresholds, displayed in Figure 3b,f, (3) reconstructing a 3D model structure, as seen in Figure 3c,g, and (4) refining appropriate grids based on the size of the structure, as demonstrated in Figure 3d,h.



In addition, the models were established using the following parameters: a density of 2.65 g/cm3, a tensile strength of 8 MPa, a compressive strength of 46.67 MPa, a Young’s modulus of 1.33 GPa, and a Poisson’s ratio of 0.21. The model obtained from the 100 mm shale core has a side length of 22,832 μm and a mesh count of 1,342,627, as shown in Figure 3d. In contrast, the model obtained from the 25 mm shale core is much smaller, with a side length of 5576 μm and a mesh count of 492,140. Both models use tetrahedrons to divide the mesh. Within the framework of the fluid–solid coupling simulation, the fractures present in the models serve as the principal conduits for CH4, the gas under investigation, to permeate through the system.





4. Results


4.1. The Shale Oil Reservoir’s Mechanical Data


For the tensile strength test, the shale oil reservoir’s breakdown pressures were recorded as 7.26 kN, 10.50 kN, and 3.30 kN (Figure 4a–c) and the corresponding tensile strengths were 7.20 MPa, 11.60 MPa, and 3.35 MPa. In terms of values, there was a significant variation in the tensile strength of the different specimens, even if they were collected from the same depth. When testing the fracture toughness, the breakdown pressures were recorded as 1.55 kN, 2.14 kN, and 1.66 kN (Figure 4d–f). The fracture toughness of the specimen was calculated using the elastic solution of the Brazilian cleavage test for the collected data. The corresponding fracture toughnesses were 0.26 MPa·m1/2, 0.36 MPa·m1/2, and 0.28 MPa·m1/2. Overall, the magnitude of the tensile strengths and fracture toughness varied a little, however, they exhibited similar mechanical characteristics.



The in situ stress obtained by the Kaiser test is displayed in Table 3. The average in situ stresses were determined for the target reservoirs, with the maximum horizontal stress (σH), vertical stress (σv), and minimum horizontal stress (σh) values being 81.21 MPa, 76.83 MPa, and 76.42 MPa, respectively. The stress gradients of σH, σv, and σh varied from 2.69 to 2.71 MPa/100 m, 2.51 to 2.57 MPa/100 m, and 2.50 to 2.57 MPa/100 m, respectively. Moreover, the lateral stress coefficients ranged from 1.020 to 1.037.




4.2. The Microscopic Dimensions of Natural Shale Fractures


The study utilized CT scans to examine the morphological characteristics of natural fractures across multiple scales, specifically focusing on three different core sizes of 100 mm, 25 mm, and 2 mm. Figure 5 displays the CT scanning result of a full-diameter shale core with a diameter of 100 mm. Figure 5a,b shows grayscale images of two different cross-sections, revealing clearly visible natural fractures, one of which measures approximately 1 mm wide. The cross-sectional slicing of the shale core helps to demonstrate the two-dimensional morphological characteristics of natural fractures; however, it is hard to present their three-dimensional (3D) shape. For example, it is apparent that some of the fractures are continuously distributed in the vertical direction when comparing Figure 5a,b, however, it is obvious that the same fracture shows a different shape in different cross-sections. The CT scanning of the full-diameter core in 3D is shown in Figure 5c,d. Depending on the method of presentation, Figure 5c,d displays the CT scanning’s grayscale image and pseudo-color image, respectively. The 3D morphology of the fractures is effectively visualized, revealing that the fractures exhibit a vertical orientation, as evidenced by the results obtained. However, in the case of full-diameter shale cores, fractures with dimensions below the millimeter range could not be adequately captured owing to the low precision of the scanning technique employed.



When scanning a 25 mm shale core, reducing the core size results in a significant improvement in scanning accuracy (Figure 6). The deep black line in Figure 6a demonstrates a fracture with a stronger tortuosity. The two longitudinal cross-sections of the core show at least three fractures that are close to parallel to each other (Figure 6b), indicating that they are most probably bedding planes. The different colors in Figure 6c show connecting pores in the vicinity of the fractures. The volume and shape of the bedding planes are presented by the colored plane (Figure 6d). It can be seen that the fracture planes are not continuously distributed but intermittently. The perspectival modeling of pores and fractures can demonstrate all visible pores and identifiable fractures simultaneously (Figure 6e), though it is worth noting that the pore development between the two fractures is significantly reduced. Moreover, the fractures can be extracted individually to show their detailed information. As shown in Figure 6f, the different colors represent different fracture planes.



By reducing the core scale to 2 mm, the scanning accuracy improves to 0.92 μm. This level of precision allows fractures and pores in the material to be more clearly visible, as shown in Figure 7. Specifically, Figure 7a displays a cross-section that reveals approximately five fractures, one of which measures around 20 μm in width. Different from the 25 mm core, the fractures shown in the 2 mm core are not bedding planes although they come from the same core. Figure 7b shows the enlarged part of Figure 7a; it indicates that the three fractures trend to propagation in the same direction. Figure 7c,d presents the connectivity fracture model and segmental display of the connectivity in the core, respectively. The displayed fractures are much finer than Figure 6f and more disconnected pores appear around the fractures. Based on the inclination angle of the fractures, they appear to belong to an inclined fracture. The pore–fracture model reveals finer details of the micropores, which are distributed randomly (as shown in Figure 7e). Additionally, the segmented model of the pore–fracture body demonstrates that more interconnected pores are present in wider fractures (as shown in Figure 7f).




4.3. The Tortuosity Features at Different Shale’s Natural Fracture Scales


The tortuosity of the fractures in the 100 mm and 25 mm shale cores were also obtained and analyzed. Figure 8 shows the statistical fractures’ tortuosity of four cross-sections of a 25 mm shale core. This CT scan revealed a total of six visible fractures, identified by serial numbers I, II, III, IV, V, and VI. The fractures can be classified into two groups based on their visible length: the long fractures, consisting of numbers I, II, and III, and the short fractures, consisting of numbers IV, V, and VI. Figure 9 shows the statistical fractures’ tortuosity of four cross-sections of a 100 mm shale core. As the fractures did not run through the entire full-diameter shale core, only those parts with fractures were selected for display. There are only two fractures visible which are numbered I and II.



The fractures’ tortuosity is used to describe the fracture roughness in a cross-section, which is calculated by l/L, where l is the real length of the natural fracture and L is the straight-line distance between the two fracture endpoints [22]. In Figure 10, the tortuosity of each fracture in different cross-sections was calculated and compared for a 25 mm shale core, with the resulting range typically falling between 1.00 and 1.06. For the long fractures of I, II, and III, the tortuosity variation ranged from 0.01 to 0.02, while the range increased to 0.03 for the short fractures of IV, V, and VI. Similarly, in a 100 mm shale core, the fractures’ tortuosity exhibited a similar changing trend, with values ranging from 1.002 to 1.016 and a range of tortuosity variation between 0.009 and 0.014 (Figure 11).



Furthermore, Figure 12 illustrates the probability distribution of the fracture widths in the 25 mm core. The analysis reveals that the majority of the fracture widths fall within the range of 25 μm to 150 μm, with a maximum value of approximately 250 μm. Notably, the frequency distribution displays the most recurrent values to be within the range of 75 μm to 87 μm.




4.4. Simulation of Shale Natural Fracture Seepage with Different Sizes


Figure 13a–h presents the simulation results of models obtained from 100 mm and 25 mm shale cores, respectively. Figure 13a,e displays the fracture morphology of the two models. While the fracture in Figure 13e is smaller than in Figure 13a, its morphology is more continuous. The fluid velocity in Figure 13b ranges from 0 to 3 m/s, which is almost 10 times higher than that in Figure 13f, indicating a high degree of permeability. The fracture surface displacement in Figure 13c ranges from 0 to 300 μm, almost three times higher than in Figure 13g. The distribution of fracture surface pressure in Figure 13d,h shows nearly the same pressure range, despite the difference in fracture sizes. Higher pressures only occur at the edge of the fractures in Figure 13d, while they appear throughout the fracture in Figure 13h. The red arrows in Figure 13d,h indicate the direction of fracture surface pressure, which is almost perpendicular to the fracture surface where the fractures bend.





5. Discussion


5.1. The In Situ Stress Characteristic of the Shale Oil Reservoir


The in situ stress of the target shale reservoir exhibits the characteristic of σH > σv > σh, with σv and σh being particularly similar. The three kinds of stress conditions, including (1) σv > σH > σh, (2) σH > σv > σh, and (3) σH > σh > σv, correspond to normal faulting, strike-slip, and thrust faulting, respectively [58]. This stress pattern tends to result in fracture patterns that follow a strike-slip mechanism (as depicted in Figure 14). The lateral stress coefficient, which represents the ratio of horizontal stresses to vertical stress [59], is a critical parameter for simulating fracture initiation under in situ stress conditions [23]. According to the regression correlation between the lateral stress coefficient and burial depth proposed by Brown and Hoek (1978) [60], the lateral stress coefficient of the target layers should range from 0.333 to 0.998. Nevertheless, the measured value obtained ranged from 1.020 to 1.037, markedly surpassing the theoretically predicted values. A high lateral stress coefficient implies that the horizontal stresses exceed the average level.




5.2. Comparison of the Natural Fracture Shale’s CT Scanning with Multi-Scales


Three types of shale cores, measuring 100 mm, 25 mm, and 2 mm, were subjected to CT scanning. The 100 mm core revealed fractures with a width at the millimeter level, but due to the low accuracy of the CT scanning, only visible fractures could be detected. Moreover, the pores were almost indiscernible. In contrast, the 25 mm core allowed for a simultaneous display of pores and fractures. Notably, the connecting pores were found to be particularly well-developed near the bedding planes (Figure 6c). Further analysis using the program Avizo revealed that the bedding planes were often discontinuous, and the presence of numerous protrusions significantly increased the volume of fractures. The CT scanning of the 2 mm core yielded a substantially improved resolution, enabling a more comprehensive visualization of the fractures and interconnected pores. However, the higher accuracy of the CT scanning at this scale primarily highlights the pore information, which may not fully capture additional details of the fractures. Thus, in studies focusing on fractures, the 25 mm core size is more appropriate. To summarize, the choice of core size should be guided by the research objectives.




5.3. The Tortuosity Changes in Different Scales


According to Sun et al. (2022) [22] tortuosity is an effective measure of the geometrical complexity of natural fractures. The CT scanning data of the 25 mm shale core indicate that the tortuosity of both long and short fractures exhibited a similar changing trend across different cross-sections. While the tortuosity of an individual long fracture tended to remain stable across different cross-sections, short fractures exhibited more variation in tortuosity, as shown by the data analysis of Figure 15. In particular, the standard deviation of the tortuosity of large fractures was lower than that of small fractures, indicating that the morphology of larger fractures is more likely to remain stable, while small-scale fractures tend to exhibit diverse shapes. Moreover, the standard deviation of tortuosity for large fractures of types I and II from the 100 mm shale core was 0.006 and 0.005, respectively, in agreement with the data presented in Figure 15. This finding indicates that larger fractures exhibit greater shape stability. Additionally, tortuosity is influenced by frequent changes in the width of a fracture, which are determined by irregularities in the fracture wall.




5.4. Sensitivity of Fracture Permeability at Variable Surrounding Pressures


The two fracture models were extracted from the CT results of 100 mm and 25 mm; therefore, the fracture models reflect different sizes at respective scales. The simulation of dynamic fracture permeability response was conducted for shale core sizes of 100 mm and 25 mm while varying the pressure from 2 MPa to 10 MPa, as displayed in Figure 16. The fracture permeability for the 100 mm core varied from 2.04 × 104 µm2 to 8.67 × 104 µm2, whereas it decreased from 1.3 × 103 µm2 to 5.45 × 102 µm2 for the 25 mm core. Notably, the fracture permeability of the 100 mm core was almost ten times higher than that of the 25 mm core. Despite the significant difference in fracture size between the two models, as depicted in Figure 13, their permeability exhibited a similar changing trend with varying surrounding pressures. Furthermore, the permeability showed a linear decrease with increasing surrounding pressure, as evidenced by the data, showing a reduction of 2.35 and 2.39 times the initial values for the 100 mm and 25 mm shale cores, respectively. The results indicate that the stress sensitivity of fracture permeability remains consistent across various fracture scales. However, it should be noted that fractures with smaller scales may undergo complete closure when subjected to higher surrounding pressures, leading to the complete loss of permeability. As such, our understanding of fracture behavior relies on the assumption that the fractures do not experience total closure.





6. Conclusions


This study utilized a novel and comprehensive approach with the combination of multi-scale CT scanning and numerical simulation of fluid seepage in fracture models to investigate the developmental features of natural fractures in the Lower Jurassic shale oil reservoirs in the Sichuan Basin. The findings of this study can be summarized as follows:




	
The in situ stress of the shale reservoir exhibits the characteristic of σH > σv > σh, with σv and σh being particularly similar, resulting in a strike-slip fracture pattern. The relatively high lateral stress coefficient between 1.020 and 1.037 indicates that the horizontal stresses are higher than the average level. The above understanding helps to predict the natural fracture pattern.



	
While the 2 mm core CT scan offers a more detailed view of the fractures and connected pores, the high-resolution results in more pore information, which may not fully reveal additional information about the fractures. Therefore, if the primary focus of the study is on fractures, then the 25 mm core would be a more suitable option to study the microscopic natural fractures.



	
The tortuosity of various fractures indicates that larger fractures tend to maintain a more stable morphology, whereas smaller-scale fractures tend to exhibit a greater diversity of shapes, which is not conducive to fluid flow.



	
The fracture permeability displays a nearly linear decrease with increasing surrounding pressure, suggesting that the stress sensitivity of fracture permeability is approximately similar across different fracture scales.








Overall, in this research, extensive experimental and numerical simulations are innovatively combined, leading to the comprehensive investigation of microscopic natural fractures in shale oil reservoirs which has significantly improved our understanding of their properties and enabled the identification of favorable areas for shale oil exploration. To advance this research further, we plan to develop numerical fracture models that cater to different natural fracture types in shale oil reservoirs. These models will be integrated with the Thermo-Fluid–Solid coupling method to provide further insights into the evolution mechanism of fracture permeability.
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Figure 1. (a) The detail location of the Sichuan Basin, and its structural outline. The star in the figure represents the capital of China, the red square-shaped and circle represent the city and well, respectively; (b) the comprehensive stratigraphic column of the Jurassic, Sichuan Basin. The different colors in (b) indicates the different levels of stratigraphic units, like Series, Fms, and member. 
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Figure 2. Schematic diagram of the X-ray CT scanning setup. The X-ray source and sample are represented by yellow and green colors, respectively. The coordinate axes show the directions, and red arrows demonstrate the rotation direction during the test. 
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Figure 3. A detailed description of the process for creating models based on the CT scanning data from 100 mm and 25 mm shale cores. The process includes identifying fractures from scanned sections (a,e), segmenting the data based on specific thresholds (b,f), reconstructing a 3D model structure (c,g) displaying with the blue color, and refining appropriate grids based on the size of the structure (d,h), displaying with green and red colors, respectively. 






Figure 3. A detailed description of the process for creating models based on the CT scanning data from 100 mm and 25 mm shale cores. The process includes identifying fractures from scanned sections (a,e), segmenting the data based on specific thresholds (b,f), reconstructing a 3D model structure (c,g) displaying with the blue color, and refining appropriate grids based on the size of the structure (d,h), displaying with green and red colors, respectively.



[image: Jmse 11 01036 g003]







[image: Jmse 11 01036 g004 550] 





Figure 4. Maximum axial loading and corresponding displacement during tensile strength (a–c) and fracture toughness tests (d–f). The red dot lines show the displacements along with the variation of the loading. 
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Figure 5. The CT scanning of a 100 mm shale core. (a,b) Display of the grayscale images of two different cross-sections; (c) a 3D representation of the CT scanning’s grayscale image; (d) a 3D representation of the CT scanning’s pseudo-color image. The color in (d) is pseudo-color which is a form of expression for the interpretation of CT scanning image data. 
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Figure 6. The CT scanning of a 25 mm shale core. (a) Display of one of the cross-sections of the core; (b) the longitudinal cross-section of the core; (c) the longitudinal cross-section of the core showing the pores; (d) the longitudinal cross-section of the core showing the natural fractures; (e) the perspectival modeling of the pores, and (f) the perspectival modeling of the natural fractures. The colorful part in the (c–f) are mainly applied to exhibit the pore–fracture space. 
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Figure 7. The CT scanning of 2 mm shale core. (a) Display of the cross-sections in the core; (b) an enlarged portion of (a); (c) the red color shows the connectivity model; (d) segmental display of the connectivity in the core; (e) detailed presentation of the pore–fracture model, and (f) the segmented display model of the pore–fracture body. The red color in (c,d) mainly represent the connectivity fracture, while the colorful part in (e,f) mainly show the pore–fracture space. 
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Figure 8. Statistical fractures’ tortuosity of four cross-sections of a 25 mm core. The (a–d) corresponding to the four cross-sections of this 25 mm core. Except for the red scale, the red straight lines in the figure show the distance between the ends of the fractures. The yellow roman numbers of I, II, III, IV, V, and VI in the figure are corresponding to the number of the fractures. 
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Figure 9. Statistical fractures’ tortuosity of four cross-sections of a 100 mm core. The (a–d) corresponding to the four cross-sections of this 100 mm core. Except for the red scale, the red straight lines in the figure display the distance between the ends of the fractures. The yellow roman numbers of I and II in the figure are the number of the fractures. 
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Figure 10. (a) The long fractures’ tortuosity in four cross-sections of a 25 mm core; (b) the short fractures’ tortuosity in four cross-sections of a 25 mm shale core. The (a), (b), (c), and (d) represent the four cross-sections in Figure 8, while the I, II, III, IV, V, and VI in the figure are the corresponding fracture number in Figure 8. 
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Figure 11. The fractures’ tortuosity in four cross-sections of a 100 mm shale core. The (a), (b), (c), and (d) represent the four cross-sections in Figure 9, while the I and II in the figure are the fracture number in Figure 9. 
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Figure 12. The fracture width probability distribution of the 25 mm core. The red part in the figure shows the main intervals of the fracture width. 
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Figure 13. The simulation results show the morphology of fractures (a,e) and the distribution of fluid velocity (b,f), fracture surface displacement (c,g), and fracture surface pressure (d,h) at 10 MPa surrounding pressure. 
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Figure 14. The main tectonic stress patterns. The arrows in the figure demonstrate the direction of the stress, and red, green, and blue colors display different stress patterns. 
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Figure 15. The standard deviation of the fractures of I, II, III, IV, V, and VI. The red dots display the standard deviation of tortuosity, and the dot lines demonstrate the tortuosity of large fractures and small fractures, respectively. 
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Figure 16. The dynamic permeability changing vs. pressure varies from 2 MPa to 10 MPa. The 100 mm and 25 mm shale cores are simulated. 
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Table 1. The specimens used for testing tensile strength.






Table 1. The specimens used for testing tensile strength.





	No.
	Length (mm)
	Diameter (mm)
	Weight (g)
	Density (g/cm3)





	1-1
	26.02
	24.68
	32.21
	2.59



	1-2
	23.98
	24.02
	29.58
	2.72



	1-3
	24.55
	25.54
	32.54
	2.59
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Table 2. The specimens used for testing fracture toughness.






Table 2. The specimens used for testing fracture toughness.





	No.
	Height (mm)
	Diameter

(mm)
	Thickness (mm)
	Prefabricated Crack Length (mm)





	2-1
	38.07
	76.07
	23.13
	19.00



	2-2
	39.51
	75.65
	23.34
	19.00



	2-3
	36.62
	75.48
	23.68
	19.00
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Table 3. Present-day in situ stress of the shale oil reservoir of the Pingan 1 well.






Table 3. Present-day in situ stress of the shale oil reservoir of the Pingan 1 well.





	No.
	σH (MPa)
	σH Stress Gradient (MPa/100 m)
	σv (MPa)
	σv Stress Gradient (MPa/100 m)
	σh (MPa)
	σh Stress Gradient (MPa/100 m)





	3-1
	80.99
	2.69
	77.29
	2.57
	76.64
	2.55



	3-2
	81.61
	2.71
	75.64
	2.51
	75.31
	2.50



	3-3
	81.03
	2.69
	77.56
	2.57
	77.32
	2.57
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