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Structural fractures have a significant control effect on the large-scale accumulation of hydrocarbons in the Yanchang Formation. Previous studies have affirmed the important role of fractures in hydrocarbon accumulations in strongly deformed zones. However, for low-amplitude structural areas, the degree of fracture development is relatively low, and their control on sweet spots of hydrocarbons has not yet formed a unified understanding. In this paper, taking the Upper Triassic Yanchang Formation in the western Ordos Basin as an example, the development characteristics, prediction method, and the distribution of fractures in tight sandstone reservoirs in low-amplitude structural areas have been systematically studied using a large number of cores, thin sections, paleomagnetism, FMI logging, acoustic emission, productivity data, and finite element method. The research results showed that the Yanchang Formation in the study area mainly develop high-angle and vertical fractures, which were formed by regional tectonic shearing. Fractures are mainly developed in the fine-grained and ultra-fine-grained sandstones of the distributary channel and estuary bar microfacies, while the fractures in the medium-grained sandstones of the distributary channel and the mudstones of the distributary bay are relatively underdeveloped. The core fractures and micro-fractures of the Yanchang Formation all have the regional distribution characteristics, and the fracture strikes are mainly between NE50° and NE 70°. Moreover, the finite element method was used to predict the fractures in the target layer, and the prediction results are consistent with the actual distribution results of the fractures. The coupling analysis of fractures and tight oil sandstone distribution showed that the existence of fractures provided conditions for the accumulation of hydrocarbons in the Yanchang Formation. The confluence and turning areas of the river channels were repeatedly scoured by river water, and the rocks were brittle and easy to form fractures. The thickness of the fractured sandstone in these areas is usually greater than 0.4 m. Moderately developed fracture zones are prone to form hydrocarbon accumulation “sweet spots,” and the fracture indexes of these areas are usually distributed between 0.8 and 1.2. However, when the fracture index exceeds 1.2, over-developed fractures are unfavorable for the accumulation of hydrocarbons.
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INTRODUCTION
The sweet spot prediction of fractured reservoirs is a hot spot in the current petroleum industry research (Borgia et al., 1996; Du and Yang., 2004; Barton et al., 2009; Cai., 2020; Cheng et al., 2020). Fractured reservoirs have strong heterogeneity, so traditional fracture evaluation methods face many challenges, such as the fine identifications of fractured segments and fracture sweet spots of tight reservoirs based on geophysical methods (Baecher., 1983; Bhatti et al., 2020; Chen., 2020; Fan et al., 2020a; Han et al., 2021; Liu et al., 2021a). At present, the conventional methods for identifying and evaluating reservoir fractures include core observations, conventional and imaging logging (Dowd et al., 2007; Casini et al., 2016; Li et al., 2019; Cao et al., 2020; Fan et al., 2020b; Liu et al., 2020a; Bukar et al., 2021). The cores obtained by drilling can be used to directly observe the development of underground fractures (Dcrshowitz and Einstein., 1988; Li et al., 2021; Yang et al., 2021; Xu and Gao., 2020; Nakaya and Nakamura., 2007; Dong et al., 2018; Hong et al., 2020; Liu et al., 2020b; Liu et al., 2021b). However, due to the impact of drilling and stress release, the core will crack after it was taken from the downhole to the ground, so it is necessary to identify the cause of the fractures on the core (Fan et al., 2018; Gao., 2019; Fan., 2020; Fu and Wang, 2020; Liu et al., 2020c; Liu et al., 2020d; Liu et al., 2021c). In addition, it is difficult to determine the original orientation of the fractures in the collected cores, while imaging logging overcomes this shortcoming (Gao., 2019; Liu et al., 2021c).
The collection cost of conventional logging data is much cheaper than other data, so it is widely used in reservoir exploration and evaluation (Jiang et al., 2017; Liu et al., 2019; Santosh and Feng., 2020; Yoshida and Santosh., 2020; He et al., 2021; Huang et al., 2021). However, the logging response is a comprehensive reflection of the various characteristics of the rock, and it is easily affected by factors such as fillings, mud, and dissolution (Mardia et al., 2007; Laubach et al., 2009; Sun et al., 2014; Hu et al., 2020; Li et al., 2020; Kang., 2021). Therefore, it is very difficult to directly use conventional logging curves to identify fractures. Imaging logging can intuitively provide the image information of the borehole wall, so it is currently the most effective fracture identification method (Sait and Matthew., 2013; Liu et al., 2017; Zhao et al., 2017; Peacock et al., 2018; Zhang et al., 2020; Li., 2021; Xue et al., 2021; Zhao et al., 2021; Gao., 2021). High-quality imaging logging data can provide information such as strike, dip, and opening of fractures. The information volume collected by imaging logging is large, so this type of logging method is time-consuming and expensive, and is only used by a few key wells (Liu et al., 2017; Li., 2021).
The finite element method is an effective technique widely used in the prediction of fracture distribution in tight reservoirs in recent years. The application of this technology is based on the established mechanical and mathematical models, and it is assumed that the deformation of the rock mass is the main reason for the rock mass ruptures (Murry., 1965; Mizoguchi and Ueta, 2013; Sebacher et al., 2017; Yin and Gao., 2019; Paiaman and Ghanbarian., 2021). For the Ordos Basin, the Mesozoic strata mainly developed low-amplitude structures, and low-amplitude structures represented weak compression stresses and weak deformation activities. Therefore, what kind of finite element model can be used to effectively characterize fractures is a problem worthy of in-depth study.
Tight oil sandstone reservoirs are developed in the Upper Triassic Yanchang Formation in the western Ordos Basin. The reservoir porosity is usually less than 10% and the gas permeability is less than 1 mD. The previous predictions of the sweet spots of tight oil sandstone reservoirs in the western Ordos Basin were mainly based on source rocks, sedimentary microfacies, diagenesis, and pore structures (Dong et al., 2018; Hong et al., 2020). There are few studies on the prediction of fractures in tightly heterogeneous continental tight sandstone reservoirs in low-amplitude structural areas. In this paper, taking the Upper Triassic Yanchang Formation in the western Ordos Basin as an example, the development characteristics, prediction method, and the distribution of fractures in tight oil sandstone reservoirs in low-amplitude structural areas have been systematically studied using a large number of cores, thin sections, paleomagnetism, FMI logging, acoustic emission, productivity data, and finite element method. This research can provide new ideas for the prediction of the “sweet spot” of continental tight oil sandstone reservoirs.
GEOLOGICAL BACKGROUND
The Ordos Basin is a large multi-cycle craton basin. According to the current structural morphology, the basin was divided into six primary structural units, including the Yimeng Uplift, Weibei Uplift, West Shanxi Flexfold Belt, Yishan Slope, Tianhuan Depression, and West Margin Thrust Structural Belt. Low-amplitude structures are developed in the marginal area of the basin, and the structural fluctuations per 1 km are usually less than 10 m. The study area is located in the western oil-bearing area of the Ordos Basin (Figure 1). The Chang 6 to Chang 8 oil-bearing intervals in the study area is developed on the west-dip monoclinal structure, and the scale of inherited low amplitude uplift is generally 1–4 km2.
[image: Figure 1]FIGURE 1 | Location and stratum comprehensive histogram of the study area. Notes: (A) The study area is located in the western part of the Yishan Slope in the Ordos Basin; (B) The stratigraphic unit composition of the Upper Triassic Yanchang Formation in the study area.
The sedimentary unit division of the study area is shown in Figure 1. The target layers are the Chang 6 and the Chang 8 Members of the Yanchang Formation. When the Chang 8 oil layer group was deposited, the lake basin had been in a sinking state until the Chang 7 oil layer group reached the maximum burial depth. At this time, the continental lake developed to the largest scale, and the deep lake source rock was formed at this stage. In the Chang 6 depositional period, the continental lake basin gradually began to shrink, and the subsidence rate was lower than the sedimentation compensation rate, and the lake basin delta formed. The Chang 6 and Chang 8 Members of the Yanchang Formation in the western oil region mainly develop underwater distributary channels, distributary bays, estuary bars, far sand bars, and semi-deep lake-deep lake mud microfacies. Chang 6 Member is further divided into Chang 61, Chang 62, Chang 63 and Chang 64 sub-members; and Chang 8 Member is further divided into Chang 81 and Chang 82 sub-members. Chang 61 and Chang 81 are the main oil producing horizons in this area.
METHODS
The technical methods used in this paper include conventional and FMI imaging logging, paleomagnetic experiments, acoustic emission testing, and finite element simulation. FMI imaging logging can provide high-resolution 360° omnidirectional two-dimensional petrophysical image information around the borehole wall (Ortega et al., 2006; Olson et al., 2009; Qie et al., 2021; Wang et al., 2021). The difference in resistivity or acoustic impedance caused by stratum characteristics such as lithology, fractures, pores, and bedding are converted into different color scales on the image. This technology intuitively and clearly displays the subtle changes in geological features such as the rock types, rock structures, sedimentary structures, pores, and fractures in the two-dimensional space surrounding the borehole wall in the form of images.
The 2G superconducting magnetometer measurement and the MMTD80 thermal demagnetizer from Magnetic Measurements were used for paleomagnetic experiments, and the fracture direction was determined. The demagnetization temperature of the samples include 12 points: normal temperature, 50°, 100°, 150°, 200°, 250°, 300°, 350°, 400°, 450°, 500°, and 600°. The remanence of the sample after demagnetization in each temperature range is measured, and the vector analysis is performed on the low-temperature viscous remanence of the final period. Furthermore, the viscous remanence VRM of the modern geomagnetic field magnetization recorded by the core is obtained. Since the VRM direction is consistent with the modern geomagnetic field direction, that is, it is consistent with the geographic coordinates, the core fracture strike was obtained by referring to the core fracture mark line.
The main result of the acoustic emission test is to obtain the corresponding stress value when the rock specimen is cracked under the load. The rock specimen is subjected to an axial load, and then the acoustic emission signal generated during the entire compression process of the specimen is measured. The acoustic emission instrument used in this study is a rock physics testing system. The specimen will have several large ruptures during the process of axial load, and the load value corresponding to each rupture corresponds to the ancient stress value. In this study, the samples for acoustic emission testing were taken from the 2.213 m cores of Well D4578.
The main structural period stress intensities experienced by the target layer in the study area were simulated combined with the three-dimensional finite element method (Figure 2). The finite element simulation software was ANSYS. Based on core observations, FMI imaging logging fracture identifications and tectonic stress field simulations, the development characteristics and distribution of fractures in the tight reservoirs of the Yanchang Formation have been predicted.
[image: Figure 2]FIGURE 2 | Technical process of finite element simulation.
DEVELOPMENT CHARACTERISTICS OF FRACTURES IN TIGHT OIL SANDSTONE RESERVOIRS
Core Fractures
The sedimentary structures of a rock is a direct reflection of the sedimentary environment and hydrodynamic conditions when it was formed, and it has an inherent relationship with the rock combination (Robinson et al., 1998; Xu et al., 2006; Xu and Dowd., 2010; Zhang and Wang., 2020). Affected by changes in the depositional environment and hydrodynamic conditions, the sedimentary structures of the Chang 6 and Chang 8 Members include lenticular bedding, trough-like cross bedding, block bedding, wavy bedding, parallel bedding and erodsion surfaces, and the convolute bedding can be seen locally (Figures 3A–D). They are all important signs for identifying sedimentary facies and microfacies (Yin et al., 2019; Yin et al., 2020). Plant debris appeared in part of the cores (Figure 3E), and the color was gray-dark gray. The lithology of channel sand bodies was mainly medium-fine-grained sandstone (Figure 3).
[image: Figure 3]FIGURE 3 | Core pictures of the tight sandstone of Yanchang Formation in the study area. Notes: (A) Well J41, 1 707.87 m, bedding structures; (B) Well J41, 1 711.41 m, convolute bedding; (C) Well J41, 1 645.96 m, boulder clay; (D) Well F3, 1.074 m, vertical and horizontal fractures; (E) Well F808, 1 951.7 m, carbonized plant debris.
The sandstone type in the study area is mainly feldspar sandstone, and feldspar is composed of potash feldspar and plagioclase. Among them, the plagioclase content is slightly higher than the potassium feldspar content, and the total feldspar content exceeds 50%. There is no significant difference between the Chang 6 and Chang 8 Members in the percentages of quartz, feldspar, and rock debris. The lithic components of the Chang 6 and Chang 8 Members are mainly eruptive rocks and granites, and the content of eruptive rocks is higher than that of granites. In addition, the main components of the cements of the Chang 6 and Chang 8 Members are carbonate minerals and clay minerals, while the content of clay iron, iron clay, and siliceous is very small.
The Yanchang Formation in the western oil region mainly developed high-angle and vertical fractures (Figure 3D). Most of the fracture surfaces observed in the core observations were straight and smooth, and the tail ends of the fractures had the phenomenon of folding tails, diamond-shaped knots, and diamond-shaped bifurcations. According to the core observations, the Yanchang Formation mainly developed vertical fractures, accounting for 70%, and oblique fractures and horizontal fractures accounted for 20 and 10%, respectively. Vertical and oblique fractures are mainly formed by regional structural shearing; and bedding fractures are mainly formed by the sliding of parallel bedding with peeling lineage under the combined action of sedimentary and tectonic stresses (Yin et al., 2018; Yin and Wu., 2020).
In addition to core observations, imaging logging can also help people visually observe the fractures (Yang et al., 2020; Zhao et al., 2020). Different types of fractures have different resistivity image characteristics. Under normal circumstances, when the fracture is in an open state, according to the fracture network invaded by the drilling fluid, the fracture exhibits an abnormal high conductivity. Furthermore, it is displayed as a dark sinusoidal curve on the electrical imaging and acoustic imaging diagrams. When the fracture angle is low, the amplitude of the sine curve is low, and when the fracture angle is high, the amplitude of the sine curve is high; vertical fractures appear as symmetrical dark lines (Figure 4). When the fracture is half-filled or filled, the color of the sinusoidal curve displayed on the electrical imaging and acoustic imaging diagrams is different according to the difference of the filling degrees and the filling compositions.
[image: Figure 4]FIGURE 4 | Response of fractures in the target formation on FMI imaging logging. Notes: Well 4548-3, Chang 6 Member, 2 524.5–2 527.5 m.
The statistical results of the fracture parameters of the target layer in the study area are shown in Figure 5. The tight oil sandstone reservoir of the target layer mainly develops vertical fractures, and the fracture width is mostly less than 1 mm, and the vertical cut depth of the fracture is mostly less than 40 cm (Figures 5A–C). The statistical results also show that the fractures are mainly developed in the fine sandstone and ultra-fine sandstone of the distributary channel and estuary bar microfacies, while the fractures in the medium-grained sandstone of the distributary channel and the mudstone of the distributary bay are relatively underdeveloped.
[image: Figure 5]FIGURE 5 | Distribution histogram of the fracture parameters of the target layer in the study area. (A) Fracture dip angle distribution; (B) Fracture opening distribution; (C) Fracture thickness distribution; (D) Ratio of fractures in different lithologies.
Microfractures
The Chang 6 and Chang 8 reservoirs of the Yanchang Formation in the study area have developed pores and micro-fractures. The pores are mainly intergranular pores (Figure 6A), followed by dissolution pores. The dissolution pores are mainly feldspar pores and a small amount of matrix pores. Both Chang 6 and Chang 8 reservoirs developed a large number of micro-fractures (Figure 6B). The volume of micro-fractures is very small, so its storage performance is limited, and the micro-fractures mainly play the role of fluid drainage. Microscopic thin-section observations showed that most of the microfractures in the tight sandstone of the Yanchang Formation are open fractures, with good fracture effectiveness (Figure 6B); some of the microfractures were fully filled by mud and the fracture effectiveness was poor.
[image: Figure 6]FIGURE 6 | Development characteristics of micro-fractures in the tight sandstone of Yanchang Formation in the study area. Notes: (A) Well Y491, 1 731.46 m, intergranular pores and intergranular dissolution pores; (B) Well F668, 1 857.87 m, micro-fractures.
The microfractures in the Yanchang Formation are mostly straight fractures with a long extension distance and often pass through multiple particles. The previous divided the micro-fractures into Type I, Type II, and Type III (Laubach et al., 2009). Type I microfractures usually pass through a single particle or multiple particles with a small opening; Type II microfractures are usually distributed inside a single particle and are the results of mutual extrusion between particles, with a large opening; Type III micro-fractures are inherited micro-fractures, which are mainly affected by diagenetic evolution. They have no fixed shape and are mainly distributed inside the particles. Observations of microfractures in the Yanchang Formation reservoir in the study area showed that the microfractures of the Yanchang Formation had the characteristics of regional fractures, which were Type I microfractures.
Fracture Strike
The paleomagnetic experiment results showed that the fracture strikes of the Yanchang Formation in the study area were mainly distributed between NE50° and NE70° (Figure 7), which further indicated that the direction of regional stress on these fractures was the NE direction (Yin et al., 2020). Under the action of the regional environmental stress in the NE direction, a group of symmetrical conjugate shear fractures will form in the formation (Yin et al., 2019). Therefore, the direction of the other group of conjugate fractures was biased toward the northwest direction. Of course, the degree of development and opening of the fractures in the NW direction are significantly lower than those in the NE direction.
[image: Figure 7]FIGURE 7 | Analysis of fracture strik based on paleomagnetic tests. Notes: (A) Demagnetization temperature data, which has 12 points: normal temperature, 50°, 100°, 150°, 200°, 250°, 300°, 350°, 400°, 450°, 500°, 600°; (B) Recovery result of main fracture strike.
FRACTURE PREDICTION BASED ON FINITE ELEMENT METHOD
Geological Model and Stress Loading
In this paper, ANSYS software was used for stress field simulation and fracture prediction (Yin et al., 2020). The main steps include modeling, element division, mechanical parameter assignment, stress loading, and fracture parameter calculation (Dong et al., 2018). The idea of the 3D geological model technology is based on the theoretical basis of shape function and trend surface analysis. The pre-processing module was used for geological model construction. In order to achieve the desired effect, the process is realized by a method based on spatial surface interpolation and fitting (Dong et al., 2018).
This modeling technique can realize the restoration of the tectonic stress field and the simulation of the spatial distribution of regional fractures. In the trend surface analysis method to restore the tectonic stress field, the dynamic mechanism of bumps or depressions is generally related to folds, and the tectonic stress system of bumps or depressions is consistent. The stress function solution can be obtained by solving the equation expressed by the surface deflection W (x, y) in the elastic plane:
[image: image]
In the formula, q (x, y) is the external load borne by the thin plate; D is the bending stiffness of the geological body, and its expression is as follows:
[image: image]
In the formula: E and υ are the elastic modulus and Poisson’s ratio, respectively; h is the thickness of the geological body.
The number of element nodes and units of the target layer finite element model based on the theoretical modeling of the shape function and the trend surface analysis method are shown in Table 1.
TABLE 1 | Meshing of the target layer in the study area.
[image: Table 1]The boundary stress loading scheme and mechanical parameter assignment of the DL study area are shown in Figure 8. The fracture direction in the study area was mainly controlled by the stress in the NE direction. Combining regional stress and acoustic emission test results, the applied stress in the NE direction was 60 MPa, and the stress in the NW direction was 40 MPa. The grids were densified for the complex structures, such as the high points of the low-amplitude structure; while in the relatively flat areas, the density of the grid was appropriately reduced. For the geological model shown in Figure 8A, the grid density was 20 m. The interpretation results of logging rock mechanics parameters were used to assign values to the grid cells and discrete modeling. The different colors in Figure 8B represented different rock mechanics parameter values.
[image: Figure 8]FIGURE 8 | Geological model and basic parameter settings for finite element simulation in the target layer. Notes: (A) Boundary stress loading scheme; (B) Assignment of mechanical parameters (Liu et al., 2017).
In order to overcome the boundary effect and apply the boundary stress better, we expanded the periphery of the study area. When the boundary stress was applied, the overall displacement of the model was about 30 m. At this time, the displacement acting on a single finite element was also very small, so it can be ignored. The amount of strain was within the allowable range of deformation error, and the simulation results can be used for later fracture calculations.
The simulation results are mainly controlled by the geological model, environmental stress, and rock mechanical properties. These factors actually represent geological structure, stress expansion and sedimentary facies.
Paleo-Stress Calculation
The study area mainly managed two strong tectonic movements, namely, the Yanshan Movement squeezed in the NW direction and the Himalayan Movement squeezed in the NE direction (Yin and Wu., 2020). At present, NE-trending fractures are mainly developed in the study area. Therefore, the paleo-tectonic stress referred to in this study belongs to the Himalayan period. The samples of acoustic emission paleo-stress test were taken from the core of 2.213 m depth in well D4578 in the study area. The test results show that σH is 58.11 MPa and σh is 31.79 MPa. Furthermore, the calculation results of the paleostress of the target layer in the study area were compared with the measured results of acoustic emissions. The comparison results showed that the absolute error between the measured value and the predicted value of the horizontal maximum principal stress was 1.11 MPa; the absolute error between the measured value and the predicted value of the minimum horizontal principal stress was -0.21 MPa. The paleo-stress simulation results were consistent with the measured results of acoustic emission, which proved that the calculation results of paleo-tectonic stress based on finite element were reliable.
Prediction and Evaluation of Fracture Distribution
In this paper, a calculation model based on the principle of conservation of energy was used to predict the plane distribution of fractures in the target layer. The basic principle is that the existence of fractures can cause significant differences in the distribution of strain energy. The strain energy density method is an effective method to predict the micro-scale ruptures of rocks, so it is suitable for low-amplitude structural areas. For weakly deformed rock masses, according to the principle of conservation of energy, the work done by external force acting on the rock mass to deform it is equal to the strain energy of the rock mass. Furthermore, the work can be obtained by the displacement of a single element node on the acting force (Zhang et al., 2006; Zheng et al., 2020). The calculation formula of thefracture index U is as follows:
[image: image]
In the formula, U is the fracture index; E is the Young’s modulus; ν is the Poisson’s ratio; σX, σY, and σZ are the principal stresses in different directions; τXY, τYZ, and τZX are the shear stress components in different stress directions.
The main oil layers in the study area are the Chang 61 and Chang 81 sub-members. Therefore, in this study, the Chang 61 and Chang 81 sub-members were used as the research object to carry out fracture predictions. The coupling relationship between the fracture index and the fracture thickness of the Chang 61 and Chang 81 submembers is shown in Figure 9. The fracture thickness refers to the vertical thickness of the natural fracture segment. When the fracture index is greater than 1, it is considered that a core-scale fracture has occurred in the rock mass. The fracture index distribution is consistent with the fracture thickness results (Figure 9).
[image: Figure 9]FIGURE 9 | Prediction of the plane distribution of the fractures in the Chang 61 and Chang 81 sub-members in the study area. Notes: (A) Chang 61 sub-member; (B) Chang 81 sub-member.
In addition, it can be seen from Figure 9 that the predicted main direction of the fracture is between NE50° and 70° (Figure 10), which is consistent with the paleomagnetic test results.
[image: Figure 10]FIGURE 10 | Statistical results of fracture strikes.
Coupling Analysis of Fracture Distribution and Hydrocarbon Accumulation
The Chang 6 and Chang 8 tight oil sandstone reservoirs of Yanchang Formation in the study area have no obvious oil-water interface, and lithological barriers form lithological traps. It is generally believed that the Chang 6 and Chang 8 oil layers in the study area have developed multi-stage channel sand bodies and mudstone superimposed vertically, forming a multi-stage effective lithological trap. Oil and gas fill and accumulate in multi-stage traps through high-permeability sandstone and fracture drainage system. Through this study, it is found that the widespread development of fractures is an important reason for the widespread oil-bearing in the longitudinal multi-layers of the Yanchang Formation in the study area. The provenance in the study area mainly came from the north, and the sand bodies are distributed along the north-south direction. The Chang 6 and Chang 8 members belong to the subfacies of the delta plain. Therefore, the river channel swinged frequently, and the river in the confluence or turning areas were repeatedly scoured, and the sandstones were well sorted and had greater brittleness. Furthermore, the sand bodies in these locations were prone to rupture and form fractures under the conditions of tectonic activity (Figure 11). At present, the locations where oil reservoirs have been found are also mainly located in the confluence or turning areas of river channels, and the thickness of the fractured sandstone in these areas is usually greater than 0.4 m.
[image: Figure 11]FIGURE 11 | Coupling relationship between fracture distribution and hydrocarbon accumulation in the Chang 61 and Chang 81 sub-members in the study area. Notes: (A) Chang 61 sub-member; (B) Chang 81 sub-member.
The scales of low-amplitude structural traps in the study area are relatively small, mainly distributed in 1–4 km2. The study found that fractures developed in the top and wing parts of the low-amplitude structures are relatively developed, and these areas are conducive to the large-scale accumulation of hydrocarbons. Regarding the relationship between the degree of fracture development and lithology, the fractures are mainly developed in the lithology of medium and low thickness fine-grained sandstone, and the thickness of the sand body is mainly distributed in the range of 5–15 m. For extremely thick sand bodies with thickness greater than 15 m, fractures are relatively underdeveloped. The study also found that the fractures mainly developed in the wings of the main channel. The middle part of the main channel has good physical properties, and the degree of fracture development is low. However, from the middle part of the river channel to the wing part, the grain size of the sand body becomes finer, and the compaction space of the rock particles gradually becomes smaller, and the fine-grained rock is more prone to rupture. In addition, the scale of fracture development is negatively related to the thickness of the sand body. Therefore, the thickness of the sand body in the channel wing is small, and the rock is prone to rupture.
It can also be found from Figure 11 that there are many ranges of fracture index in the target layer of the study area greater than 1.2. Drilling cores also show that fractures in these areas are relatively developed. However, excessively developed fractures are not conducive to the enrichment of tight sandstone oil. This is because the sand and mudstones in the Yanchang Formation are frequently interbedded. When the fractures are developed too high, the fractures in the reservoir will communicate with the overburden and cause the escape of hydrocarbons.
On the whole, the formation and distribution of Yanchang Formation reservoirs are closely related to fracture distribution. Moderately developed fracture zones are prone to form hydrocarbon accumulation “sweet spots,” and the fracture indexes of these areas are usually distributed between 0.8 and 1.2. When the fracture index exceeds 1.2, over-developed fractures are unfavorable to the formation of oil reservoirs. For the hydrocarbon drainage system, the fractures in the wings of the main sand body are more developed, which makes the sand body more likely to be preferentially charged by hydrocarbons. Due to the lack of fractures in the middle of the river channel, the superimposed high-permeability sand bodies are the main hydrocarbon drainage system.
CONCLUSION

(1) The Yanchang Formation in the study area mainly develop high-angle and vertical fractures, which were formed by regional tectonic shearing. Fractures are mainly developed in the fine sandstone and ultra-fine sandstone of the distributary channel and estuary bar microfacies, while the fractures in the medium-grained sandstone of the distributary channel and the mudstone of the distributary bay are relatively underdeveloped.
(2) The core fractures and micro-fractures of the Yanchang Formation all have the regional distribution characteristics, and the fracture strikes are mainly between NE50° and NE 70°.
(3) The finite element method was used to predict the fractures in the target layer, and the prediction results are consistent with the actual distribution results of the fractures.
(4) The coupling analysis of fractures and tight oil sandstone distribution showed that the existence of fractures provided conditions for the accumulation of hydrocarbons in the Yanchang Formation. The confluence and turning areas of the river channels were repeatedly scoured by river water, and the rocks were brittle and easy to form fractures. The thickness of the fractured sandstone in these areas is usually greater than 0.4 m.
(5) Moderately developed fracture zones are prone to form hydrocarbon accumulation “sweet spots,” and the fracture indexes of these areas are usually distributed between 0.8 and 1.2. However, when the fracture index exceeds 1.2, over-developed fractures are unfavorable for the accumulation of hydrocarbons.
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