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In order to clarify the fracture distribution characteristics of the Bozi gas field in the Kuqa Depression, based on the statistics of fracture parameters from core data and imaging logging, the three-dimensional (3D) structural model of the complex thrust structure is established by using the voxel-based morphometry (VBM) structural framework modeling technology; the 3D heterogeneous rock mechanics field in the study area is constructed by well-to-seismic integration. The relationship between in situ stress field and fracture parameters is established under the consideration of rock fracture criterion, and fracture prediction of the Cretaceous reservoir in the Bozi gas field is carried out with the finite element numerical simulation method. Considering the influence of in situ stress field on fracture parameters, fracture activity is analyzed. The results show that the Cretaceous reservoirs in the Bozi gas field generally develop fractures, most of which are high-angle shear fractures of tectonic origin and are semi-filled or unfilled. The fracture distribution of the Bozi gas field is obviously controlled by local structures such as folds and faults. From north to south, the fracture development gradually weakens, and the fracture density of Bozi 104 and Bozi 102 fault blocks in the north is the highest. The fracture in the northern fault block of the Bozi gas field shows high activity, while that in the southern fault block shows low activity. The fractures in the higher structural parts of most fault blocks show high activity.
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INTRODUCTION
China boasts of rich deep oil and gas resources with great potential, and its deep—ultra-deep oil and gas resources exceed 670 × 108 t oil equivalent, accounting for 34% of the total oil and gas resources (Jia et al., 2014). In recent years, China has made a series of important discoveries in the field of deep—ultra-deep oil and gas exploration (Wang et al., 2013; Tian et al., 2020; Yang et al., 2020; Yang et al., 2021), especially the Kuqa Depression in Tarim Basin, which is one important block for deep—ultra-deep natural gas exploration and development in China. The buried depth of Keshen No. 9 gas reservoir and Bozi No. 8 gas reservoir is close to 8,000 m. Under such deep—ultra-deep burial conditions, the reservoir becomes extremely dense after strong diagenetic compaction and cementation, resulting in a matrix porosity of about 4–7% and a permeability of less than 1 mD (Wang et al., 2019). However, natural fractures widely develop in this kind of ultra-deep reservoir. Natural fractures are the effective reservoir space and main seepage channel of this kind of reservoir, which affect oil and gas enrichment, single well productivity, and development effect (Nelson, 2001; Laubach et al., 2009; Lu H et al., 2015; Zeng et al., 2021). Therefore, study on the development and distribution of natural fractures is of great significance for ultra-deep oil and gas exploration and development.
However, the formation, development and distribution of fractures is a nonlinear, complex and heterogeneous system (Dong et al., 2020), which is controlled by many factors such as tectonic stress field, lithology, fault, and structural morphology (Ju et al., 2013; Ju et al., 2020; Gu et al., 2020). It has the characteristics of multi-scale and multi-stage superposition, and strong heterogeneity (Liu et al., 2019; Ren et al., 2020). In recent years, study on fracture has moved from qualitative, to semi-quantitative, and to quantitative research. The fracture identification method is mainly based on field outcrop, drilling core, microscopic thin section, and imaging logging interpretation (Olson et al., 2009; Zeng and Li, 2009; Casini et al., 2011; Ellis et al., 2012; Wang K, 2014). Based on the field outcrop, we can fully understand the distribution characteristics of natural fractures laterally, and the relationship among fractures in different formations (Deng et al., 2009). Fractures from drilling core are the most direct method to identify underground reservoir fractures. Through the observation and statistics of core fractures, we can obtain parameters such as mechanical type, occurrence, opening, length, density, formation characteristics, filling degree, etc. It is the original database for research regarding reservoir fracture in oil and gas exploration and development and is also one of the criteria to test whether the results obtained by other reservoir fracture prediction methods are reasonable (Luo, 2010). The object of thin section fracture analysis is reservoir microfracture, which includes intragranular fracture, marginal fracture, and trans-granular fractures. According to the self-similarity principle, studying the distribution of reservoir microfractures also provides important reference for understanding the distribution law of macro-fractures (Zeng et al., 2007). Imaging logging fracture interpretation is the fastest and most common method to identify fractures in the oilfield, which may provide a vertical continuous reservoir fracture development profile of a single well. Through the core fracture scale, we may interpret the fracture development of the whole well section and quantitatively calculate parameters such as linear density, length, opening, and porosity of fractures in different layers (Huang et al., 2006). The prediction methods of fractures in three-dimensional (3D) space mainly include rock curvature method (Li et al., 2008; Li et al., 2009), fractal dimension method (Feng et al., 2011), energy method, rock fracture method (Ju et al., 2013; Yu et al., 2016), geophysical method, and so on (Wang et al., 2014; Liu et al., 2021). At present, various prediction methods of reservoir fractures have their own advantages, but they inevitably have some defects or limitations.
Currently, there are still many key scientific issues in the research on reservoir fractures, especially in the Tarim Basin in western China, which has experienced multi-stage tectonic movement (He et al., 2005; Neng et al., 2012), resulting in multi-stage superposition of reservoir fractures. In addition, due to complex structure and great reservoir buried depth, further research is required in terms of high-precision 3D geological modeling, quantitative prediction of fractures, the effectiveness evaluation of fracture network system, etc.
Therefore, with the Bozi gas field in Kelasu structural belt of the Kuqa Depression in Tarim Basin as an example, based on the description, observation, and interpretation of fractures from cores, thin section, and imaging logging in multiple single wells, this paper establishes the 3D structural model of complex thrust structure by using the voxel-based morphometry (VBM) structural framework modeling technology and constructs the 3D heterogeneous rock mechanics field in the study area by using the well-to-seismic integration. The in situ stress field is simulated by the finite element numerical simulation method. The relationship between in situ stress and fracture parameters is established through the rock fracture criterion to clarify the development and distribution characteristics of fractures. The influence of in situ stress field on fracture parameters is elaborated to clarify the distribution of fracture activity.
GEOLOGICAL SETTING
The Kuqa Depression, located in the northern margin of Tarim Basin, is a multi-stage superimposed depression developed in the front of South Tianshan Mountain and dominated by the Meso-Cenozoic sedimentation (Qi et al., 2013; Wang Z, 2014; Neng et al., 2019). Laterally, it has four belts and three depressions, namely, the northern monoclinal belt, Kelasu structural belt, Qiulitage structural belt, southern slope belt, Wushi Sag, Baicheng Sag, and Yangxia Sag (Figure 1). Affected by the long-range effect of Cenozoic Eurasian plate collision, the difference of compression rate, stress direction, and magnitude during the uplift of South Tianshan Mountain, and distribution of salt lakes, the Kuqa Depression widely develops thrust structures and shows strong zonal deformation characteristics (Wang et al., 2010). The Kelasu structural belt develops a series of thrust faults and ∼E-W-trending fault-related folds from north to south.
[image: Figure 1]FIGURE 1 | (A) The Tarim Basin, located in the northwestern China, contains seven first-order tectonic units: Kuqa Depression, Northern Tarim Uplift, Northern Depression, Central Uplift, Southwestern Depression, Southeastern Uplift, and Southeastern Depression. The Kuqa depression contains seven second-order tectonic units. The Bozi gas field is located in the Kelasu structural belt, the second structural belt in Kuqa Depression. (B) The Cretaceous top contour map of the Bozi gas field. The Bozi gas field is a thrust structure complicated by faults, with many fault blocks and different sizes, and pop-up structures are developed in the middle. From north to south, the reservoir depth increases gradually.
The Bozi gas field, located in the middle-west of Kelasu structural belt, contains multiple fault blocks from north to south. The main exploration target layers of Bozi gas field are the Cretaceous Bashijiqike Formation and Baxigai Formation (Figure 2), which are generally buried in depth of more than 6,000 m, and are deposited at the front edges of fan delta and braided river delta. The Bashijiqike Formation in the study area only has the second and third lithologic sections from top to bottom, without the first one. The second lithologic section is characterized by medium- to thick-layered brown, grayish brown fine sandstone, pebbly fine sandstone, thin- to medium-layered brown mudstone, and silty mudstone. The third lithologic section is characterized by the interbedding of medium- to thick-layered brown fine sandstone, thin- to medium-layered brown mudstone, and silty mudstone. The lithology of the upper part of the Baxigai Formation is mainly composed of thin to medium brown mudstone, grayish brown fine sandstone, and siltstone of unequal thickness, intercalated with thin grayish brown argillaceous siltstone; the lower part is mainly composed of thin to medium brown mudstone and silty mudstone, intercalated with grayish brown fine sandstone.
[image: Figure 2]FIGURE 2 | From top to bottom, the strata encountered in the Bozi gas field are: Quaternary Xiyu Formation (Q1x), Neogene Kuqa Formation (N2k), Kangcun Formation (N1-2k), Jidike Formation (N1j), Paleogene Suweiyi Formation (E2-3s), Kumugelimu Group (E1-2km), Cretaceous Bashijiqike Formation (K1bs), and Baxigai Formation (K1bx). The Bashijiqike Formation is divided into the second lithologic section (K1bs2) and the third lithologic section (K1bs3) from top to bottom, without the first lithologic section. The Baxigai formation is divided into the first lithologic section (K1bx1) and the second lithologic section (K1bx2) from top to bottom.
The average porosity of the Cretaceous reservoir in the Bozi gas field is about 7%, and the overall average permeability is about 0.3 mD. The analysis of exploration well test samples shows that the content of methane is high with an average volume fraction of 85.21%, and the content of non-hydrocarbon gas, nitrogen, and carbon dioxide is low with an average volume fraction of about 3%. It does not contain H2S. It is a typical condensate gas.
CHARACTERISTICS OF FRACTURE
The fracture development characteristics of a single well are comprehensively described based on core fracture identification, microscopic thin section fracture observation, and fracture interpretation from imaging logging. From cores, it can be found that fractures of Cretaceous reservoir in the Bozi gas field are relatively developed. Shear fractures are dominant, which are characterized by flat fracture surface, small opening (0.1–0.2 mm), long extension distance, and partially being filled with calcite and gypsum. Tensile fractures account for a small portion, commonly with rough fracture surface, large opening (>2 mm), short extension distance, and mostly being filled (Figure 3).
[image: Figure 3]FIGURE 3 | (A) Well Z102, 6,779.20 m, unfilled oblique shear fracture; (B) Well Z7, 7,742.96 m, unfilled high angle oblique fracture; (C) Well Z901, 7,678.53 m, medium-high angle shear fracture, flat fracture surface; (D) Well Z104, 6,846.75 m, a group of unfilled oblique shear fracture, with broken core; (E) Well Z10, 7,318.64 m, a nearly vertical shear fracture with flat fracture surface.
The characteristics of microfractures can be seen on thin sections (Figure 4). Intragranular fractures, grain edge fractures, and grain penetrating fractures can be seen with the opening of generally at micron level. Most of these microfractures are connected with matrix pores, which also play an important role in improving the physical properties of low-permeability sandstone reservoir.
[image: Figure 4]FIGURE 4 | (A) Well Z102-1, 6,906.12 m, microfracture extending along grain edge with an opening of about 0.1 mm; (B) Well Z101-2, 7,078.83 m, microfracture extending through the particles, with argillaceous semi-filled in the fracture, and has an opening of about 0.1 mm; (C) Well Z103, 7,399.16 m, microfracture filled with anhydrite in the gravel, and microfractures seen at the edge of the gravel; (D) Well Z104, 6,799.9 m, microfractures distributed along the grain edge; (E) Well Z104-2, 7,005.50 m, microfracture found in the gravel and at the edge of the gravel; (F) Well Z7, 7,550.6 m, several microfractures developed in local dolomite strips.
The combination relationship of large-scale fractures can be more intuitively observed from imaging logs, including parallel fracture, oblique fracture, and reticular fracture. As shown in Figure 5, a group of nearly parallel fractures are developed in 7,028–7,031 m of Well Z1-1, while a series of reticular type fractures are developed in 7,150–7,152 m. In addition, in 7,005–7,008 m of Well Z13, the well wall is fragmented, and a series of fractures with different dip angles can be seen. In 6,941–6,943 m of Well Z104, reticular fractures composed of high-angle fractures and medium- and high-angle fractures can be observed.
[image: Figure 5]FIGURE 5 | (A) Well Z2, 7,658–7,660 m, a group of nearly parallel fractures; (B) Well Z1-1, 7,150–7,152 m, reticular fracture; (C) Well Z13, 7,005–7,008 m, the well wall is fragmented, with a series of fractures with different dip angles; (D) Well Z104, 6,941–6,943 m, reticular fractures composed of high angle fractures and medium and high angle fractures.
The vertical development and distribution characteristics of fractures also significantly vary. As shown in Figure 6A, during the drilling of Well Z101-2, the Cretaceous Bashijiqike Formation and Baxigai Formation were both encountered, with a total of 67 fractures identified. The most fractures are developed in the lower part of K1bs2 and the upper part of K1bs3 formation, i.e. within 6,870–6,970 m, and most of them are high-angle or near-vertical fractures. It can be seen from Figure 6B that a total of 102 fractures were identified in the Cretaceous Bashijiqike Formation of Well Z24. Due to a small-scale reverse fault encountered during the drilling, the formation duplication was shown. It can be found that no matter in the hanging wall or footwall, fractures are denser in the K1bs2, with only few fractures in the K1bs3 formation. Moreover, it can be seen from Figure 6C that the identified 32 fractures in Well Z901 are only developed in the upper part of the K1bs2 formation, without any fracture identified in other layers, and the fractures are mainly of medium-high dip angle.
[image: Figure 6]FIGURE 6 | (A) Fracture identification of imaging logs in Well Z24, with a total of 102 fractures identified; (B) fracture identification of imaging logs in Well Z101-2, with a total of 67 fractures identified; (C) fracture identification of imaging logs in Well Z901, with a total of 32 fractures identified.
The statistical analysis of fracture parameters shows that natural fractures in the Bozi gas field are highly heterogeneous, and the distribution of fractures among wells greatly varies.
It can be seen from Figure 7 that the fracture strike is generally ∼N-S-trending; very few wells develop nearly ∼E-W-trending fractures such as well Z2. Most fractures are of tectonic origin, the dip angle of fractures is mostly larger than 70°, and the aperture is mostly between 0.1 and 2 mm. Among them, semi-filled and unfilled fractures are dominant. The filling material of those filled fractures is mainly calcite.
[image: Figure 7]FIGURE 7 | Stereographic of fracture strike of typical well in the Bozi gas field.
Based on the relationship among fractures and previous studies, it is considered that fractures in the Bozi gas field were formed in three stages (Table 1) (Zeng et al., 2004; Yuan et al., 2015; Wang et al., 2020): Fractures in the first stage were formed in the sedimentary period of Jidike Formation from the end Cretaceous to Neogene, and a small number of ∼E-W-trending tensile fractures and ∼N-S-trending shear fractures were formed under the action of ∼N-S extension and short-term weak compression and uplift. However, fractures in this stage were fully filled by calcite and other minerals, basically resulting in ineffective fractures, and they make extremely less contribution to the productivity of gas wells. Fractures in the second stage were formed in the early sedimentary stage of Kangcun Formation—Kuqa Formation of Neogene. Under the action of ∼N-S compression, a certain number of ∼N-S shear fractures were formed, mainly semi-filled fractures, which maintained some effectiveness. Fractures in the third stage were formed in the late sedimentary stage of the Neogene Kuqa Formation. Under the action of strong compression and nappe in the ∼N-S direction, the strata underwent strong bending and thrust structure, and the Kelasu structural belt including the Bozi gas field was finally finalized. Fractures formed in this stage mainly include shear fractures under the action of ∼N-S compressive stress and ∼E-W-trending tensile fractures under the action of anticline bending deformation. They are featured by large number, large opening, low filling degree, high effectiveness, and high contribution to the productivity of gas wells (Wang et al., 2016).
TABLE 1 | Tectonic fracture formation sequence of Cretaceous reservoir in the Bozi gas field.
[image: Table 1]METHOD OF FRACTURE PREDICTION
Establishment of 3D Geological Model
The Bozi gas field has many fault blocks and high degree of structural superposition. If only the target layer model of a single structure is established, it is difficult to accurately simulate the distribution of in situ stress and fractures. The main technology adopted in this paper is voxel-based (VBM) structural framework modeling technology. In the traditional corner grid modeling process, horizon modeling focuses on the structural modeling of key layers, which may lead to drastic changes in the thickness of the same small layer and even unreasonable interleaving between layers. In the VBM modeling technology system, firstly, a tetrahedral grid model with volume of interest (VOI) range is created based on the input data. Then, the isochronous attributes representing the same sequence of all input data are calculated in the tetrahedral mesh model, which is a key step in the VBM algorithm. The calculation of such isochronous attribute is based on the seamless grid attribute (i.e. watertight model) established completely based on the input data (fault, layer and well layering). The grid attribute is continuously distributed in the whole structural framework with discontinuous fault, which may minimize the influence of dip angle and thickness changes. Because the attribute model is based on the isochronous principle of sequence stratigraphy and includes all horizons specified by the input data, once the isochronous grid attribute model is established, the attributes at the corresponding positions may be extracted according to the input data to obtain the horizons within the structural framework and further establish the stratigraphic model. The complex structure model formed by VBM technology is more real and has higher accuracy, and the spatial relationship among different structures is more in line with the actual underground situation.
As shown in Figure 8, based on drilling data, logging data, seismic data, and regional geological data, the fault and layer are interpreted, and the 3D geological model of the Bozi gas field is constructed. The model consists of four lithologic members and 18 faults. The Bozi gas field is a thrust structure complicated by faults with varying scale of internal faults, and a series of pop-up structures are developed in the middle section. From north to south, the reservoir depth increases gradually.
[image: Figure 8]FIGURE 8 | Three dimensional structural model of Cretaceous reservoir in the Bozi gas field.
Calculation of Rock Mechanical Parameters
Rock mechanical parameters mainly include the Young’s modulus, Poisson’s ratio, and rock density, which are the basic parameters for fracture prediction. The continuous rock mechanical parameters on a single-well profile are interpreted by logging data calculated according to the following equations (Lu S et al., 2015):
[image: image]
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where, Ed is the Young’s modulus, MPa; μd is the Poisson’s ratio, dimensionless; ρb is rock density, kg/m3; Δtp and Δts are P-wave slowness-time and S-wave slowness-time, μs/ft.
Due to the strong heterogeneity of rock mechanical properties, this paper adopts the combination method of logging and seismic data to establish the distribution of 3D heterogeneous rock mechanical parameters (Xu et al., 2018). That is, the rock mechanical parameters are determined by seismic interval velocity, and constrained and corrected by logging data. It should be noted that logging and seismic data have different resolutions, and the vertical accuracy of logging data is much higher than that of seismic data. Therefore, during the correction of logging and seismic velocity, the arithmetic average coarsening method is adopted for the logging data to make them consistent with the seismic data sampling points for fitting.
From the 3D distribution of rock mechanical parameters in the Bozi gas field (Figure 9), the elastic modulus is mainly between 26 and 28 GPa, locally as high as 30 GPa; the Poisson’s ratio mainly ranges between 0.24 and 0.27, and the 3D numerical value of rock density mainly ranges between 2.5 and 2.6 g/cm3. Rock mechanical parameters show obvious heterogeneity within and among fault blocks.
[image: Figure 9]FIGURE 9 | 3D heterogeneous rock mechanical parameters of Bozi gas field, (A) 3D distribution of Young’s modulus in Cretaceous reservoir; (B) 3D distribution of Poisson’s ratio in Cretaceous reservoir; (C) 3D distribution of rock density in Cretaceous reservoir.
Prediction of Fracture Distribution
In this study, the fracture prediction is based on 3D finite element method (FEM). The basic idea of FE numerical simulation method is (Ding et al., 2011), firstly, the geological body is discretized into several finite elements. The elements are connected by nodes, and the corresponding rock mechanical parameters are assigned to the corresponding elements. The basic variables of the field function in the study area include displacement, stress, and strain. According to the boundary stress conditions and node equilibrium conditions, the solution of the equations with the node displacement as the unknown quantity and the overall stiffness matrix as the coefficient matrix are obtained, followed by the displacement on each node, and then the stress and strain values in each element can be calculated.
The linear algebraic equation of finite element is (Song, 2012):
[image: image]
where, U is the displacement vector of system nodes, and K is the system stiffness matrix:
[image: image]
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p is the equivalent nodal force vector of load, and Q is the equivalent nodal force vector of load q on the edge interface:
[image: image]
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The stress and strain tensors under 3D conditions are expressed as vectors (Zoback, 2007):
[image: image]
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where, T is the transpose of the matrix.
The constitutive equation is (Fossen, 2010):
[image: image]
where, D is the elastic matrix.
Based on the understanding of rock mechanical parameters and in situ stress distribution, we may calculate whether the rock has fracture and the degree of fracture using the rock fracture criterion, so as to clarify the distribution of fracture parameters.
Fractures in the Bozi gas field are mainly shear fractures based on the observations from core and rock thin sections; hence, the development degree and distribution state of shear fractures are mainly analyzed and judged according to the Coulomb-Navier criterion, in which the relationship between fracture and stress is as follows (Fossen, 2010):
[image: image]
where: τ is the shear stress, MPa; σn is normal stress, Mpa; C is the cohesion of rock, Mpa; and φ is the internal friction angle of rock, °.
However, the Coulomb–Navier criterion only considers the influence of the maximum principal stress and the minimum principal stress on the rock strength. It does not consider the contribution of intermediate principal stress to the rock strength. As an equivalent maximum shear stress model, it can only judge whether the rock has shear fracture rather than the degree of shear fracture development. Therefore, in order to explain the relationship between tectonic stress state and fracture development state, the concept of fracture value is introduced (Yu et al., 2016), which is defined as:
[image: image]
where, τ is the shear stress, Mpa; and τn is the shear strength, Mpa.
Therefore, if I << 1, it means that it is far from shear fracture of rock; if I < 1, it means that there is no shear fracture in the rock; if I > 1, it means that the rock has shear fracture; if I >> 1, it means that shear fracture has already occurred. The fracture value may be linked with the development degree of shear fracture, and it is considered that tectonic fractures are developed in areas with high fracture values than those in areas with low ones. Furthermore, by fitting the calculated shear fracture value with the fracture density of a single well, we may establish the quantitative relationship between rock fracture value and fracture development degree, thereby realizing the quantitative prediction of fractures.
Evaluation of Fracture Activity
The practice of oilfield production shows that under the action of both shear stress and normal stress, the fracture in critical state has better seepage capacity. Therefore, the shear deformation activity capacity of fracture may be regarded as one of the symbols to judge whether it is a high-quality fracture. When the in situ 3D principal stress acts on natural fracture surface, it may be decomposed into an effective normal stress perpendicular to the fracture surface σne and a shear stress parallel to the fracture surface τ; these two stresses are the main factors controlling geomechanical response of natural fractures.
The ratio of shear stress to normal stress, τ/σne, affects the sliding of fracture surface. It is not only a parameter reflecting the sliding of fracture surface but also an important index reflecting fracture permeability and fluidity (Zoback et al., 2012; Jiang et al., 2021).
The normal stress and shear stress can be defined by the relationship between fracture and principal stress field (Maerten and Maerten, 2006):
[image: image]
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where, nij is the cosine direction (Zoback, 2007):
[image: image]
where: σ1, σ2, and σ3 are the maximum, intermediate, and minimum principal stress, respectively, (Mpa); γ is the included angle between the normal of the fracture surface and the minimum principal stress σ3, (°); λ is the included angle between the projection of fracture strike in plane σ1-σ2 and σ1, (°). According to the above method, based on the quantitative prediction of 3D distribution of natural fractures, the relationship between in situ stress tensor and fracture occurrence may be used to clarify the development location and occurrence information of the fracture with good activity (with high ratio of shear stress to normal stress τ/σne).
RESULT
Fracture Prediction Results
The prediction results of fracture density and fracture activity in the Bozi gas field are shown in Figure 10, in which the density of discrete fracture slices represents fracture density, the color represents fracture activity, with red for high and blue for low activity. It can be seen that fracture distribution in the Bozi gas field shows a certain pattern, and the fracture development gradually weakens from north to south. The fracture density of the Bozi 104 and Bozi 102 fault blocks in the north show the highest value, the fracture development degree of Bozi 1 fault block in the middle is reduced, and Bozi 9 fault block in the south has the lowest fracture development. From the fracture distribution in a single fault block, fractures are mostly developed in the higher part of anticline structure, and the farther away from the higher part of anticline structure, the lower the degree of fracture development. The fracture density near the fault is high, especially in the hanging wall of the thrust fault.
[image: Figure 10]FIGURE 10 | Prediction results of fracture parameters in the Bozi gas field.
The distribution of fracture activity in the Bozi gas field shows strong heterogeneity. Overall, the fault block in the north is highly active, especially the Bozi 104 and Bozi 102 fault blocks. The Bozi 9 fault block in the south has poor fracture activity. For a single fault block, fractures in the higher structural part of most fault blocks have higher activity.
Error Analysis
In this study, fracture prediction results of 10 wells in the Bozi gas field are selected and compared with actual measured statistical results (Table 2), in which the calculation method of coincidence I is defined as follows:
[image: image]
where, Dm is the actual measured statistical result of fracture density, unit: number·m−1; DC is the fracture density predicted by numerical simulation, unit: number·m−1. It may be seen that the predicted coincidence of most wells is more than 85%, indicating that the fracture development predicted through numerical simulation is consistent with the results from core and thin section observation. Overall, the predicted results can reflect the fracture development and distribution in the study area.
TABLE 2 | Comparison between measured and predicted fracture results.
[image: Table 2]The possible reasons for errors in the prediction results are as follows:
1) Accuracy of the geological model. Because the burial depth of the Cretaceous reservoir in the Bozi gas field is more than 6,000 m, or even close to 8,000 m, the overlying strata consist of a set of extremely thick gypsum-salt layer, which has a strong shielding effect on the seismic signal, resulting in poor quality of seismic data below the gypsum-salt layer and increasing the difficulty of structural interpretation. As a result, it is difficult to accurately reflect the shape of underground structure based on the structural map. The accuracy of the geological model will inevitably be reduced. In addition, the simplification of the model in the modeling process will also affect the accuracy of the final results.
2) Error caused by reservoir rock heterogeneity. Due to reservoir rock heterogeneity, rock mechanical parameters are constantly changing both laterally and vertically, that is, they exist in a continuous field function. Even if heterogeneous mechanical parameters are used, it is difficult to fully reflect the real underground situation, which will inevitably affect the prediction results.
3) Simplification of the fracture parameter calculation model. The micro process of rock fracture under stress is complex; it is difficult to describe the whole process with an accurate mathematical model. Therefore, the micro process of rock fracture is reasonably simplified in the calculation process, which will not have a significant impact on the prediction results but will obviously reduce the prediction accuracy.
4) The fracture distribution obtained from fracture prediction is a probability distribution, which represents the mathematical expected value of fracture parameters, that is, the “theoretical value” of fracture development. However, due to the complexity of fracture development, the actual fracture development may not be consistent with it. In addition, fracture distribution is not only controlled by stress, structural location, fault, etc., considered in numerical simulation, but also controlled by pore fluid and other factors, which are difficult to couple into numerical simulation at present.
Therefore, it is difficult to achieve complete numerical correspondence for the prediction results.
CONCLUSION

1) The fractures of Cretaceous reservoir in the Bozi gas field are relatively developed, most of which are tectonic in origin, and are high-angle shear fractures. The majority of fractures in the study area are semi filled and unfilled, which are formed under the rapid and strong compression in the Late Himalayan period, making great contribution to oil and gas migration and accumulation and gas well productivity.
2) The heterogeneity of fracture development and distribution in the Bozi gas field is extremely strong. Local structures such as folds and faults obviously control the fracture development characteristics and distribution. The degree of fracture development gradually weakens from north to south. The fracture density of Bozi 104 and Bozi 102 fault blocks in the north indicates the highest.
3) The fault block in the northern Bozi gas field has high fracture activity while that in the south is low. For a single fault block, the fractures in the higher part of the structure of most fault blocks have high activity.
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