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Natural fractures are developed in the shale oil reservoir, and the hydraulic fracture (HF) morphology is complex. The fracture shape can be inverted by using fracture propagation numerical simulation technology, which provides guidance for fracturing parameter design and fracturing process optimization. However, the existing models still have many deficiencies in the interactive propagation mechanism of HF and natural fracture (NF). Based on the three interactive modes of HF and NF (HF propagation without NF, HF propagation with full NF, and HF propagation with half NF), this work establishes the fracture propagation model and puts forward the simulation calculation method. The Brinkman equation is used to modify the leakage model based on Darcy’s law, and G1701H well is taken as an example to simulate the fracture propagation law under different interaction modes. The research shows that there is a transition region between the HF wall and rock matrix. The greater the porosity and permeability of the rock matrix, the more significant the influence of the transition region on leakage. The NF zone will change the propagation direction of the main fracture. When there are multiple clusters of fractures in the same fracturing section, only some HFs meet with natural fractures, and it is easy to form a “T”-shaped fracture network. The results improve the existing hydraulic fracturing model and provide help for fracturing parameter design and fracture parameter inversion of the shale oil reservoir.
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INTRODUCTION
Shale oil is rich in resources and has a broad prospect of exploration and development, which is another key field of global unconventional oil and gas development after shale gas (Li et al., 2020a; Zhang et al., 2021a). Shale oil development mainly draws lessons from the successful experience of shale gas development and adopts horizontal well large-scale hydraulic fracturing to transform the reservoir to achieve the improvement of production (Li and Weijermars, 2019; Cong et al., 2022). To effectively increase the volume of reservoir reconstruction, it is necessary to master the law of formation fracture propagation during fracturing, so as to provide the basis for reasonable construction parameter design (Li et al., 2016). At present, a large number of techniques such as microseismic monitoring and the stable electric field method have been used to interpret and characterize the propagation morphology of hydraulic fractures. However, these monitoring methods need to pay huge human and economic costs for the arrangement, use, and maintenance of equipment, and the data accuracy of monitoring results still cannot well meet the needs of fracture parameter design (Cai et al., 2018; Liang et al., 2020). Fracture propagation simulation technology is a computer numerical calculation method developed based on the basic theories of fracture mechanics, elasticity, rock mechanics, and seepage mechanics. It can simulate the propagation law of hydraulic fractures under different conditions and obtain fracture parameters. In recent years, it has been widely used in the design of fracturing construction parameters and the optimization of fracturing technology in different oilfields (Li et al., 2019).
The simulation methods of crack propagation mainly include the finite element method (Guo et al., 2017) (FEM), extended finite element method (Lecampion, 2009) (XFEM), discrete element method (Fu et al., 2013) (DEM), and boundary element method (Wu and Olson, 2015) (BME). These methods have great differences in model building, solution ideas, and computational efficiency, but the problems solved by simulation can be basically divided into two categories. One is the model does not include NF and only studies the influence of fracture tip and inter-well interference on fracture propagation. The other one is to analyze the influence of NF on HF propagation. Zeng and Yao (2016) studied the multi-fracture propagation under different stress differences and perforation spacing. The research shows that large perforation spacing and horizontal stress differences are helpful in alleviating the problem of fracture deflection under the action of “stress shadow.” Zhang et al. (2021b) simulated the fracture propagation law with 16 cluster perforations at the same time. The research shows that when the perforation cluster spacing is small, there is the phenomenon of fracture competitive growth. The balanced fracture initiation of multiple perforation clusters can be realized by adjusting the friction of each perforation cluster. Cheng et al. (2019) analyzed the propagation morphology of fractures in staged fracturing, and the study showed that, with the gradual increase in the number of fracturing stages, fracture initiation and propagation would become more difficult. Li et al. (2020a) established the fracture propagation model under high stress and studied the propagation law under different construction parameters. Lan and Gong (2020) compared the effects of formation elastic modulus and reservoir stress by the cohesive zone method (CZM) and pointed out that the minimum horizontal principal stress is the most critical factor on fracture height propagation.
In terms of numerical simulation of fracture propagation in reservoirs with NF, Liu et al. (2019) established a multi-fracture propagation model with shale bedding. The simulation found that the growth of hydraulic fractures in the middle area was inhibited and could not continue to propagate through the bedding like the fractures on the outside. Bakhshi et al. (2019) studied the propagation behavior of HF when hydraulic fractures are orthogonal to NF in three-dimensional space. The research shows that increasing the approximation angle and cohesion is more conducive to promoting the crossing propagation of HF. Tang et al. (2018) well analyzed the inhibitory effect of NF on the propagation of HF height, and the research pointed out that the fracture height is easier to pass through the horizontal NF arranged symmetrically. Fu et al. (2018) considered the anisotropy of NF and pointed out the influence of NF height and intensity on HF. Zhang et al. (2019) studied the propagation behavior of HF in fractured storage by using a full three-dimensional model.
The abovementioned research results have laid a solid foundation for the simulation research of shale oil hydraulic fracturing, but there are still many problems that need to be further studied (Dong et al., 2019; Li et al., 2020b). For example, in the drilling process of shale oil horizontal wells, the horizontal wellbore is not always arranged along the direction of the minimum horizontal principal stress but may form a certain included angle with the direction of the formation of principal stress (Xue et al., 2015; Wang et al., 2020; Gao et al., 2021). Previous studies mostly assumed that the perforation cluster is parallel to the minimum horizontal principal stress, which is inconsistent with the real production situation. Second, the existing models (Weng et al., 2011; Tang and Wu, 2018) lack a precise description of fracturing fluid filtration. Usually, only a leakage coefficient is defined or Darcy’s law is used to calculate the volume of fracturing fluid flowing into the rock matrix. The calculated results are often quite different from the field operation conditions (Olson, 1989). More importantly, the distribution of NF developed in shale oil reservoirs is complex. The simulation of fracture propagation patterns in existing models is poorly consistent with that of the complex fracture patterns presented by microseismic monitoring data. Moreover, for the case that some perforation clusters enter the NF zone (Gottardi and Mason, 2018; Ladevèze et al., 2019), the research on HF propagation simulation is rarely published.
In this article, the Brinkman equation is used to modify the leakage model based on Darcy’s law, and the reasons for the difference between the two models are analyzed. Using the fracturing parameters of G1701H well in the second member of Kongdian Formation of the Cangdong Depression area, the fracture development under three interactive modes of hydraulic fracture and natural fracture is simulated (HF propagation without NF, HF propagation with full NF, and HF propagation with half NF). Combined with microseismic data, the actual fracture propagation law is explained and analyzed. The research results of this paper can provide help for fracturing parameter design and fracture parameter inversion of the shale oil reservoir.
MODELING AND METHOD
The following hypotheses are proposed in the new model: 1) the fracture height is a preset value and does not grow with the increase in operation time; 2) the formation rock is an elastomer and satisfies the calculation criterion of linear elasticity theory; the rocks are homogeneous and isotropic.
Rock Deformation and Fracture Propagation Direction
In the process of fracture propagation, the fracture is divided into finite displacement discontinuous elements (DDM). The stress and displacement of any element i are obtained by the superposition of discontinuous displacements of all elements in the whole calculation domain (Wu and Olson, 2015):
[image: image]
[image: image]
where σn is the normal stress, Pa; σs is the shear stress, Pa; Dn is the normal displacement discontinuity, m; Ds is the shear displacement discontinuity, m; C is the stiffness matrix that accounts for the mechanical interaction between elements; N is the number of DDM elements; and Gij is the 3D correction factor, which can be given as follows (Olson, 2004):
[image: image]
where h is the fracture height, m; dij is the distance between element i and element j, m; and α and β are empirically determined constants. In this article, α = 1.0 and β = 2.3.
Based on the maximum circumferential stress criterion (Sih, 1974), the arc with any radius at the fracture tip is divided into m segments, as shown in Figure 1. The fracture propagation direction is determined by calculating the circumferential stress at the center point of each arc according to the following equation:
[image: image]
where σxx, σyy, and σxy are three principal stresses at any point of the fracture tip, MPa; r and θ are the polar radius and angle of any point at the fracture tip in the polar coordinate system.
[image: Figure 1]FIGURE 1 | Division of fracture tip elements (Cong et al., 2021).
Fluid Flow Equation
Assuming that there is no relative slip on both sides of the fracture and the fluid pressure drop in the fracture is uniform, the Navier–Stokes equation can be simplified as
[image: image]
where p is the pressure in fracture, Pa; x is the fracture length, m; q is the injection rate, m3/min; μ is the fluid viscosity, mPa s; and w is the fracture width, w = Dn.
The material balance within the fracture can be written as
[image: image]
where qL is the volume rate of fluid loss, m2/min; A is the cross-sectional area of the fracture, m2.
When multiple fractures of horizontal wells propagate synchronously, the flow of fracturing fluid entering each fracture is different, but the total displacement of wellhead pumping is the sum of the displacement of each fracture cluster.
[image: image]
According to Kirchoff’s second law, the pressure in the wellbore meets
[image: image]
where p0 is the total pressure at the wellbore heel, Pa; pw,i is the fluid pressure at the inlet of fracture i, Pa; ppf,i is the perforation friction of fracture i, Pa; and pcf,i is the wellbore flow friction of fracture i, Pa。.
The perforation friction and wellbore flow friction can be calculated by Eqs 14, 15, respectively:
[image: image]
where ρs is the density of the fracturing fluid, kg/m3; np,i is the number of perforations in fracture i; dp,i is the perforation diameter of fracture i, m; and Cd,i is the correction factor of fracture i.
[image: image]
where Ccf is the friction coefficient, Pa s/m4; xj is the distance from fracture j to the horizontal wellbore heel, m; and Qw,j is the remaining fluid flow after j fractures, m3/min.
Calculation Method of Leakage Volume Based on the Brinkman Equation
The fluid velocity at the interface between hydraulic fracture and rock is continuous, and there is a smooth velocity transition between the fracture area and porous rock area (Kahshan et al., 2020). Previously, Darcy’s law used to calculate the fluid loss volume was only applicable to describe the steady flow of fluid in porous media (He et al., 2021). In order to ensure that there is no velocity slip at the interface between rock and HF, the Brinkman equation is used to calculate the fluid velocity in rock. Combined with the fluid flow equation in fracture, the calculation method of fracturing fluid leakage velocity in different flow areas is constructed, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Brinkman–Stokes coupling filtration calculation schematic diagram.
The flow rate of fracturing fluid in the fracture is fast, and the flow rate in the rock matrix is relatively slow. The flow process is continuous at the interface of the two regions. Therefore, there is a region where the velocity increases significantly in the porous medium close to the fracture. To accurately describe the velocity distribution of fluid in this boundary layer, the Brinkman equation is used instead of the Darcy equation to calculate the flow velocity in the rock matrix (Martys et al., 1994).
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where K is the rock matrix permeability, m2; ϕ is the dimensionless porosity of the rock matrix; and ubr is the flow rate of the fracturing fluid in the rock matrix, m/s.
The Brinkman–Stokes coupling model needs to meet the following conditions: a) the flow velocity of the porous medium region and free flow region is continuous at the boundary; b) the shear stress at the boundary of the porous medium region and free flow region is continuous; and c) the fluid flow in the far area conforms to Darcy’s law.
[image: image]
where uns is the fluid velocity in the fracture, m/s; ud is the leakage velocity obtained by Darcy’s law, m/s; τbr and τns are the fluid shear stress under the Brinkman equation and Stokes equation, respectively, which can be expressed as
[image: image]
The leakage velocity of the fracturing fluid can be obtained by simultaneous Eqs 5, 11–13.
[image: image]
The leakage rate be obtained by integral calculation along the direction of the rock matrix.
[image: image]
where l is the thickness of the rock matrix, m.
Interaction Propagation Mechanism Between the HF and NF
Hydraulic fracturing of the shale oil reservoir can form complex fracture networks, and the most important reason is that the weak geological discontinuity represented by NF has a significant impact on HF propagation. If the HF does not directly penetrate the NF but turns to propagate along the NF surface, it is bound to increase the complexity of the HF network. When the HF approaches the NF (Figure 3), the induced stress at the tip of the HF is applied to the NF surface, causing changes in normal stress and shear stress.
[image: Figure 3]FIGURE 3 | Schematic of the hydraulic fracture approaching the natural fracture.
Each stress in the tip area of the hydraulic crack is expressed as
[image: image]
where σH and σh are the maximum and minimum horizontal principal stress, respectively, Pa; KⅠ is the stress intensity factor, Pa m0.5。.
Two mechanical conditions need to be met for the HF to continue to propagate through the NF (Gu and Weng, 2010). One is that the maximum principal stress at the tip of the HF reaches the tensile strength of rock mass in the forward direction of the HF. The other is that there is no shear slip at the NF interface.
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where σ1 is the maximum principal stress, Pa; T0 is the tensile strength of rock, Pa; τβ is the shear stress on the wall of the NF, Pa; S0 is the rock cohesion, Pa; μf is the friction coefficient; and σnβ is the normal stress on the wall of the NF, Pa.
Figure 4 is the interactive propagation chart of the HF and NF under different friction coefficients and stress conditions. When the approach angle β between the HF and NF is greater than 60°, with the increase in stress ratio, HFs are easier to penetrate the NF. Also, when the approach angle β is less than 60°, with the increase in stress ratio, HFs are easier to be captured by the NF. Under the same principal stress ratio, the greater the friction coefficient, the easier it is for the HF to penetrate the NF because under the condition of high friction coefficient, the greater the friction on the NF surface, the less likely it is to shear slip, which is conducive to the HF to directly pass through the NF surface. When the HF is 90° orthogonal to the NF, the friction coefficient is greater than 0.41, and the HF will hardly propagate along with the NF.
[image: Figure 4]FIGURE 4 | A crossing criterion for various intersection angles (Gu and Weng, 2010) (tensile strength T0 = 0 and cohesion S0 = 0). The region to the right of each curve is the crossing condition.
Numerical Method for the Model
The flow chart of the numerical algorithm is shown in Figure 5. First, rock, fluid, and other parameters are input, the initial fracture grid is constructed, and the initial fracture pressure Pi is assigned to each grid. The normal and shear displacements of each fracture element are calculated by Eqs 1, 2. [image: image] and [image: image] are determined by the remote and local stress boundary conditions, and the fracture width Dn of each DDM element is calculated by coordinate conversion. The flow rate and viscosity in each element are known; thus, the new pressure Pi+1 in the fracture is obtained according to Eq. 5. When the calculation error of Pi and Pi+1 is less than the convergence accuracy δ (δ = 0.001 MPa), the fracture propagation angle is calculated by the stress numerical search method (SNSM) (Cong et al., 2021), and a displacement discontinuous element is added in this direction (n is the convergence coefficient; in this article, n = 0.2). If the added unit meets the NF in the calculation domain, the interactive propagation is judged by the propagation criterion in Section 2.4. Otherwise, the HF will continue to propagate along the maximum circumferential stress direction until the fracturing operation is completed.
[image: Figure 5]FIGURE 5 | Flow chart of numerical algorithm.
When multiple fractures propagate, the fracture grows competitively under the action of “stress shadow” so that the fracture propagation length is different in each time step. Renshaw and Pollard (Renshaw and Pollard, 1994) proposed a multi-fracture growth step calculation method, which links the specific crack tip energy release rate G with the maximum crack tip energy release rate Gmax in the calculation domain.
[image: image]
The energy release rate is the same as the J-integral value (Wu, 1978), which can be calculated according to the intensity factors KⅠ and KⅡ.
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where l is the increased crack element length, m; G is the energy release rate, N/m; ζ is an empirical parameter, which is taken as 1 in this paper; E is the modulus of elasticity, Pa; v is Poisson’s ratio; and a is the half length of the DDM element, m.
MODEL VALIDATION
This work assumes that hydraulic fracture is a two-dimensional contour model, so the model in this article is compared with the KGD model, and the parameters required for calculation are shown in Table 1.
TABLE 1 | Parameters for KGD model verification (Cheng, 2016).
[image: Table 1]Since the KGD model does not consider the influence of leakage on fracture propagation, the leakage term in Eq. 6 is ignored. Firstly, the model in this paper is used to calculate and compare the fracture width propagation without leakage, as shown in Figure 6. The calculation results show that when there is no leakage effect, the fracture width propagation curve of the KGD model and this model has high consistency. When the fracture propagates to 200 s, the fracture width calculated by the KGD model and this model is 4.13 and 4.32 mm, respectively, with a difference of only 4.3%. Considering the influence of fluid leakage, the crack width propagation is calculated by the Darcy equation and Brinkman equation, respectively. As part of the fracturing fluid leakage into the rock matrix, the fracture width values are lower than those in the non-leakage state, and the fracture width values obtained by the Brinkman equation are lower than the calculation results of the Darcy equation. The Darcy equation has a discontinuous velocity at the fracture boundary (as shown in Figure 7), while the Brinkman equation considers the continuous velocity of the fracturing fluid when it crosses the fracture boundary. The fracturing fluid flow rate shows a gentle downward trend, the calculated fracturing fluid filtration volume is more, and the fracturing fluid volume used for fracture propagation is reduced. Therefore, the results shown in Figure 6 appear.
[image: Figure 6]FIGURE 6 | Comparison of fracture width.
[image: Figure 7]FIGURE 7 | Comparison of the Brinkman model and Darcy model.
Wu and Olson (2014) systematically studied the propagation behavior of the HF after approaching the NF and well analyzed the interactive propagation behavior under different approaching angles, stress differences, crack lengths, and other factors. Two NFs (blue dotted line in Figure 8) are set on the HF propagation path. The propagation form of the HF is simulated by the model in this article and compared with the calculation results in the work of Wu and Olson (2014). The parameters are shown in Table 2, and the simulation results are shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Comparison and verification of numerical simulation results. (A) Numerical results of previous research (Wu and Olson, 2014). (B) Numerical results of this work.
TABLE 2 | Basic data for HF and NF intersection (Wu and Olson, 2014).
[image: Table 2]The HF propagation results calculated by the model in this article are basically consistent with the existing simulation results. When the HF approaches the NF, the HF cannot penetrate the NF. After extending to the end of the NF, the HF continues to propagate in the rock matrix at a certain angle. At the intersection of the HF and NF, the fracture width has an obvious downward trend. In the literature, the fracture width at the injection point is 1.495 mm, and that of the model in this article is 1.443 mm. When the end of the NF extends to the rock matrix, the included angles between the HF and the X-direction are 59° and 61°, respectively. The comparison results show that the calculation results of the two models are in good agreement, which proves that the fracture propagation model in this paper has good accuracy in characterizing the interactive propagation of the HF and NF.
CALCULATION AND RESULTS
The geological parameters of the second member of Kongdian Formation on the Cangdong Depression area and the construction parameters of G 1701H well (Table 3) (Zhao et al., 2018a; Zhao et al., 2018b; Zhao et al., 2020) are used to calculate the fracture propagation under different interaction modes of the HF and NF. The design vertical depth of G1701H is 3,848.98 m, and the horizontal section is 1,503.87 m long, along the east–west direction (Figure 9). The orientation of the maximum horizontal principal stress in the second member of Kongdian Formation is north–west 30°.
TABLE 3 | Basic data of the second member of Kongdian Formation and G1701H (Zhao et al., 2018a; Zhao et al., 2018b; Zhao et al., 2020).
[image: Table 3][image: Figure 9]FIGURE 9 | Layout of G1701H Well. (A) Plan view of G1701H. (B) Profile view of G1701H.
Case A: HF Propagation Without NF
We calculated the propagation of the HF without the NF, as shown in Figure 10. Due to the certain deflection between the direction of formation principal stress and the coordinate axis, the three horizontally arranged perforation clusters do not propagate perpendicular to the X-axis but extend along the direction of the maximum horizontal principal stress. Relevant research (Li et al., 2014; Wang et al., 2016) shows that the larger the horizontal stress difference is, the lower the deflection caused by “stress shadow” is and the more obvious the phenomenon of uneven fracture growth is. The horizontal stress difference in the study area is close to 30 MPa, the three HFs basically propagate in a straight line, and the growth of the middle HF is obviously restrained. At the end of the calculation, the length of HFs on both sides is close to 100 m, and the middle is only 70 m. Comparing the numerical simulation results with the on-site microseismic monitoring results, it is found that case A matches well with stage 6 of G1701H (Figure 11). The number of microseismic events in this stage is only 1,404, which is at a low level in fracturing stage 13 of the whole well. Combined with the direction of horizontal principal stress, it can be inferred that, during the fracturing of stage 6, the HF only opened the rock matrix and formed a simple fracture shape, and the HF propagation area did not intersect with the natural fracture zone.
[image: Figure 10]FIGURE 10 | Numerical results of case A.
[image: Figure 11]FIGURE 11 | Microseismic detection results of G1701H at stage 6.
Case B: HF Propagation With Full NF
The NF zone along the direction of minimum horizontal principal stress is set to pass through the horizontal wellbore. The length of each fracture in the NF zone is 36 m, the spacing of fractures in the X-direction is 4 m, and the spacing of fractures in the Y-direction is 5 m. The simulation results are shown in Figure 12. Since the HF cannot meet the mechanical conditions of penetrating the NF, when it approaches the NF, the HF is captured by the NF and propagates along with it. After reaching the end of the NF, the HF enters the rock matrix and propagates until it is captured by the next NF. It can also be seen in Figure 12 that although the NF existence changes the complexity of HF, the length of the fracture in the middle is still significantly shorter than that on both sides under the action of “stress shadow.” Compared with the microseismic monitoring results of G1701H well, it is found that the simulation results are highly consistent with those of stage 4. The number of microseismic events in this stage is 2,566, and the microseismic events basically occur near the left and right clusters of fractures and then extend to the north–east, indicating that the NF in the fracturing area of stage 4 is relatively developed (Figure 13). During the propagation process, a large number of NFs along the minimum horizontal principal stress are activated, forming a more complex fracture network.
[image: Figure 12]FIGURE 12 | Numerical results of case B.
[image: Figure 13]FIGURE 13 | Microseismic detection results of G1701H at stage 4.
Case C: HF Propagation With Half NF
Figure 14 shows the results of HF propagation when the NF zone is only located in the part of the perforation cluster area. Since the left and middle HFs do not contact the NF, the fractures propagate in a straight line along the maximum horizontal principal stress direction. After the right fracture is captured by the NF, the distance between the north wing and the middle HF gradually increases, while the distance between the south wing and the middle HF decreases, which changes the “stress shadow” effect, making the north and south wings of the middle crack grow asymmetrically. The microseismic monitoring results shown in Figure 15 were obtained from stage 2 of G 1701H Well. The number of fracturing microseismic events in this stage is 1855. Double fractures appear. The main fracture direction is northeast-southwest, and the fractures extend more in the northeast direction. It can also be seen that the branch fractures in the northwest–southeast direction have a short extension distance compared with the main fracture. Combined with the simulation results in Figure 14, it can be inferred that the perforation cluster on the left side of the HF intersects with the NF zone, forming the main fracture along the direction of the minimum horizontal principal stress, while the right fracture without passing through the NF zone continues to propagate in the rock matrix and finally forms a “T”-shaped fracture network.
[image: Figure 14]FIGURE 14 | Numerical results of case C.
[image: Figure 15]FIGURE 15 | Microseismic detection results of G1701H at stage 2.
DISCUSSION
In this work, the Brinkman equation is used to modify the existing leakage model based on Darcy’s law, and combined with the DDM method, the fracture propagation law under different interaction modes of HF and NF is simulated. Since there is a velocity transition region between the HF region and the porous rock matrix region, the Brinkman equation considering the velocity drop in the transition region is more in line with the real flow in fractures and rocks. Comparing Darcy’s law with Eq. 14, it is found that there is an additional velocity term in the leakage rate model in this paper, which is the impact on fracturing fluid leakage in the transition region. According to the generalized Darcy law, the equivalent permeability of the rock matrix in the presence of a transition area is
[image: image]
We set
[image: image]
where ψ indicates the influence of the transition region on the equivalent permeability of the rock matrix. It can be seen from Figure 16 that, under the premise of certain porosity, with the increase in fracture width, the influence of the transition area on rock equivalent permeability becomes greater. The greater the matrix permeability, the more the fracturing fluid will enter the rock through the transition area, and the ψ value is larger (Figure 17). Reducing porosity indicates that the proportion of rock in porous media increases, which reduces the possibility of fracturing fluid entering the rock matrix, and the impact of fracturing fluid flow rate drop on filtration in the transition zone will gradually decrease.
[image: Figure 16]FIGURE 16 | Effect of permeability on equivalent permeability.
[image: Figure 17]FIGURE 17 | Effect of porosity on equivalent permeability.
In this work, a new model is used to simulate the propagation of HF in three cases: perforation clusters without NF, in NF zones, and some perforation clusters in NF zones. At the same time, combined with microseismic monitoring data, the real propagation of formation fractures is explained. The research shows that the NF zone will change the propagation direction of the main fracture. The more complex the fracture is, the more the number of microseismic monitoring events is. When only some HFs meet natural fractures, a “T”-shaped fracture network may be formed.
The model and simulation method can be well used for fracturing simulation of the shale oil reservoir and can provide references for fracturing parameter design, fracture parameter inversion, and other related fields. However, this model also has some shortcomings, such as the single NF length and angle set in the model, and the influence of formation rock thermal stress on fracture propagation is not considered. Further research is still needed to further improve this model.
CONCLUSION

1) There is a flow velocity transition region between the HF wall and porous rock matrix. The flow velocity change can be accurately calculated by the Brinkman equation, and the calculated leakage volume is larger than the Darcy equation.
2) The influence of the transition region on leakage is related to rock porosity and permeability parameters. The greater the porosity and permeability of the rock matrix, the greater the influence of the transition region on filtration.
3) Under high stress difference, when multiple cluster fractures crack synchronously, each HF will hardly deflect, but the middle fracture propagation is obviously restrained.
4) The NF zone will change the propagation direction of the main fracture. When there are multiple clusters of fractures in the same stage, only some HFs meet the NF, and it is easy to form a “T”-shaped fracture network.
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