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The resource potential of shale in Fengcheng formation in Mabei is huge, but it must rely on efficient hydraulic fracturing technology to obtain reservoir stimulation and achieve economic development. The propagation of hydraulic fractures in shale oil reservoir is significantly affected by natural fractures, and the interaction mechanism between hydraulic fractures and natural fractures is the key of realizing the optimal fracturing design. In particular, shale oil reservoir has complex conditions, such as interlayer blocking effect, differentiation of natural fracture development and variation of formation dip angle. In that case, the influence law of natural fracture on hydraulic fracture propagation is not clear, which restricts efficient development of shale oil. Therefore, based on the mechanical properties of shale in the Fengcheng formation, numerical model of the intersection of natural fractures and hydraulic fracture has been built. This intersection behaviors with different approach angle, interlayer stress and strength, natural fracture development degree and formation inclination have been fully analyzed. The results indicate that the hydraulic fracture is more favorable to penetrate the natural fracture with the increasing of the approaching angle. The barrier layer is conducive to the hydraulic fracture penetrating the natural fracture, restricting activation of the natural fracture. Also, the stress barrier effect is greater than the strength barrier effect. With the increase of the development degree of natural fractures, a large number of fractures weaken the overall strength of the formation, which is more conducive to the propagation of hydraulic fractures. When formation dip is large and propagation from weak strength to strong strength formation, hydraulic fracture is more susceptible to the influence of natural fractures and show the characteristics of turning along natural fractures. Outcomes deepen the understanding of the interaction mechanism between natural fracture and hydraulic fracture, which is beneficial for the optimal fracturing design and providing theoretical support for shale oil exploitation.
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1 INTRODUCTION
The Permian Fengcheng formation in the northern Tarim Basin has been the hotspot of nearly three decades of oil and gas exploration, which has confirmed its role as the primary hydrocarbon source rock and a major reservoir in the region (Wang et al., 2022; Zhu et al., 2017; Wang, 2013; Chen et al., 2016; Du et al., 2019; Xu and Yang, 2019). Notably, the Ma Ye 1 well yielded high-production industrial oil flows, marking a breakthrough in shale oil exploration within the Junggar Basin. Subsequently, eight additional exploratory wells had been drilled and also demonstrated favorable production, further highlighting the significant exploration and development potential of this shale oil (Yang et al., 2022; Zou et al., 2022). Experience from the Mahu shale oil field has demonstrated that hydraulic fracturing is essential for achieving efficient resource development. Geological investigations indicate that the shale is characterized by well-developed natural fractures (Figure 1 (Jin et al., 2022)). Oilfield engineering practices reveal that hydraulic fractures in the Fengcheng formation are generally simple in geometry and not form effective fracture network. It also means that these induced artificial fractures have not yet activated natural fractures, generating a major single artificial fracture. As a result, the reservoir stimulation effectiveness is low and can not have a good oil production. Therefore, enhancing the activation of natural fractures and increasing fracture-network complexity remain critical for improving hydraulic fracturing performance and production efficiency of shale oil (Zhou et al., 2020).
[image: Close-up of four dark rock samples on a red background, each displaying unique textures and patterns. The top samples show vertical striations, while the bottom ones exhibit more uniform and smooth surfaces.]FIGURE 1 | Natural fracture in Fengcheng Formation of Maye 1 well, Mabei Block (Jin et al., 2022).When hydraulic fractures intersect natural fractures, their interaction induces a complex redistribution of stresses, significantly altering the propagation behavior of the hydraulic fractures. This interaction may manifest as propagation along natural fractures, interception and obstruction by natural fractures, or direct penetration through them. Extensive researches have been conducted to elucidate the interaction mechanisms between hydraulic fractures and natural fractures. Blanton (1986) reported that hydraulic fractures tend to penetrate natural fractures when both the stress difference and intersection angle are large, and also proposed a criterion for assessing fracture interaction. Building on this work, Warpinski and Teufel (1987) incorporated the combined effects of in-situ stress and pore pressure into the classical Mohr–Coulomb strength theory, developing a more comprehensive intersection criterion. Based on fracture mechanics, Renshaw and Pollard (1995) established a stress analysis model of natural fractures by superimposing the crack-tip stress field with the in-situ stress field. This model indicated that hydraulic fractures interacting with natural fractures may result only in two outcomes, which are penetration or slippage. Gu and Weng (2010) applied R&P criterion to arbitrary intersection angles and proposed corresponding evaluation criteria. Although these criteria addressed some limitations of the original R&P criterion, it neglected the role of intermediate principal stress and was valid only for 2D interactions between natural fractures and hydraulic fractures. These theoretical criteria can predict whether hydraulic fracture penetrate natural fracture, but can not describe hydraulic–natural fracture crossing behaviors in detail (Taleghani, 2009; Taleghani and Olson, 2009; Tale and ghani, 2011). Thus, Olson et al. (2012) conducted pioneering physical simulations by substituting glass plates for natural fractures. Their study systematically showed deflection and penetration behaviors when hydraulic fracture interacts with natural fracture. Zhao et al. (2014) applied elastic mechanics theory, developed a stress field model for hydraulic fractures approaching natural fractures and investigated the influence of induced stresses on natural fracture stability. Zhang et al. (2014) proposed a penetration criterion and introduced a method for calculating penetration angles. Hou et al. (2014), Li et al. (2024) performed fracturing experiments using rock cores, demonstrating that interaction behavior depends on fracture aperture, cementation strength, and approach angle. Higher cementation strength and larger approach angles promote more simple hydraulic fracture propagation. On the basis of such physical experiments, Cheng et al. (2014) formulated a penetration criterion for hydraulic fractures crossing natural fractures by analyzing three-dimensional stress distributions at fracture tips and along natural fracture surfaces. They identified horizontal stress difference as the primary control factor and established a critical threshold. Except for these theoretical and experimental studies, lots of scholars (Dahi and Olson, 2011; Li et al., 2022; Wang et al., 2021) applied finite element, boundary element, and discrete element methods to build numerical models of hydraulic fracture propagation in naturally fractured reservoirs. Their findings showed that lower rock strength, smaller stress differences, and higher injection rates enhance the likelihood of hydraulic fracture penetration. Furthermore, Zhou et al. (2022) investigated the effects of interlayers on fracture interaction mechanisms. Their results indicated that greater interlayer strength and stress promote hydraulic fracture propagation while reducing the likelihood of its capture by natural fractures.
Although extensive researches have been conducted on the interaction between natural fractures and hydraulic fractures, both numerical simulations and physical experiments have been conducted under relatively simple geological conditions. However, in the shale oil reservoir of Fengcheng formation, when hydraulic fractures intersect with natural fractures, complex conditions such as interlayer interference, varying degrees of natural fracture development, and differing formation dip inevitably affect the interaction between hydraulic fractures and natural fractures. Therefore, this study employs the cohesion unit method and finite element simulation techniques to establish a model for the interaction between natural fractures and hydraulic fractures. This model clarifies the influence of natural fractures on the propagation of hydraulic fractures, providing a theoretical foundation for the efficient development of the shale oil reservoir of the Fengcheng formation.
2 MODEL DEVELOPMENT FOR HYDRAULIC–NATURAL FRACTURE INTERSECTIONS
2.1 Numerical simulation methods
In this study, the finite element method was employed to simulate hydraulic fracture propagation by incorporating cohesive element theory and the traction-separation law, together with a damage model, which has been widely used in describing fracture evolution and rock structure damage (Teng et al., 2025; Wang et al., 2025; Sun et al., 2025). The damage or failure was determined according to fracture mechanics criteria. Once complete failure occurred, a fracture was generated. For each cohesive element, the damage evolution process was characterized using the traction-separation law. Prior to damage initiation, the stress–strain response satisfied the following relationship:
σ=σnσsσt=Knn Kns KntKsn Kss KstKtn Kts Kttεnεsεt=Kε(1)
In the above equations, σ denotes the stress vector, MPa. ε represents the strain matrix, %. σn is the normal stress, MPa. σs and σt correspond to the first and second shear stresses, MPa. K is the stiffness matrix. εn, εs, and εt are the normal, first shear, and second shear strains, %. The corresponding strains can be expressed as follows:
εn=dndoεs=dsdoεt=dtdo(2)
In this expression, dn, ds and dt denote the displacements in the normal, first tangential, and second tangential directions of the cohesive element, m. do represents the constitutive thickness, m.
Based on Equations 1, 2, the damage criterion is applied to determine the damage state of the element. Damage initiates when the tensile force reaches the maximum value of rock. In this study, the maximum nominal stress criterion is adopted, which is defined as Equation 3:
f=max<σn>σno,σsσso,σtσto(3)
In the above equation, f = 1 indicates the onset of damage. σno, σso, and σto represent the peak tensile stresses perpendicular to the interface and along the first and second tangential directions, MPa. The notation ⟨σn⟩ indicates that pure compressive deformation under normal stress does not induce damage.
2.2 Numerical model
In the modeling process, geomechanical parameters were acquired from rock mechanical tests and geomechanical logging profile of the Fengcheng formation in the Mabei area (Table 1). Based on that, a numerical model was established to investigate the intersection behavior of natural fractures and hydraulic fractures under different approach angles (Figure 2a). The simulation was set to a size of 40 m × 100 m. To better reflect the actual geological conditions of the Fengcheng formation, numerical models including interlayer strength and stress, multiple natural fractures and formation dip were further developed, shown as Figures 2b−d.
TABLE 1 | Geomechanical parameters used in numerical simulation.	No	Parameters	Value
	1	Elastic modulus	40 GPa
	2	Poisson’s ratio	0.24
	3	Tensile strength	9.2 MPa
	4	Cohesion	21.5 MPa
	5	Average horizontal stress	94 MPa
	6	Vertical stress	102 MPa
	7	Pore pressure	60 MPa
	8	Density	2.56 g/cm3


[image: Four diagrams illustrating different geological stress scenarios. (a) Shows a horizontal approach angle with a natural fracture. (b) Displays a reservoir layer between interlayers, with horizontal and vertical stresses. (c) Illustrates multiple natural fractures with horizontal stress. (d) Depicts formations one and two divided by a dipping layer, indicating horizontal stress and vertical stress.]FIGURE 2 | Models of intersection relationships between natural fractures and hydraulic fractures. (a) Homogeneous formation. (b) Interlayer (stress strength shieding). (c) Fractured formation. (d) Dip formation.3 SIMULATION RESULTS AND ANALYSIS
3.1 Effect of approach angle on hydraulic–natural fracture intersections
Figure 3 presents the simulation results of intersections between hydraulic fracture and natural fracture under varying approach angle conditions. In this study, four distinct approach angles were selected for simulation: 90°, 60°, 30° and 0°. As depicted in the figure, when the approach angle is large (90°), hydraulic fracture can directly penetrate natural fracture without significant deviation in their propagation path (Figure 3a). At a moderate approach angle (60 and 30°), natural fracture exhibits the capability to capture hydraulic fracture, which implies that the propagation direction of hydraulic fracture is diverted toward the natural fracture (Figures 3b,c). When the approach angle is small (i.e., natural fractures is parallel to the propagation direction of hydraulic fracture), the impact of natural fracture on hydraulic fracture propagation is negligible (Figure 3d).
[image: Four simulation graphics show stress distribution (Mises stress) at different approaching angles: 90, 60, 30, and 0 degrees. Each graphic uses a color scale from red to blue, indicating stress intensity.]FIGURE 3 | Intersection between natural fractures and hydraulic fractures under different approaching angles. (a) Approaching angle 90° (b) Approaching angle 60°. (c) Approaching angle 30° (d) Approaching angle 0°.3.2 Effect of interlayers on hydraulic–natural fracture intersections
The shale oil reservoirs of the Fengcheng formation in the Mahu area exhibit pronounced interlayer blocking effects. Interlayers generally possess relatively high stress and strength, which exert a significant influence on fracture propagation. Accordingly, interlayer blocking is classified into three categories: stress blocking, strength blocking, and combined stress–strength blocking (Table 2). Strength blocking primarily refers to the simultaneous increase in rock strength parameters, such as tensile strength and cohesion.
TABLE 2 | Reservoir and barrier layer conditions used in simulation.	No.	Stress conditions	Strength conditions	Note
	1	Interlayer stress = Reservoir stress +5 MPa	Interlayer strength = Reservoir strength	Stress blocking
	2	Interlayer stress = Reservoir stress +10 MPa	Interlayer strength = Reservoir strength
	3	Interlayer stress = Reservoir stress	Interlayer strength = Reservoir strength × 1.5	Strength blocking
	4	Interlayer stress = Reservoir stress	Interlayer strength = Reservoir strength × 2.0
	5	Interlayer stress = Reservoir stress +5 MPa	Interlayer strength = Reservoir strength × 2.0	Combined stress–strength blocking


Based on the parameter in Table 2, the interaction behaviors between hydraulic fractures and natural fractures under various interlayer blocking scenarios were systematically investigated, with the corresponding results presented in Figure 4. As depicted in this figure, under the stress blocking scenario, the propagation of hydraulic fracture within the reservoir formation is subjected to effective confinement. This confinement not only restricts the lateral deviation of hydraulic fracture, but also compels them to propagate along a relatively fixed trajectory, thereby maintaining a high degree of propagation directionality. In the contrast, under the pure strength blocking scenario, hydraulic fracture remains susceptible to the perturbation of natural fracture. As clearly illustrated in Figures 4c,d, hydraulic fracture exhibits a distinct deflection tendency. This observation explicitly demonstrates that the constraining effect of strength blocking on hydraulic fracture propagation is substantially weaker than that of stress blocking.
[image: Five contour plots labeled a to e, each showing Von Mises stress distributions. The color scale ranges from dark blue to red indicating stress levels from zero to over thirty-two million. Each plot shows stress variations across a rectangular area with slight different stress patterns.]FIGURE 4 | Intersection relationships between natural fractures and hydraulic fractures under different interlayer characteristics. (a) Group 1. (b) Group 2. (c) Group 3. (d) Group 4. (e) Group 5.Furthermore, when stress blocking and strength blocking act in synergy (i.e., the combined blocking scenario), the propagation of hydraulic fracture is no longer disrupted by the presence of natural fracture. Instead, hydraulic fracture directly penetrates through the natural fracture and continue its propagation, as shown in Figure 4e.
3.3 Influence of natural fracture development on intersection behavior
Natural fractures in the Fengcheng formation of Mabei exhibit varying degrees of development, ranging from well-developed to poorly developed. During the interaction between hydraulic fractures and natural fractures, not only the intersecting natural fracture can affect hydraulic fracture propagation, but also the surrounding natural fractures can put impact on propagation. To investigate this effect, three scenarios were established: absence of additional natural fractures, moderately developed natural fractures, and highly developed natural fractures. The simulated interactions between natural fractures and hydraulic fractures under these conditions are shown in Figure 5.
[image: Three contour plots labeled (a), (b), and (c) show Von Mises stress distributions. Each plot uses a color scale ranging from blue (low stress) to red (high stress). Plot (a) has no black lines, while (b) and (c) include black vector lines indicating flow or direction. The stresses in (a) are higher than in (b) and (c), which is shown by the color differences.]FIGURE 5 | Interaction between natural fractures and hydraulic fractures under varying degrees of natural fracture development. (a) No additional natural fractures. (b) Moderately developed. (c) Extremely developed.The results reveal that with an increasing degree of natural fracture development, distinct patterns of hydraulic fracture propagation emerge. Specifically, under the condition of moderately developed natural fractures, natural fracture retains the capability of capturing hydraulic fracture. In contrast, when natural fractures are highly developed, the interaction mechanism between hydraulic fracture and natural fracture undergoes a fundamental shift. Hydraulic fracture directly penetrates natural fracture without significant deflection. This phenomenon can be attributed to the fact that a high density of natural fractures weakens the overall mechanical strength of the formation. The reducing strength not only lowers the resistance to hydraulic propagation, but also facilitates more efficient pressure transmission within the formation. These combined effects collectively promote the penetration of hydraulic fracture through natural fracture, as illustrated in Figure 5c.
It is important to note that the above analysis is constrained to investigating the influence of natural fracture development degree on the interaction between a single natural fracture and a single hydraulic fracture. Normally, an increase in the number of natural fractures inevitably leads to multiple intersections between hydraulic fractures and natural fractures. Such multiple intersections introduce greater complexity into the propagation path of hydraulic fractures (Kolawole and Ispas, 2020). This kind phenomenon can not be analyzed in this simulation. This limitation highlights the need for further studies to explore hydraulic fracture behavior in reservoirs with complex and multi-fracture networks.
3.4 Influence of formation dip angle on intersection behavior
In the Fengcheng formation of the Mabei area, highly deviated well is widely employed for hydraulic fracturing operations. Under this operational condition, hydraulic fractures typically penetrate formation interfaces and subsequently intersect with natural fractures. This process significantly affects fracture network complexity and reservoir stimulation efficiency. To systematically investigate the influence of formation dip angle on the hydraulic fracture and natural fracture intersection relationship, three dip angles (45°, 60° and 75°) were selected. Additionally, two critical interface transition scenarios were incorporated into the study: (1) hydraulic fracture propagating from high-strength formations into low-strength formations. (2) hydraulic fracture propagating from low-strength formations into high-strength formations. Based on these variables and scenarios, six distinct formation dip angle cases were established. Detailed parameters are summarized in Table 3.
TABLE 3 | Different conditions of formation dip.	No.	Stratum dip angle (°)	Strength distribution	Note
	1	45	layer 1 strength = layer 2 strength × 1.5	high strength to low strength
	2	60
	3	75
	4	45	layer 2 strength = layer 1 strength × 1.5	low strength to high strength
	5	60
	6	75


Numerical simulations were performed to analyze the hydraulic fracture and natural fracture intersection characteristics under the six formation dip scenarios, and results are visualized in Figure 6. For the scenario where hydraulic fracture propagates from high-strength to low-strength formations, hydraulic fracture exhibits a higher tendency to penetrate natural fracture within the low-strength formation. With increasing formation dip angle, hydraulic fracture gradually deviates from their original propagation direction and tends to propagate along the plane of natural fracture, as evident in Figures 6a–c. In contrast, when hydraulic fracture propagates from low-strength to high-strength formations, the enhanced mechanical strength of the target formation increases the resistance to hydraulic penetration through natural fracture. As a result, hydraulic fracture is more prone to divert along pre-existing weak structural planes (i.e., natural fracture) rather than penetrating them, leading to significant propagation deviation along natural fracture, as illustrated in Figures 6d–f.
[image: Six panels labeled a to f, each showing color-coded Mises stress distribution with a spectrum ranging from red (highest value) to blue (lowest value). Each panel contains an intersecting line graph and a legend indicating stress values. The images illustrate stress variations at a specific point within the grid.]FIGURE 6 | Intersection between natural fractures and hydraulic fractures under different formation dip angles. (a) Group 1. (b) Group 2. (c) Group 3. (d) Group 4. (e) Group 5. (f) Group 6.4 ENGINEERING ANALYSIS
To further validate the accuracy and reliability of the numerical simulations presented in this study, four fracturing stages in the Mabei Fengcheng formation were selected, all of which had identical operational parameters, including injection rate, cluster spacing, perforation phase, and perforation density. Under these consistent engineering conditions, the correlations between influencing factors (approach angle, stress contrast between interlayers and the reservoir, strength ratio between interlayers and the reservoir, formation dip angle) and the resulting fracture length were analyzed, shown in Table 4. The approach angle was determined based on the wellbore trajectory relative to the dominant orientation of natural fractures. The interlayer-reservoir stress contrast and strength ratio were calculated from logging data. As shown in Table 4, larger approach angles and smaller formation dip angles, combined with higher interlayer stress and strength, correspond to longer fracture lengths. Specifically, the single-wing fracture lengths of Section 1 and Section 2 are significantly greater than those of Section 3 and Section 4. These findings confirm the validity of the numerical simulations and further demonstrate that the interaction mechanism between hydraulic and natural fractures exerts a substantial influence on the morphology of hydraulic fracture network.
TABLE 4 | Geological-engineering parameters and microseismic detection results of different fracturing stages.	Section	Approach angle (°)	Stress difference between interlayer and reservoir (MPa)	Strength ratio between interlayer and reservoir	Formation dip angle (°)	Single-wing fracture length (m)
	1	30.6	4.2	1.6	7.2	178.5
	2	24.3	5.8	1.5	6.1	168.6
	3	11.6	1.3	1.1	10.8	135.6
	4	16.6	2.1	1.2	12.3	146.2


5 CONCLUSION
Based on the geological and engineering characteristics of the shale oil reservoir in the Fengcheng formation, finite element simulation techniques were employed to establish numerical model for the intersection between natural fractures and hydraulic fracture, encompassing interlayer blocking effect, varying degrees of natural fracture development and formation dip. These simulations systematically clarified the regulatory role of natural fracture in the propagation behavior of hydraulic fracture.
The results indicate that as the approach angle decreases, the influencing effect of natural fracture on hydraulic fracture propagation becomes more prominent. This enhanced influence increases the propensity of hydraulic fracture to divert from their original trajectory and extend along the plane of natural fracture. Additionally, the interlayer exerts a significant control on the natural and hydraulic fracture interaction mechanism. Specifically, under the interlayer stress shielding effect, hydraulic fracture exhibits minimal tendency to divert. Instead it tends to directly penetrate natural fracture, maintaining a relatively stable propagation direction. In contrast, the interlayer strength shielding effect is less impactful than the interlayer stress shielding effect. Under the impact of strength shielding, hydraulic fracture remains susceptible to the perturbation of natural fracture, and diversion behavior may still occur during propagation.
For the scenario involving a fixed, single intersection between a single natural fracture and a single hydraulic fracture, the overall mechanical strength of the formation weakens with the increasing degree of natural fracture development. This reduction in matrix strength lowers the resistance to hydraulic fracture penetration, thereby facilitating the penetration of hydraulic fracture through natural fracture.
Furthermore, the formation dip angle exerts a strong influence on the intersection behavior between natural fracture and hydraulic fracture. As the dip angle increases, hydraulic fracture shows a higher likelihood of propagating along the plane of natural fracture. When hydraulic fracture propagates from low-strength formations to high-strength formations, the elevated mechanical strength of the high-strength formation inhibits hydraulic fracture penetration through natural fracture, rendering hydraulic fracture more prone to extending along the pre-existing natural fracture plane.
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