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Multi-stage fracturing in Horizontal well increases the permeability of coalbed methane by generating multiple fractures. However, the heterogeneity of coal reservoirs is a crucial factor that cannot be ignored in the study of multiple hydraulic fracture propagation. Therefore, we established a two-dimensional model for multiple hydraulic fracture propagation based on the combined finite-discrete element method (FDEM) and assigned a Weibull distribution function to the heterogeneity of the physical parameters of the cohesive elements in the model. The objective was to simulate and study the fracture propagation law of multi-cluster fracturing in horizontal wells in heterogeneous coal reservoirs. The research results indicated that: 1) as the heterogeneity of the coal reservoir weakened, the deflection angle of the main fracture increased. More secondary fractures were generated in the coal reservoir, leading to significant discontinuity. 2) The fracturing disturbance area was always concentrated at the tip of the main fracture, with a double wing shape. However, the fracturing disturbance areas at the tips of multiple main fractures could easily converge, with a square shape; 3) It is recommended to use a moderate injection rate and increase the perforation spacing appropriately when hydraulic fracturing is carried out in coal reservoirs with a heterogeneity coefficient m=5.
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1 INTRODUCTION
Coalbed methane is a clean and efficient fossil energy source with broad development prospects. At present, multi-stage fracturing in horizontal wells has become an effective means of extracting coalbed methane. The multiple hydraulic fractures formed by it can effectively improve the permeability of coal reservoirs. However, coal reservoirs have strong heterogeneity, which has a huge impact on the expansion of multiple hydraulic fractures (Parvizi and Rezaei-Gomari, 2017; Tang and Li, 2018; Dou and Wang, 2022). The impact of coal reservoir heterogeneity on multiple hydraulic fracture propagation is not yet clear, so studying this problem is of great significance.
In recent decades, many scholars have conducted extensive experimental research on hydraulic fracturing (Li Y. et al., 2018; Zhou and Zeng, 2018; Akpanbayeva and Issabek, 2023; Luo and Gao, 2023). Although experimental method plays an invaluable role in studying this field, it still has certain limitations, such as small sample sizes and difficulty in effectively observing the dynamic propagation process of fractures during the experimental process. Hence, numerical simulation method that can overcome these shortcomings has become very popular in this field.
In the past few decades, a number of numerical simulation methods have been developed to simulate multiple hydraulic fracture propagation. Traditional finite element method (FEM) (Wangen, 2011; Wei and Kao, 2021), extended finite element method (XFEM) (Li X. et al., 2018; Liao and Hu, 2022), discrete element method (DEM) (Duan and Li, 2020; Yang and Geng, 2020), phase field method (PFM) (Ehlers and Luo, 2017; Ni and Zhang, 2020), and combined finite-discrete element method (FDEM) (Carrier and Granet, 2012; Sun and Zheng, 2020) are one of the most important methods. The initial FEM was based on the assumption of homogeneity, so it was generally utilized to simulate hydraulic fracture propagation in homogeneous reservoirs. It was not sufficient to simulate heterogeneous characteristics such as multiphase, porous, and natural fractures of reservoir rocks. Therefore, to simulate the discontinuous characteristics of rocks, numerical methods based on the theory of discontinuous media have been proposed, including the cohesive zone method (CZM), FDEM, XFEM, and DEM, etc. The core idea of these methods is to characterize fractures through dimensionality reduction, such as cohesive elements in FDEM and reinforcement functions in XFEM. Among them, FDEM is employed to simulate the random fracture propagation and the arbitrary flow of fluids in fractures by inserting cohesive elements between matrix elements. Compared with other numerical methods, FDEM has the advantage of being able to simulate the formation of complex fracture networks under heterogeneous reservoir conditions, providing a powerful means for studying multiple hydraulic fracture propagation in heterogeneous coal reservoirs (Guo and Zhao, 2015; Sun and Zheng, 2020).
However, few studies have considered the impact of coal reservoir heterogeneity on multiple hydraulic fracture propagation. Therefore, to explore the influence of coal reservoir heterogeneity on the simultaneous expansion of multiple fractures, we employed FDEM by embedding cohesive elements globally between solid matrix elements to simulate multiple hydraulic fracture propagation. The physical parameters of cohesive elements were heterogenized using the Weibull distribution function. On this basis, numerical simulations of multiple hydraulic fracture propagation were performed under different heterogeneity coefficient to explore the influence of coal reservoir heterogeneity on fracture morphology and pressure curve. Then the effects of injection rates and perforation spacing on fracture morphology, fracture pressure, and fracturing disturbance area were investigated in a coal reservoir with a fixed heterogeneity coefficient. Our research goal was to provide theoretical support and design guidance for multiple hydraulic fracture propagation under complex geological conditions.
2 METHODS
The basic idea of FDEM is to embed cohesive elements between the divided matrix elements (Figure 1). The coupling of the two types of elements can simulate the deformation of the continuum. The solid matrix element is utilized to simulate porous media, while the cohesive element is used to simulate elastic-plastic fracture. The propagation of fractures is considered as the failure of the cohesive element. At the same time, the cohesive element with a degree of freedom of pore pressure not only can simulate the tangential and normal flows of fluid within the element but also the transformation of different flow states before and after the fracturing of the element, making it suitable for simulating the fluid flow of hydraulic fractures.
[image: Figure 1]FIGURE 1 | The schematic diagram of the idea of inserting cohesive elements in FDEM.
2.1 Equilibrium equations of coal matrix
In the simulation, the reservoir is assumed to be a porous medium. Only a single phase of fluid is saturated into the solid skeleton and pores. The total stress within the reservoir consists of two parts: the total effective stress [image: image] and the pore pressure pw. According to the principle of virtual work, the finite element method equilibrium equations can be written as (DASSAULT, 2017):
[image: image]
Where [image: image] and pw are the total effective stress and pore pressure, respectively; δε and δv are the virtual strain rate and virtual velocity, respectively; t and f are the surface displacement per unit area and body force per unit volume, respectively; and I is the unit matrix.
During the hydraulic fracturing process, the coal reservoir is always in a saturated state. In a saturated state, the fluid in the porous medium should comply with the continuity equation. The total mass change rate of the fluid in the control body is equal to the mass of the fluid passing through the surface of the control body per unit time (Sun and Zheng, 2020), and the specific equation is as follows:
[image: image]
where J represents the rate of volume change of the porous medium; ρw, nw, and vw stand for the fluid mass density, medium porosity, and the average velocity of the liquid relative to the solid phase, respectively; χ is a space vector.
2.2 Cohesive element liquid flow equation
Figure 2 shows that the flow of fracturing fluid inside the fracture is composed of tangential flow inside the fracture and normal filtration flow on the fracture surface. The fracturing fluid is assumed to be an incompressible Newtonian fluid. The tangential flow equation within the fracture (Carrier and Granet, 2012) is as follows:
[image: image]
where q represents the volumetric flow velocity passing through the cross-section of the fracture, w stands for the width of the fracture, μ denotes the viscosity of the fracturing fluid, and [image: image] signifies the fluid pressure gradient in the direction of the fracture.
[image: Figure 2]FIGURE 2 | The schematic diagram of hydraulic fracture simulation using the cohesive element.
The definition of normal flow representing the filtration behavior from fractures to porous coal matrix (Guo and Zhao, 2015) is as follows:
[image: image]
where qt and qb indicate the normal flow rates at the top and bottom of the cohesive element, respectively, ct and cb symbolize the filtration coefficients of the top and bottom surfaces of the cohesive element, respectively, pf signifies the fracture flow pressure in the cohesive element, and pt and pb are the pore pressures at the top and bottom surfaces of the cohesive element, respectively.
2.3 Cohesive element separation law
In the construction of the traction separation constitutive model of the cohesive element, we used the quadratic nominal stress criterion (Sun and Zheng, 2020) as the initial damage criterion of the element. When the element stress state satisfies the following functional equation, the element stress state reaches its extreme strength value and initial damage begins to occur:
[image: image]
where ⟨σs⟩ is the normal stress of the cohesive element; σs and σt are the shear stress in two orthogonal directions along the plane in a three-dimensional state; Nmax is the ultimate tensile strength of the cohesive element; Smax and Tmax are the ultimate shear strength of the cohesive element in two orthogonal directions, respectively.
By introducing the damage variable D to describe the evolution process of element damage, the actual stress state of the cohesive element at a certain instant is defined as follows:
[image: image]
where D stands for the damage variable, and D=1 means that the cohesive element completely fails (i.e., fracture propagation occurs); [image: image], [image: image] and [image: image] denote the yield stress states corresponding to the current strain based on the separation displacement in the undamaged state. To describe the evolution of damage variable D with tensile separation displacement, the concept of effective displacement (Camanho and Davila, 2003) needs to be introduced, and its specific definition formula is as follows:
[image: image]
where δm represents the effective displacement, ⟨δn⟩ signifies the normal displacement; δs and δt symbolize the tangential displacement in two orthogonal directions.
The constitutive curve of the effective traction force of the cohesive element as a function of effective displacement is shown in Figure 3, where E represents the element stiffness related to geometric parameters; [image: image] denotes the effective displacement at the initial damage; [image: image] signifies the effective displacement at complete separation state.
[image: Figure 3]FIGURE 3 | The constitutive model of the cohesive element.
The mixed fracture energy Gc varies with the different mixing ratios of type I and type II fracture forms. We adopted a mixed fracture energy model based on the B-K criterion (Sun and Zheng, 2020), and the formula is as follows:
[image: image]
where [image: image] and [image: image] are the critical fracture energies for pure mode I fracture and pure mode II fracture, respectively; Gn is the work carried out by the normal traction force; Gs is the work performed by the tangential traction force; η is a material parameter, which is considered 1.5 in this study.
2.4 Model validation
Given that the reliability of FDEM in simulating single hydraulic fracture propagation has been proven by many scholars (Carrier and Granet, 2012; Sun and Zheng, 2020), the reliability of single-fracture model will not be discussed here. In this study, we focused on verifying the modeling effectiveness of multiple hydraulic fracture propagation.
The propagation direction of multiple hydraulic fractures was compared with Wu’s numerical solutions (Wu and Olson, 2015). According to Wu’s case, a 100 m × 111 m model was established with two horizontal perforations spaced at 10 m intervals. The Young’s modulus of the reservoir is 30 GPa, the Poisson’s ratio is 0.35, the maximum and minimum horizontal stresses are both 46.78 MPa, and the minimum principal stress direction is in the x-direction. The viscosity of the fracturing fluid is 0.001 Pa·s, and the water injection rate is 0.0018 m3/s. According to Wu’s description, we have established the model shown in Figure 4. In addition to the parameters mentioned above, it is also necessary to provide the parameters of the cohesive elements, as shown in Table 1. Finally, a two-dimensional homogeneous reservoir model was established, consisting of 16320 matrix elements and 33000 cohesive elements.
[image: Figure 4]FIGURE 4 | The schematic diagram of the validation model.
TABLE 1 | The parameters of cohesive elements in the validation model.
[image: Table 1]Figure 5 exhibits that the numerical results of fracture propagation simulated in our study are in good agreement with the numerical calculation results of Wu. The expansion of two fractures tends to move away from each other, which may be attributed to the strong stress interference under a low-stress difference. Meanwhile, we found that the two hydraulic fractures in our model are not completely symmetrical. This is because the cohesive elements in the FDEM are inserted between the matrix elements, resulting in a certain dependence of the propagation direction of hydraulic fractures on element meshing.
[image: Figure 5]FIGURE 5 | Comparison between our simulation results and Wu’s numerical solution in the model validation process.
3 MODEL SETTINGS
3.1 Cohesive strength heterogeneity based on weibull distribution function
In rock mechanics, the Weibull distribution function is widely employed to characterize the heterogeneity of rock (Lei and Gao, 2018; Li and Guo, 2020). The density function expression of the Weibull distribution is as follows:
[image: image]
where ϕ(x) represents the probability density where the strength of the coherent element is equal to x; a stands for the statistical average of material strength; m denotes the heterogeneity coefficient, with a value range of (0, ∞). However, it is worth mentioning that a smaller m represents a stronger degree of heterogeneity in the coal reservoir and vice versa.
Compared to other studies that considered reservoir heterogeneity (Wu and Gao, 2022), we did not heterogenized the mechanical properties of the coal matrix, but instead, we assigned a Weibull distribution function to the strength of the cohesive element. That is, the cohesive elements inserted between matrix in the FDEM macro-scale coal reservoir model represent various natural defects present in the coal reservoir to some extent. Heterogenization of the mechanical properties of the cohesive elements can endow the entire coal reservoir with heterogeneity.
The implementation of the Weibull distribution was achieved through self-programmed Python scripts. To verify the correctness of the program, three samples were taken at m=2, and the sampling results are displayed in Figure 6. From this figure, it can be observed that the sampling results have a high degree of agreement with the Weibull distribution, verifying the correctness of the script.
[image: Figure 6]FIGURE 6 | Comparison of three sampling results with Weibull distribution curve.
3.2 Numerical model for multiple hydraulic fracture propagation
Here, we established a two-dimensional hydraulic fracture propagation model. The model is exhibited in Figure 7. The size of the model is 20 m × 20 m, which have three clusters of perforations in the middle. The perforation direction is parallel to the maximum horizontal principal stress direction, and the spacing between each cluster of perforations is 0.5 m, with a perforation length of 0.4 m. After dividing the model into element networks using rectangular elements, zero-thickness cohesive elements were embedded between the divided matrix elements. The final model included 49214 matrix elements and 98028 cohesive elements.
[image: Figure 7]FIGURE 7 | The numerical model for multiple hydraulic fracture propagation in heterogeneous coal reservoir.
The rock mechanics parameters, injection parameters, and in-situ stress conditions used in the simulation are presented in Table 2. The heterogeneity is assigned to the cohesive element according to the method described in Section 3.1. Considering that when m=20, the coal reservoir is approximately completely homogeneous, three different heterogeneous levels of coal reservoirs are set: strong, medium, and weak. Each heterogeneous level of coal reservoir is set with three different heterogeneity coefficients. Therefore, a total of nine coal reservoir models with different degrees of heterogeneity are established as follows: strong heterogeneous coal reservoir (m=1.5, 1.8, 2), medium heterogeneous coal reservoir (m=3, 5, 8), and weak heterogeneous coal reservoir (m=12, 16, 20).
TABLE 2 | Main parameters used in the numerical simulation.
[image: Table 2]4 RESULTS
4.1 The morphology and evolution process of fracture network
The fracture network morphology of different heterogeneous coal reservoirs after 20 s is depicted in Figure 8. To display the fracture morphology more clearly, all cloud maps are the results of deformation amplification by 30 times. It can be seen that there are significant differences in the morphology of fracture networks under different degrees of heterogeneity. When the heterogeneity level of the coal reservoir was strong (m=1.5, 1.8, 2.0), the fracture network morphology was tortuous but the deflection angle was small, and more secondary fractures were generated. When the heterogeneity level of the coal reservoir was medium (m=3.0, 5.0, 8.0), the continuity of the main fractures became stronger, and the deflection angle of some main fractures increased. When the heterogeneity level of the coal reservoir was weak (m=12.0, 16.0, 20.0), the morphology of the fracture network underwent substantial changes, which resulted in major fractures with larger deflection angles. Some major fractures even extended perpendicular to the direction of maximum principal stress. As the heterogeneity of the coal reservoir weakens, the reason for the gradual increase in the deflection angle of the main fracture may be that when the heterogeneity of the coal reservoir is strong, there are more fracture elements with weak mechanical properties in the coal reservoir, which are controlled by the maximum horizontal principal stress during the fracturing process leading to the formation of secondary fractures with smaller deflection angle. These secondary fractures can easily connect with the main fracture during the fracturing process, thus they control the deflection direction of the main fracture. Therefore, in coal reservoirs with strong heterogeneity, the deflection angle of the main fracture was small. After the heterogeneity of the coal reservoir weakened, the mechanical properties of the fracture elements in the reservoir were almost uniform. Hence, the local stress disturbance caused by the expansion of the main fractures makes it difficult for the secondary fractures to initiate, and the main fracture gradually deviates from the maximum principal stress direction due to the strong stress interference during multiple hydraulic fractures.
[image: Figure 8]FIGURE 8 | The fracture network morphology in different heterogeneous coal reservoirs with an injection time of t=20 s.
Although the final fracture network morphology varied under different heterogeneous coal reservoir conditions, there were still similarities in the evolution process. In Figure 9, m=1.8, 5, and 16 are analyzed as representatives of strong, medium, and weak heterogeneous coal reservoirs. It can be observed that in the early stage of fracturing, a large number of secondary fractures are generated in the middle area of the fractures. This is due to the heterogeneity of the mechanical properties of coal reservoir. Strong stress interference causes the elements around the perforation with weak mechanical properties to initiate, resulting in many isolated secondary fractures around the main fracture. Note that some secondary fractures may not necessarily be in the area where the fracturing fluid flows through, indicating that the formation of fractures is not only due to changes in pore pressure caused by fracturing fluid injection but also possibly due to stress interference between fractures. Some secondary fractures were unable to connect with the main fracture during the fracturing process, leading to discontinuous fracture phenomena (as marked in Figure 9). In coal reservoirs with stronger heterogeneity, this phenomenon was more obvious. This was because the heterogeneity of the coal reservoir was stronger, and the proportion of elements with weaker mechanical properties was also higher, which made it easier to initiate and extend under stress interference. Although all three initial fractures could initiate and form a network of fractures in the early stage of fracturing in different heterogeneous coal reservoirs, as the main fractures on both sides expanded, the middle main fracture could not further expand and form a main fracture under stress interference.
[image: Figure 9]FIGURE 9 | The evolution diagram of fracture networks in different heterogeneous coal reservoirs: (A) m=1.8, (B) m=5.0, (C) m=16.0.
4.2 Pressure curve at the injection point
The pressure-time curves at the injection points of different heterogeneous coal reservoirs were extracted from the numerical simulation results (Figure 10). From Figure 10A, it can be seen that in reservoirs with different degrees of heterogeneity, the evolution trend of pore pressure curves is almost similar, which can be divided into the following three stages: 1) The stage of sudden decrease after the pressure rises to its peak: With the continuous injection of fluid, the pressure in the initial fracture continuously accumulates, and under the action of pressure, the width of the fracture continuously widens until the fracture pressure is reached, and the fracture begins to expand. Because the pressure required for fracture propagation is smaller than the pressure required for fracture initiation, a substantial pressure drop is observed. 2) The stage of small amplitude fluctuation of pressure curve: Owing to the presence of coal reservoir heterogeneity, a small amplitude fluctuation is observed in the pressure curve. At this stage, hydraulic fractures constantly turn and connect with each other, and the shape of the fracture network becomes more complex. 3) The stage of stable pressure rise: With the continuous increase of injection time, the continuous injection of fluid leads to a continuous increase in net pressure within the expanded fracture, which further expands the fracture network.
[image: Figure 10]FIGURE 10 | The pressure curve at the injection point under different heterogeneity coefficient. (A) The pore pressure variation with time under different heterogeneity coefficient (B) The fracture pressure under different heterogeneity coefficient.
However, in reservoirs with different degrees of heterogeneity, significant changes occurred in fracture pressure. Figure 10B shows the fracture pressure curve under different heterogeneity coefficient. Overall, as m increases (coal reservoir heterogeneity decreases), the fracture pressure gradually increases and finally stabilizes at a certain value. This may be due to the fact that when m is small (with strong reservoir heterogeneity), there are more fracture elements with weak mechanical properties, and these weak elements are more likely to be destroyed and connected during the fracturing process. Hence, it is difficult to maintain pressure at the injection point in reservoirs with strong heterogeneity, resulting in lower fracture pressure; As m increases, the heterogeneity of the coal reservoir weakens, and the weak fracture elements in the reservoir decrease. Thus, the fracture pressure at the injection point exhibits an upward trend; As m further increases, the coal reservoir becomes closer to a completely homogeneous reservoir, and the mechanical properties of the fracture elements in the reservoir are consistent. Therefore, the fracture pressure ultimately stabilizes at a certain value. Moreover, it should be noted that the fracture pressure shows a stepwise upward trend. According to the classification in Section 3.2, the fracture pressure is similar in reservoirs with the same heterogeneity level, and when the heterogeneity level of the reservoir changes, the fracture pressure will increase in a stepped manner.
5 DISCUSSION
The significant impact of heterogeneity on the evolution of fracture networks and pressure curves was analyzed in Section 4. However, other factors such as construction parameters including injection rate and perforation spacing can also have a significant impact on the propagation of hydraulic fractures. To explore the impact of changes in these parameters on multiple hydraulic fracture propagation in heterogeneous coal reservoirs, numerical simulations were conducted under the condition of reservoir heterogeneity coefficient m=5. When studying the impact of a certain parameter on hydraulic fracturing, the value of that parameter was changed and other parameters were kept fixed.
5.1 Injection rate
To investigate the impact of injection rate on multiple hydraulic fracture propagation in heterogeneous coal reservoirs, numerical simulations were conducted with a heterogeneity coefficient of m=5 for injection rate equal to 0.001 m3/s, 0.002 m3/s, 0.003 m3/s, 0.004 m3/s, and 0.005 m3/s. Figure 11 depicts the morphology of the fracture network under different injection rate when the injection time is 15 s. It can be seen that as the injection rate increases, the morphology of the fracture network changes from multiple fractures to single fractures and then to multiple fractures. Hence, it is reasonable to infer that an excessively high injection rate does not necessarily mean a complex fracture network.
[image: Figure 11]FIGURE 11 | The fracture morphology diagram under the conditions of reservoir heterogeneity m=5 with different injection rate at an injection time of 15 s.
Figure 12 exhibits the curve of the fracture pressure at the injection point under different injection rate, indicating a positive correlation between injection rate and fracture pressure. This is because as the injection rate increases, the energy of the fracturing fluid increases, but the filtration loss and resistance loss along the way of the fracturing fluid flow inside the fracture are fixed value. Therefore, as the flow rate increases, it is easier to maintain pressure inside the fracture and the fracture pressure is also larger.
[image: Figure 12]FIGURE 12 | The fracture pressure under different injection rate.
According to previous research results, stress disturbances greater than 1 MPa may have an impact on the propagation of hydraulic fractures (Zhao et al., 2015; Yu et al., 2017). Thus, we defined the area with an increase in σh (the minimum horizontal principal stress) greater than 1 MPa as the fracturing disturbance area, and the fracturing disturbance areas of heterogeneous coal reservoirs with different injection rate were obtained accordingly (see Figure 13). Overall, the injection rate had a substantial effect on the fracturing disturbance area. As the injection rate increased, the fracturing disturbance area of the reservoir gradually increased. The fracturing disturbance area of the reservoir had the following characteristics: 1) The fracturing disturbance area was always concentrated at the tip of the main fracture; 2) The fracturing disturbance areas at the tips of different main fractures were prone to converge and thus to form a large area of fracturing disturbance; 3) The fracturing disturbance area generated by the main fracture tip had a double wing shape, and the fracturing disturbance area formed by the convergence of multiple fracture tips had a quasi square shape.
[image: Figure 13]FIGURE 13 | The fracturing disturbance area under different injection rate.
Overall, when conducting multi-stage fracturing in horizontal well in a coal reservoir with a heterogeneity coefficient m=5, a moderate injection rate should be used. Although increasing the injection rate will increase the fracturing disturbance area, it will lead to a decrease in the complexity of the fracture network and an increase in the fracture pressure.
5.2 Perforation spacing
To investigate the effect of perforation spacing on multi-cluster fracturing of horizontal wells in heterogeneous coal reservoirs, numerical simulations were conducted under conditions of perforation spacing of 0.5 m, 1.0 m, 1.5 m, and 2.0 m. Figure 14 illustrates the fracture network morphology under different perforation spacings with an injection time of t=15 s. As the perforation spacing increased, the shape of the fracture network gradually transformed from a complex curved shape to a double-wing curved fracture. This demonstrates that an increase in perforation spacing will greatly decrease the degree of mutual interference between multiple fractures. The double-wing curved fractures obtained in heterogeneous coal reservoirs were not completely symmetrical, and the expansion of one side of the fracture was hindered when the perforation spacing was 1.5 m and 2.0 m. This is due to the discreteness of the mechanical properties of fracture elements in heterogeneous coal reservoirs, which causes the fracturing fluid to be hindered by fractures with strong mechanical properties during the injection process, ultimately resulting in an asymmetric fracture network structure. At the same time, the stress interference on the middle fracture is too large, and it is still difficult for the middle fracture to expand by increasing the perforation spacing.
[image: Figure 14]FIGURE 14 | The fracture morphology map under the conditions of reservoir heterogeneity m=5 and different perforation spacing at an injection time of 15 s.
The perforation spacing also has a certain impact on the fracture pressure at the injection point. Figure 15 shows that as the perforation spacing increases, the fracture pressure at the injection point initially decreases and then stabilizes. When the perforation spacing increased from 0.5 m to 1.5 m, the fracture pressure decreased linearly, demonstrating that the increase in perforation spacing effectively decreased stress interference between fractures. However, as the perforation spacing continued to increase, the fracture pressure did not further decrease. This is because the stress interference of hydraulic fractures has a certain range of influence. When this range is exceeded, the mutual interference between fractures will be very limited. At this time, it will be more difficult to affect the fracture pressure at the injection point by increasing the perforation spacing.
[image: Figure 15]FIGURE 15 | The fracture pressure under different perforation spacing.
Following the method explained in Section 5.1, we obtained the fracturing disturbance areas under different perforation spacings (see Figure 16). It can be observed that the fracturing disturbance area still has similar characteristics as described in Section 5.1. However, under different perforation spacing conditions, the area and shape of the fracturing disturbance area do not show significant changes.
[image: Figure 16]FIGURE 16 | The fracturing disturbance areas at different perforation spacing.
In a word, when conducting hydraulic fracturing in coal reservoirs with a heterogeneity coefficient m=5, it is recommended to increase the perforation spacing appropriately, as increasing the perforation spacing will reduce the stress interference between the fractures, and at the same time, the fracture pressure will decrease.
6 CONCLUSION
This study simulated the multiple hydraulic fracture propagation in different heterogeneous coal reservoirs. Based on FDEM, the heterogeneity of coal reservoir was assigned through the Weibull distribution function. By numerical simulation, the following conclusions were obtained.
(1) As the heterogeneity of the coal reservoir weakened, the deflection angle of the main fracture increased and even became approximately perpendicular to the direction of the maximum principal stress. Due to the coal reservoir heterogeneity, many secondary fractures emerged in the fracture network, which resulted in significant discontinuous fracture.
(2) The fracturing disturbance area of heterogeneous coal reservoirs had the following significant characteristics: 1) The fracturing disturbance area was always concentrated at the tip of the main fracture; 2) The stress disturbance areas of different main fractures tended to converge; 3) The fracturing disturbance area generated by a single main fracture tip had a double wing shape, and the fracturing disturbance area formed by the convergence of multiple main fracture tips had a quasi square shape.
(3) When hydraulic fracturing is carried out in coal reservoirs with a heterogeneity coefficient m=5, it is recommended to use a moderate injection rate and increase the perforation spacing appropriately.
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Poisson’ ratio 03

Coal matrix
Porosity 01
Permeability coefficient 1x107 m/s
Expected shear strength 2MPa
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Leakoff coefficient 1x107 m/(Pa-s)
Fracturing fluid viscosity 0001 Pass

Wellbore Density 1000 kg/m®
Injection rate 0.003 m*/s

Stress Maximum horizontal principal stress | 18 MPa
Minimum horizontal principal stress | 14 MPa
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