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With the depletion of conventional reservoir development, reservoir fracturing under deep high geo-stress and high geo-stress difference conditions is receiving increasing attention. Deep reservoirs typically require multi-cluster fracturing to achieve efficient reservoir transformation and development. In this paper, considering the relevant geological parameters of a certain reservoir in the southwest, three-dimensional multi-cluster reservoir fracturing models were established based on cohesive element modeling. Then, the propagation law of artificial fractures in reservoirs under the influence of the different number of fracturing clusters, injection displacement, and Young’s modulus in different regions of the 60 m fracturing well section is analyzed, and the quantitative law of parameters such as fracture length, maximum fracture width, injection point fracture width, fracture area, and tensile failure ratio during multi-cluster fracturing construction, as well as the propagation law of fracture morphology are revealed. The simulation results show that using multi-cluster fracturing can significantly improve the effectiveness of reservoir reconstruction, but as the number of fracturing clusters increases, it is also easy to form some small opening artificial fractures. These small opening artificial fractures may not be conducive to the transportation of proppants and fluids. During single cluster fracturing, the interface stiffness and rock Young’s modulus have a significant impact on the propagation of artificial fractures in the reservoir. As the number of fracturing clusters increases, the competition between artificial main fractures expands significantly, which may reduce the impact of interface stiffness and rock Young’s modulus. The fluid injection rate has a significant impact on reservoir fracturing, and in the same area, using high displacement injection can significantly increase the volume of reservoir reconstruction. This study can provide some reference for multi-cluster fracturing construction in deep reservoirs.
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1 INTRODUCTION
With the decrease of shallow structural oil and gas resources, the development and utilization of deep unconventional oil and gas resources have become very important (Ma, et al., 2023). The deep shale reservoir is an important source of unconventional oil and gas resources (Liu et al., 2018a; Moghadasi et al., 2019; Wu et al., 2020a; Huang, et al., 2021). Unfortunately, the in-situ stress of deep shale reservoirs is greater than that of shallow shale reservoirs. As a result, the current conventional fracture propagation research methods of shale reservoirs are no longer effective and cannot provide accurate guidance for fracturing operations in deep shale reservoirs (Britt, et al., 1994; Casas, et al., 2006; Zhao, et al., 2018). Then, construction methods such as liquid nitrogen fracturing (Li et al., 2023; Yang et al., 2023a) and multi-cluster fracturing (Liu et al., 2018b; Yuan et al., 2018) have been proposed one after another. Considering that multi-cluster fracturing is currently widely used, the impact mechanism in deep high-ground stress differential reservoirs is still unclear. Therefore, it is necessary to study the influence of different construction parameters on the propagation behaviour of compression fractures under deep high geo-stress and high geo-stress difference conditions.
The research methods of reservoir fracture propagation mainly include the laboratory test method, theoretical derivation method, numerical simulation method, and field test method (Wei et al., 2015; Liu, et al., 2018a; Wu et al., 2018b; Luo et al., 2022). The current research on true triaxial fracturing experiments can already consider the influence of natural bedding in reservoirs and the propagation of multiple clusters of fractures. However, the current size of cube specimens in the laboratory is usually 100 mm × 100 mm × 100 mm or 300 mm × 300 mm × 300 mm, with few experimental specimens reaching the meter level in size, far smaller than the actual reservoir modification area (Shang et al., 2018; Liu et al., 2021; Qiu et al., 2023). Therefore, there are still significant size limitations in the physical simulation research of multi-cluster fracturing based on indoor experiments (Wang, et al., 2022; Yang et al., 2023b). Meanwhile, it is worth mentioning that conducting physical simulation research on the fracturing of meter-scale experimental specimens is usually very expensive, making it difficult to conduct a comprehensive analysis. Therefore, numerical simulation technology, as a research method that can simulate the heterogeneous characteristics of reservoirs, has a certain reference value and is easy to conduct comprehensive analysis, has been increasingly widely used. After years of development, numerical simulation technology has become more and more mature, which can better analyze the complex fracture propagation in the fracturing process (Bai et al., 2023). Three kinds of numerical methods are commonly used to simulate hydraulic fractures (Xiang et al., 2009; Ju et al., 2016; Yan et al., 2018; Rougier et al., 2019): extended finite element, boundary element, and discrete element. The Extended finite element method (XFEM) (Salimzadeh and Khalili, 2015; Shi et al., 2022) is a numerical method for solving discontinuous mechanics problems (Zou, et al., 2020). The characteristic of XFEM is that it does not need to re-divide the mesh when simulating fracture propagation, which overcomes the difficulty of high-density mesh generation in high-stress and deformation concentration areas such as the fracture tip. The boundary element method (BEM) divides the elements on the boundary of the domain and approximates the boundary conditions with functions satisfying the governing equations. The discrete element method (DEM), which divides the material into separate rigid elements in a discrete manner, describes the motion and interaction of each rigid element through contact connection based on Newton’s law of motion and allows fluid flow in the channel formed between discontinuous blocks or particles, which can well describe the expansion of hydraulic fractures (Huang et al., 2022). These methods can simulate the growth of complex fractures, but each has its advantages and disadvantages. For example, the discrete element method simulates fluid migration through the connected mesh between particles and the deformation and fracture characteristics of reservoir rocks through the contact fractures between particles (Huang et al., 2019; Huang et al., 2023). However, it is difficult to consider particle size and computational efficiency, so it is difficult to be used in reservoir fracturing research. The finite element discrete element method (FDEM), proposed by Dr. Munjiza (Munjiza, 2004), has been widely used in the simulation of ground stress, fluid migration, reservoir fracturing, etc., and its applicability has been proved. In fact, the FDEM method can be implemented through globally embedded cohesive elements and can also be used for multi-cluster fracturing simulation research in deep heterogeneous reservoirs. However, when using globally embedded cohesive elements to describe the fractured interface of a reservoir, simulation calculations are very slow (Sharafisafa et al., 2023). Therefore, when the model size is large, the number of grids is large, and there are many grid nodes, the method of locally embedded cohesive elements (Wang et al., 2023) for numerical simulation research can quickly obtain large-scale fracturing simulation results. That is, using the cohesive element to conduct multi-cluster fracturing simulation research on a deep reservoir scale will more efficiently reveal the influencing factors of multi-cluster fracture propagation in deep shale reservoirs. Therefore, it is necessary to conduct three-dimensional multi-cluster fracturing simulation research on deep shale reservoirs under the influence of high ground stress and high ground stress difference based on the cohesive element modelling method.
In this paper, considering the relevant geological parameters of a certain reservoir in the southwest, three dimensional (3D) multi-cluster reservoir fracturing models based on cohesive element modeling are established, and the propagation law of artificial fractures in deep shale reservoir under the conditions of high ground stress and high ground stress difference is analyzed. The simulation method, modeling process, and benchmark model parameters are presented in Section 2, and the fracture propagation law under the influence of the different number of fracturing clusters, injection displacement, and Young’s modulus are analyzed in Section 3. The conclusion is presented at the end.
2 NUMERICAL MODEL
To explore the influencing factors of deep shale multi-cluster fracturing construction process through numerical simulation research. The simulation methods related to fluid-solid coupling, cohesive element rupture, fluid flow, flow distribution, and other aspects of the cohesive element modeling used in this paper were introduced. Then, a method for embedding cohesive elements and establishing simulation models based on the natural fracture characteristics of the target block reservoir was described. Finally, based on on-site investigation and experimental testing results, the simulation parameters used in this simulation were determined.
2.1 Simulation method
Hydraulic fracturing is a typical multi-physical field coupling process that involves fluid distribution, pore pressure, stress, displacement, and other changes under the influence of fluid injection. Therefore, the stress equilibrium process under the influence of fluid-structure coupling can be described by the following equation (Wu et al., 2018b)
[image: image]
where [image: image] represented the effective stress matrix, MPa; [image: image] denoted the pore pressure, MPa; [image: image] was the virtual strain rate matrix; [image: image] was the surface force matrix, N/m2; [image: image] was the virtual velocity matrix, m/s and [image: image] was the physical force matrix, N/m3.
During fracturing, the fluid pressure and flow rate in the reservoir are controlled by multiple factors such as fluid density and matrix porosity ratio. At this point, the fluid continuity equation can be described as (Dahi Taleghani et al., 2018)
[image: image]
where [image: image] represented the volume change ratio of porous media, dimensionless; [image: image] was the fluid density, kg/m3; [image: image] was the void ratio, dimensionless and [image: image] was the fluid seepage velocity, m/s.
During fracturing, there is seepage flow inside the rock in the reservoir, which conforms to Darcy’s law (Li and Ghosh, 2006)
[image: image]
where [image: image] represented a permeability matrix, m/s and [image: image] was the gravity acceleration vector, m/s2.
During fracturing simulation, the deformation and failure of the cohesive element are used to simulate the initiation and opening of fractures. Before the fracture occurs, the stress-strain relationship of the Cohesive element satisfies the linear elastic relationship (Wu et al., 2019)
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where [image: image] denoted the stress vector of a cohesive element; [image: image] were the normal stress (perpendicular to the upper and lower surfaces of the cohesive element), the first tangent stress and the second tangent stress (non-existent in two-dimensional cases), respectively. Here, [image: image] denoted the stiffness matrix of a cohesive element; [image: image] was the strain matrix of a cohesive element and [image: image] represented the normal strain, the first tangential strain and the second tangential strain of a cohesive element, respectively. They were defined as follows (Réthoré, et al., 2008; Wu et al., 2019):
[image: image]
where [image: image] represented the normal displacement, the first displacement and the second tangential displacement of a cohesive element, respectively. Here, [image: image] was the constitutive thickness of the cohesive element.
When the stress and strain of the cohesive element used to simulate hydraulic fracture and the fracture propagation reach a certain level, the element will undergo damage and failure, resulting in further extension of the fracture and a decrease in fluid pressure inside the fracture. For the convenience of simulation, this article uses the maximum principal stress criterion to determine the failure situation of the cohesive element (Wang, 2019)
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where [image: image] was the normal stress; [image: image] represented tangential stress ([image: image] did not exist in two-dimensional cases), MPa; [image: image] were the threshold stress of tangential damage, MPa; [image: image] indicated that cohesive elements resist tension stress but not compression stress: [image: image].
After being damaged, the cohesive element still has a certain degree of deformation resistance, so a damage factor is introduced to describe the attenuation process of the stiffness of the damaged cohesive element. The relevant formulas can be described as (Xavier et al., 2014; Wu et al., 2018a; Wu et al., 2019)
[image: image]
where [image: image], [image: image] were the initial elastic modulus (without damage) and the elastic modulus after damage, Pa, respectively. Here, d denoted a damage factor, dimensionless.
Damage factors could be calculated by
[image: image]
where [image: image], [image: image] , [image: image] signify distinct displacements in the context of element behaviour under loading conditions. Specifically, [image: image] refers to the maximum displacement experienced by the element during loading. On the other hand, [image: image] denotes the displacement corresponding to the point of complete damage to the element. Lastly, [image: image] represents the displacement at the onset of initial damage to the element.
For multi-cluster fracturing (Figure 1), the total amount of injected fluid corresponds to the total flow rate of different clusters and perforations as follows.
[image: image]
[image: Figure 1]FIGURE 1 | Schematic diagram of multi-cluster fracturing flow distribution.
Correspondingly, the fluid pressure drop can be expressed as
[image: image]
The roughness of a horizontal wellbore surface can induce pressure during fluid flow, and this pressure loss correlates with wellbore length. The relationship between frictional resistance and flow rate through the cluster can be accurately described by Bernoulli’s equation. In this study, proppant erosion on the cluster node is disregarded, allowing the utilization of Bernoulli’s equation for the perforation friction model.
[image: image]
where ΔP is the pressure difference at the node of the cluster, ΔZ is the elevation difference of the node, v is the fluid velocity in horizontal wellbore, ρ is the fluid density, G is the acceleration of gravity, CL is the loss coefficient, f is the friction force on the wellbore, L is the wellbore length, Ki is the loss term in fixed direction, Ks is the roughness of wellbore, Dh is the wellbore diameter, Re is the Reynolds number of the fluid in the wellbore.
In this study, the consideration of proppant erosion on the cluster node is omitted, enabling the utilization of the pressure drop model derived from Bernoulli’s equation for modeling perforation friction. (Cramer et al., 2019).
[image: image]
where n is the number of perforations in each cluster, in this paper, the value is 16, Dp is the perforation diameter, C is the coefficient affecting perforation flow, generally 0.56–0.9 (Modeland et al., 2011; Zhang et al., 2023), in this paper, the value is 0.6.
The initiation and expansion of fractures, simulated using cohesive elements in fracturing simulations, result in the tangential and vertical flow of fracturing fluid along these elements. Assuming the fluid behaves as an incompressible Newtonian fluid for tangential flow, we define the volume flow vector per tangential unit length.
[image: image]
where q represented the volume flow vector per tangential unit length; t was the thickness of a cohesive element, m; μ was the viscous coefficient of fracturing fluid in a cohesive element; p was the fluid pressure in a cohesive element, MPa.
Examining the normal flow of hydraulic fracturing fluid within fractures reveals the intricate interaction between fluid in fractures and fluid in rock blocks. This interaction can be effectively characterized by the filtration rate of fracturing fluid on both the upper and lower surfaces of the fractures. The methodology for calculating the filtration rate of fracturing fluid is
[image: image]
where [image: image], [image: image] represented the volumetric flow rate of the fluid flowing out of the upper and lower surfaces of a cohesive element. They also denoted the surface flow rate in a two-dimensional plane. The terms [image: image], [image: image] were the filtration coefficient of the upper and lower surfaces, m/min0.5; [image: image], [image: image] were the pore pressure of the upper and lower surfaces, MPa and [image: image] was the fluid pressure of the middle surface of a cohesive element, MPa.
2.2 Model setup
To conduct numerical simulation research on multi-cluster fracturing for a well in Southwest China, detailed on-site data of a well in Southwest China was consulted. The relevant description for constructing a multi-cluster fracturing simulation model is as follows: ① The reservoir near the fracturing well is divided into multiple layers, mainly consisting of gray-black shale and black shale. According to core observation statistics, there are significant natural fracture development characteristics in some layers, with a linear density of about 1.56 pieces/m and a main inclination angle of 10°–30°. Based on this, it is assumed that the research area is 60 m × 60 m, with a thickness of 3 m. ② On-site testing shows that the triaxial and triaxial principal stresses of the fractured well have a maximum horizontal stress value is about 96 MPa, a minimum horizontal stress value is about 86 MPa, and a vertical stress value is about 93 MPa. ③ According to the on-site data, triaxial compression tests were conducted. The main parameters include a temperature of 108°C, overlying rock pressure of 91.5 MPa, confining pressure of 77.8 MPa, and pore pressure of about 66.2 MPa. After experiments, the compressive strength of the fractured reservoir was obtained to be 435.3–570.71 MPa, with a Young’s modulus of 28.79–40.67 GPa and a Poisson’s ratio between 0.181 and 0.235. ④ In fact, the target block of this study is the well section that has undergone a fracturing transformation. The specific perforation segmentation is mainly as follows: during on-site construction, well sections with similar geological and engineering parameters are divided into the same fracturing section. The main length of the segmented section is designed to be 60 m, and the construction displacement is 14–18 m3/min. Regarding the perforation concept, the main body adopts 6 clusters for perforation. Due to significant construction equipment and conditions, perforation and fracturing clusters cannot be strictly controlled. Therefore, the cluster spacing should be set at 9–10 m while maintaining consistent cluster spacing as much as possible.
Based on the above on-site data description, the model settings of the constructed simulation model are as follows:
① The model size is 60 m × 60 m × 3 m, given the presence of random natural bedding in the target reservoir, and the fact that natural weakly cemented bedding is mainly present during shale reservoir fracturing. Considering that natural fractures in reservoirs usually have a certain degree of roughness, a rough discrete fracture network based on the rough discrete fracture network reconstruction method (Shi, et al., 2023) was established for natural fracture inclination angles between 10° and 30°. Subsequently, the rough discrete fracture network was imported into Abaqus software through Python scripts developed by us, and a fracturing simulation model containing a randomly distributed rough discrete fracture network was established. It is worth mentioning that on-site perforation is often limited by construction conditions and equipment, making it difficult to achieve uniform perforation. To simulate this randomness, the model directly constructed 38 perforation points based on a discrete fracture network (Table 1).
TABLE 1 | Main parameters used in simulation models.
[image: Table 1]② The injected fluid flows into the reservoir after being diverted along the wellbore components. Therefore, the fp3d2 unit is used to set up a simulated wellbore located at the bottom of the reservoir area, and the fpc3d2 unit is used to simulate the friction before flowing into the reservoir. The interaction between fluid volume and fluid pressure in the simulation is achieved by binding the wellbore tip node and the reservoir interface unit node. Therefore, during single cluster fracturing, the injection point of the model is located at the endpoint of the wellbore. In addition, there is randomness in the actual on-site perforation spacing. To simulate perforation more realistically, the perforation of this model is randomly set, with a total of 38 perforation points (Figure 2B).
[image: Figure 2]FIGURE 2 | Schematic diagram of multi segment and multi-cluster fracturing model.
③ The conventional interface element method with global embedding has phenomena such as long computational time and severe local shear collapse of fractures. Therefore, the use of random modelling to form a discrete nonplanar sequence fracture network facilitates the development of multi-cluster fracturing.
④ The x direction is assumed to be the maximum horizontal principal stress direction, the z direction is assumed to be the vertical principal stress direction and the y direction is assumed to be the minimum horizontal principal stress direction. The outer boundary of the model is a fixed displacement and impermeable boundary condition, with upper and lower boundaries constraining displacement in the z direction and left and right boundaries constraining displacement in the x and y directions.
⑤ To reduce computational complexity, larger grid seeds were used for grid generation. After grid generation, the total grid size of the reservoir components was 17,105, including 13,305 rock block elements, 3,800 interface elements, and a total of 28,632 nodes. The total number of simulated wellbore elements is 115, including 38 fpc3d2 elements, 77 fp3d2 elements, and a total of 116 nodes.
Based on the geological and mechanical conditions of the target reservoir, mechanical experimental results, and on-site construction settings, the corresponding model parameters are selected. The benchmark calculation example is based on single cluster fracturing, assuming a reservoir thickness of 3 m, an injection displacement of 14 m3/min, and a total injection time of 3,600 s. Using a super hydrostatic pressure system for simulation, the stress boundary condition is effective stress. Meanwhile, the total geo-stress in the benchmark model is 96 MPa, 86 MPa, and 93 MPa, with a pore pressure of 66 MPa. Meanwhile, the constitutive parameters of cohesive units in the model refer to previous reservoir fracturing simulation studies that considered heterogeneity (Wu et al., 2022; Wu et al., 2023). In addition, the multi-cluster fracturing parameters are referenced from Zhang’s research (Zhang et al., 2023). The detailed information is shown in Table 1. Afterwards, corresponding simulation results can be obtained based on Eqs 1–14.
3 RESULTS AND ANALYSIS
Compared to conventional shallow reservoir mining, deep shale reservoirs have a larger depth and therefore exist in high-stress environments. Affected by mineral distribution, there is a certain range of fluctuations in the elastic modulus of rocks in the reservoir. In addition, when using multi-cluster fracturing construction, the construction design displacement and the number of fracturing clusters usually also affect the morphological expansion of artificial fractures in the reservoir. Therefore, this section delves into the hydraulic fracture propagation law of the target block reservoir under multi-cluster fracturing construction conditions, injection rate changes, and reservoir rock Young’s modulus changes.
3.1 Effect of fracturing cluster number
Referring to the calculation methods of conventional quantitative parameters in previous studies (Wu et al., 2020b; Wu et al., 2022), The conventional fracture morphology parameters (fracture area, fracture aperture at the injection point, maximum fracture aperture, fracture volume) are calculated based on the damaged cohesive element morphology, and the tensile failure ratio is obtained through MMIXDME and MMIXDMI field variables. Then, by adjusting the number of fracturing clusters to 1, 3, 6, 9, and 12, the fracturing results under different cluster and cluster spacing conditions are shown in Figure 3. From this figure, as the cluster spacing increases, the number of fracture elements and total fracture area in the simulation model show an increasing trend. It is worth mentioning that from 1 cluster fracturing to 3 clusters fracturing, the number of fracture elements and total fracture area increased significantly, followed by a smaller increase. Meanwhile, as the distance between clusters increases and the number of clusters increases, the volume of fractures in the model decreases, and the proportion of tensile failure significantly increases. This should be because single cluster fracturing is more difficult to form large-scale fractures, and the injected fluid is mainly used for fracture opening.
[image: Figure 3]FIGURE 3 | Comparison results of conventional quantization parameters under the influence of different clusters.
The statistics of the values of a certain stage in the simulation results are shown in Figure 4. In this model, as the number of clusters increases, the cluster spacing decreases. The total area of fracture fractures in the model increases, the width of injection point fractures decreases, and the total volume of visible fractures decreases. These phenomena indicate that in this simulation model, as the number of clusters increases and the spacing between clusters decreases, the model is more likely to form many fractures with small openings, resulting in an increase in the total area of fractures and a decrease in the visible fracture volume.
[image: Figure 4]FIGURE 4 | Comparison results of conventional quantization parameters under the influence of different clusters at 1000s.
The morphological evolution process of artificial fractures during single cluster and three cluster fracturing is shown in Figure 5 and Figure 6. Please note that since the width of artificial fractures is much smaller than the reservoir scale, to highlight the results of artificial fracture morphology, a 10-fold deformation scaling factor was used in both the top view and the 3D view. Under the conditions set in this model, single cluster fracturing is mainly used to form a single main fracture, and the phenomenon of fracture initiation near the wellbore is not significant. As the number of clusters increased to 3, three main slots expanded in the model, and there were both single wing and double wing expansion phenomena in the main slots. This indicates that increasing the number of fracturing clusters may be beneficial for the initiation of fractures near the wellbore, as well as for the expansion of multiple main fractures.
[image: Figure 5]FIGURE 5 | The process of fracture morphology changes during single cluster fracturing.
[image: Figure 6]FIGURE 6 | The process of fracture morphology changes during three cluster fracturing.
The artificial fracture propagation process under six and nine-cluster fracturing construction conditions is shown in Figure 7 and Figure 8. When using the construction process of 6 cluster fracturing, multiple fractures appeared near the wellbore, and 5 main fractures developed simultaneously. When using the nine-cluster fracturing construction process, there is also a phenomenon of multiple fracture initiation near the wellbore, with nearly ten main fractures developed. It is worth mentioning that the fracture morphology in the simulation results has been magnified by ten times the deformation to ensure that most of the fractured fractures can be seen. However, when using six-cluster fracturing, the main fracture path of the artificial fracture is significant. When using nine-cluster fracturing construction, the main fracture path of some artificial fractures is not continuous, indicating that there are many locally small opening fractures in the main fractures of some artificial fractures. These small opening fractures are obviously not conducive to the transportation of proppant in the reservoir and therefore are not conducive to subsequent mining.
[image: Figure 7]FIGURE 7 | The process of fracture morphology changes during six cluster fracturing.
[image: Figure 8]FIGURE 8 | The process of fracture morphology changes during nine cluster fracturing.
The result of the twelve-cluster fracturing is shown in Figure 9. Obviously, more than twelve artificial fractures sprouted near the wellbore in the early stage of the twelve -cluster fracturing model. As the fracturing continues, there is a competitive expansion of budding fractures within each cluster in the model, resulting in some budding fractures not further opening, while others further opening. Therefore, as the fracturing continues, the number of main extended fractures in the reservoir gradually decreases, ultimately leading to the phenomenon of ten main fractures expanding one after another. Unfortunately, we can observe the fracture morphology of almost all the main fractures in the 3D view, while only some of the main fractures can be observed in the top view (five main fractures appear in the top view). These results indicate that under the conditions set in this model, the number of main fractures that are beneficial for proppant transport and later development may not increase with the increase of cluster numbers. Therefore, in the evaluation process of fracture propagation results, not only the total area of artificial fractures needs to be considered, but also factors such as the number and area of effective support fractures under the influence of the proppant ceramic particle size should be further considered.
[image: Figure 9]FIGURE 9 | The process of fracture morphology changes during twelve cluster fracturing.
3.2 Effect of injection rate
During multi-group fracturing construction, the expansion of artificial fractures is not only affected by the setting of the compression fracture group but also by the injection rate. Given that the number of fracturing clusters has a significant impact on the simulation results, this section selected single cluster and 12 cluster fracturing simulation models and obtained corresponding numerical simulation results by setting the injection rate to 14–18 m3/min.
The model parameter results under the influence of different injection rates during single cluster fracturing are shown in Figure 10. As the injection flow rate increases, the number of rupture elements in the model increases more rapidly, and the overall number of rupture elements and total rupture area in the model show an increasing trend. Meanwhile, the total volume of fractures in the model decreases, while the proportion of tensile shear failure exhibits a certain degree of dispersion. Firstly, the decrease in the total volume of fractures indicates an increase in small opening fractures, so the total volume change cannot be calculated under the resolution of model data extraction. The discreteness of the tensile shear failure ratio in the model should be due to the comprehensive influence of factors such as natural interface paths and in-situ stress during the reservoir fracturing process (Zheng et al., 2022).
[image: Figure 10]FIGURE 10 | Comparison results of conventional quantitative parameters under different displacement effects during single cluster fracturing.
To analyse the influencing factors of the model, we further extracted the parameter results of the model at 1000s (Figure 11). Basically, as the displacement increases, the total area of fractures and the proportion of tensile failure in the model show a certain fluctuation, while the total volume of artificial fractures shows an increasing trend. Under the same reservoir conditions, increasing injection rate is beneficial for increasing the volume of artificial fractures. This may be to promote the expansion of the artificial main seam or to increase the opening of the main seam.
[image: Figure 11]FIGURE 11 | Comparison results of conventional quantitative parameters under different displacement effects (single cluster fracturing at 1000s).
To further analyse the differences in fracture morphology in the model, Figure 12 shows the development process of artificial fractures at injection rates of 16 m3/min and 18 m3/min. Given the difficulty in observing the influence of artificial fracture width in 3D views, while the overall complexity of artificial fractures is difficult to observe in 2D top views. Therefore, both a 3D view and a 2D top view are drawn in the following figure. From the following figure, when the injection rate is 16 m3/min, the fracture initiation phenomenon near the wellbore can be seen in the three-dimensional view, while it is difficult to see in the two-dimensional top view. This phenomenon indicates that under high injection fluid conditions, it may be easier to form small opening fractures, which makes it difficult to predict the initiation of fractures near the wellbore area at the extracted resolution. Meanwhile, when the injection displacement is 16 m3/min, a total of three main fractures were developed in the initial stage. As the fracturing continues, the expansion of the large main fracture is formed first, followed by the gradual expansion of the secondary main fracture, and finally, a total of two large and three small fracture expansion forms are formed, including two main fractures and three immature fractures with insufficient extension. Under this condition, using temporary plugging and repeated fracturing to further open the other three budding fractures will help further improve the effectiveness of reservoir reconstruction.
[image: Figure 12]FIGURE 12 | The results of fracture morphology under different displacement effects during single cluster fracturing (injection displacement of (A,B) is 16 m3/min, and injection displacement of (C,D) d is 18 m3/min).
Like the simulation results when the injection rate is 16 m3/min, the fracture initiation phenomenon near the wellbore can be seen in the 3D view, while it is difficult to see in the 2D top view. This phenomenon indicates that under high injection fluid conditions, it may be easier to form small opening fractures, which makes it difficult to predict the initiation of fractures near the wellbore area at the extracted resolution. At the same time, under the conditions of this model, when the injection rate is 18m3/min, one main fracture developed initially, and local collapse and fracture phenomenon occurred near the main fracture. As the fracturing continued, this one main fracture further extended, while no other initiation fractures were observed. This phenomenon indicates that during reservoir fracturing, if there is a dense rupture of micro seismic data near a certain perforation, it may be necessary to temporarily block the area near the perforation after the fracturing to fully fracture other areas and improve the effectiveness of reservoir reconstruction.
Further extraction of model parameter results under the influence of different injection displacement during twelve-clusters of fracturing was conducted to significantly compare the differences in the effects of different displacement, as shown in Figures 13, 14. From this figure, as the injection flow rate increases, the number of rupture elements in the model increases more rapidly, and the overall number of rupture elements and total rupture area in the model show an increasing trend. Meanwhile, the total volume of fractures in the model increases, while the proportion of tensile shear failure shows a decreasing trend. Compared to the simulation results of single cluster fracturing, the conventional quantitative parameters in the model have more regularity. The above phenomenon can indicate that with the development of multi-cluster fracturing, the qualitative and quantitative trend of displacement for artificial fracture fracturing in reservoirs will be more regular.
[image: Figure 13]FIGURE 13 | Comparison results of conventional quantitative parameters under the influence of different displacement during twelve-cluster fracturing.
[image: Figure 14]FIGURE 14 | Comparison results of conventional quantitative parameters under the influence of different displacement during twelve-cluster fracturing (1000s).
Figure 15 shows the development process of artificial fractures under twelve-cluster fracturing conditions with injection rates of 16 m3/min and 18 m3/min. When the injection rate is 16 m3/min, the 3D view shows the phenomenon of fracture initiation near the wellbore. Compared to the results of single cluster fracturing, the two-dimensional top view also more significantly shows the phenomenon of artificial fracture initiation near the wellbore of the reservoir. Meanwhile, when the injection displacement is 16 m3/min, many budding fractures develop in the initial stage. As the fracturing continues, the expansion of the large main fracture is formed first, followed by the gradual expansion of the secondary main fracture, and finally ten main fractures are formed. As the fluid injection displacement increases, the number of main fractures in the model increases to eleven.
[image: Figure 15]FIGURE 15 | The results of fracture morphology under the influence of different displacement during twelve-cluster fracturing (injection displacement of a is 16 m3/min, and injection displacement of b is 18 m3/min).
3.3 Effect of Young’s modulus
Numerous studies have shown that Young’s modulus of rocks significantly affects the effectiveness of reservoir fracturing (Wu et al., 2020a; Wu et al., 2022), and on-site testing shows that the elastic modulus of the reservoir is about 30–40 GPa. Therefore, to explore the differences in fracturing transformation effects in different Young’s modulus areas of the target block using multi-cluster fracturing construction. By adjusting Young’s modulus to 30, 35, and 40 GPa, different simulation results of twelve cluster fracturing models were obtained, and the corresponding changes in conventional quantitative parameters are shown in Figure 16 and Figure 17. The number of interface unit fractures in the simulation model and the fracture area of artificial fractures in the reservoir show certain fluctuations under the influence of Young’s modulus, and the difference in influence is limited. Meanwhile, when Young’s modulus of reservoir rock decreases, the fracture width at the injection point in the centre of the model and the artificial fracture width generated by the overall model may show an increasing trend, while the total volume of the fracture may show a certain decreasing trend, resulting in a decrease in the proportion of artificial fractures caused by tensile failure. This phenomenon indicates that the change in Young’s modulus in the area near the fracturing well affects the effectiveness of reservoir reconstruction but is not significantly affected by the constraints of the target area’s geo-stress and multi-cluster fracturing construction.
[image: Figure 16]FIGURE 16 | Comparison results of conventional quantitative parameters under different displacement effects during twelve cluster fracturing.
[image: Figure 17]FIGURE 17 | Comparison results of conventional quantitative parameters under different displacement effects during twelve cluster fracturing (1000s).
The results of artificial fracture morphology changes when Young’s modulus is 30GPa and 40 GPa are shown in Figure 18. Figures 18A–C show that as Young’s modulus of reservoir rocks changes, the artificial fractures in the reservoir are still mainly extended by multiple clusters of main fractures due to the influence of high ground stress difference, and the extended main fractures are mainly in a single wing expansion mode. It is worth noting that under low Young’s modulus conditions, the fracture morphology is not significant in the top view of the model (Figure 18B), while under high Young’s modulus conditions, the artificial fracture morphology in the reservoir is more significant. This is because the width of the fractures formed in the reservoir is usually small, on the millimetres scale. Therefore, it is usually difficult to display relative to the reservoir. For this reason, the simulation results have magnified the deformation by ten times. Unfortunately, under low Young’s modulus conditions, it is still difficult to observe obvious artificial fractures from the top view, while under high Young’s modulus conditions, obvious artificial fractures can be observed from the top view. Therefore, fracturing in reservoirs with high Young’s modulus of rocks may be more conducive to the formation of large opening fractures, which is beneficial for proppant support and subsequent mining.
[image: Figure 18]FIGURE 18 | The results of fracture morphology under the influence of different Young’s moduli during twelve-cluster fracturing (the Young’s moduli of (A,B) are 30 GPa, and the Young’s moduli of (C,D) are 40 GPa).
4 CONCLUSION
Considering the relevant geological parameters of a certain reservoir in the southwest, this paper establishes a 3D multi-cluster reservoir fracturing model based on cohesive element modeling. Then, the propagation law of artificial fractures in reservoirs under the influence of the different number of fracturing clusters, injection displacement, and Young’s modulus in different regions of the 60 m fracturing well section is analyzed, and the quantitative law of parameters such as fracture length, maximum fracture width, injection point fracture width, fracture area, and tensile failure ratio during multi-cluster fracturing construction, as well as the propagation law of fracture morphology are revealed.
(1) As the number of clusters increases, the distance between clusters decreases. The total area of fracture fractures in the model increases (nearly 4 times), the width of injection point fractures decreases, and the total volume of visible fractures decreases. These phenomena indicate that in this simulation model, as the number of clusters increases and the spacing between clusters decreases, the model is more likely to form many fractures with small openings, resulting in an increase in the total area of fractures and a decrease in the visible fracture volume.
(2) During single cluster fracturing, as the injection flow rate increases, the number of fracture elements in both single cluster fracturing and multi-cluster fracturing models increases more rapidly, and the overall number of fracture elements and total fracture area in the model show an increasing trend ((nearly 1 time)). It is worth mentioning that the proportion of tensile shear failure in the single cluster model exhibits a certain degree of dispersion, while the conventional quantitative parameters in the multi-cluster fracturing model are more regular. The above phenomenon indicates that with the development of multi-cluster fracturing, the qualitative and quantitative trend of displacement for artificial fracture fracturing in reservoirs will be more regular.
(3) Under the influence of Young’s modulus, the number of damaged cohesive elements in the simulation model and the fracture area of artificial fractures in the reservoir exhibit certain fluctuations, and the difference is limited under the comprehensive influence of in-situ stress and other factors. Meanwhile, when Young’s modulus of reservoir rock decreases, the fracture width at the injection point in the center of the model and the artificial fracture width generated by the overall model may show an increasing trend, while the total volume of the fracture may show a certain decreasing trend, resulting in a decrease in the proportion of artificial fractures caused by tensile failure.
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