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Multi-cluster hydraulic fracturing of horizontal wells is a well-adopted technique with high efficiency to increase the production of tight and shale formations. However, the stress shadows among clusters pose challenges to the synchronous propagation of hydraulic fractures during multi-cluster fracturing. In order to explore the fracture propagation mechanism and characteristics under the influence of stress shadow in low-spacing staged multi-cluster fracturing, a three-dimensional hydraulic fracturing model was generated using a lattice-based method. This model considered the impact of geological and engineering parameters on the propagation behavior of multiple fractures in shale formation. A variable pumping approach is adopted, where the fracturing fluid is initially injected at a high rate and then transitioned to a lower rate. Afterward, a method was proposed to quantitatively assess the extent of fracturing in a specific area (i.e., the stimulated area), considering the impact of stress shadow within a single stage. The simulation results demonstrated significant differences in the fracture stimulation area due to the influence of each parameter in the case of uncontrollable geological factors and controllable engineering factors. An increase in both Young’s modulus and stress anisotropy of the reservoir results led to a corresponding increase in the total fracture stimulation area. As the principal stress orientation increased, the fracture stimulation area gradually decreased. In terms of operational parameters, the stimulated area of hydraulic fractures gradually decreased as the fracture spacing increased. With increasing injection rate, the stimulated area initially expanded and then decreased, peaking at an injection rate of 0.04 m3/s. These findings can provide valuable insights into the propagation behavior of multi-cluster hydraulic fractures under uncertain parameters, with significant implications for future engineering applications.
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1 INTRODUCTION
Shale and tight reservoirs are preferred for the exploration and development of unconventional oil and gas resources. In order to increase production, horizontal wellbores with multi-cluster hydraulic fracturing need to be widely adopted. As the key factor affecting horizontal well multi-cluster fracturing technology, fracture stress interference has been emphasized in several studies. Nevertheless, an inadequate quantitative understanding of the impact of fracture stress shadows between fractures results in a weak foundation for designing fracture cluster spacing.
Numerous studies have been conducted on stress shadow during the propagation of multiple hydraulic fracturing (Geyer and Nemat-Nasser, 1982; Pollard and Aydin, 1988; Abass et al., 1996; Olson and Dahi-Taleghani, 2009; Bunger et al., 2011; Miller et al., 2011; Xing et al., 2018; Cong et al., 2022; Zhang et al., 2022; Li et al., 2023a). Bunger et al. (2011) investigated the effect of fracture initiation sequence on the deflection angle during fracture propagation through laboratory model experiments. These short fractures were deflected due to stress interference caused by long fractures. Zheng et al. (2020) explored the fracture extension in sandstone specimens under true triaxial stress conditions, considering both simultaneous and sequential fracturing. The experimental results showed that the distribution of fractures exhibited asymmetry due to the influence of pore pressure and stress field factors. Zhou et al. (2018) improved the pumping system to fracture large shale samples. The initiation and propagation of single fractures were observed in most cases. In addition to inhibiting the propagation of adjacent fractures, the stress shadow effect between fractures also causes the branching of adjacent fractures (Sani et al., 2015; Ugueto et al., 2016; Fu et al., 2019; Xiao and Xiao, 2019; Xie et al., 2019; Cong et al., 2021; Tian et al., 2022; Li et al., 2023b). The fracture initiation sequence can change the original stress field of the formation and generate stress shadows, thus influencing the morphology of the subsequent fractures. In contrast, the pumping mode can alleviate the effect of stress shadow to some extent. However, physical experiments can only provide qualitative insights into fracture propagation and are subject to several restrictions, including complex experimental preparation, high costs, lab sample scale effects, and monitoring tools.
A series of numerical methods and models have been proposed to explore the effects of stress shadows and complex stress fields on fracture propagation (Bakhshi et al., 2019; Zhang et al., 2024). Current research primarily focuses on geological conditions and operational means. Sheng et al. (2018) analyzed the interaction between different fractures by simulating the five-stage hydraulic fracturing treatment using the extended finite element method. The results showed that the fracture deflection increased with decreasing fracture spacing and stress difference, and the fracture deflection was insensitive to the increase of Young’s modulus. Based on the extended finite element method, Wang et al. (2018) investigated the effect of pre-existing fractures on the initiation and expansion of the subsequent fracture using the cohesion unit. The results showed that the propped width of the previous fracture, the fracture spacing, and Young’s modulus of the reservoir were the main factors in controlling the injection pressure of the subsequent fracture. Liu et al. (2020) studied shale multi-cluster hydraulic fracturing using XSite software based on a particle-based simulation calculation method. The results showed significant effects of stress anisotropy and cluster spacing on the geometry of the extended fracture. Multi-cluster fractures exhibit varying extension conditions in different geological settings. Previous scholars have conducted several studies on the effects of operational engineering parameters to enhance the uniform extension of multi-cluster fractures. Han et al. (2020) investigated the fracture extension paths under neighboring perforations at different injection rates by extended finite elements. The simulation results suggested that a closer increment of the injection rate of neighboring perforations increases the stress-shadow area between the fractures. Duan et al. (2020) investigated the evolutionary characteristics of simultaneously induced fractures using a discrete element method. The effects of field stress and engineering parameters on fracture morphology were also explored. The results showed that the higher effective stress anisotropy counteracted the stress-shadow effect, forcing the fractures to propagate in the direction of maximum stress and forming relatively long parallel fractures. Increasing the spacing can alleviate the stress-shadow effect, while the effects of injection rate and fluid viscosity on middle fracture interactions are not significant (Yamamoto et al., 2004; Kumar and Ghassemi, 2006; Lecampion, 2008; Ooi et al., 2012; Wu et al., 2012; Dohmen et al., 2014; Sobhaniaragh et al., 2018). Researchers have conducted numerous studies on geological and engineering parameters. However, the fracturing effect has only been studied from the viewpoint of a single factor. In reality, hydraulic fracturing with multiple clusters of fracture extensions is the outcome of the combined effects of various engineering parameters under specific formation conditions. Hence, this study examines the impact of geological factors on fracture extension and proposes a method to enhance multi-cluster fracture extension. It involves optimizing the spacing of fracture clusters, injection rate, and pumping method based on controllable engineering parameters corresponding to the specific geological conditions of the reservoir. Since operational parameters and geological properties are key factors affecting the interactions between fractures, it is necessary to comprehensively investigate the effects of these parameters on the shape and geometry of fractures.
In this work, a three-dimensional model is constructed using hydraulic fracturing software based on the discrete lattice theory and synthetic rock mass method. The effect of a relatively short cluster spacing (5 m or less) on fracture propagation behavior was investigated through a series of case studies, considering operational parameters (injection rate, the number of fractures) and reservoir parameters (reservoir Young’s modulus, stress anisotropy, principal stress direction). The findings can provide valuable theoretical insights for the fracturing spacing design in horizontal shale wells.
2 SIMULATION METHOD
The XSite lattice simulator developed by the Itasca Consulting Group is employed to simulate the propagation of hydraulic fracture using the discrete element method (DEM) and synthetic rock mass (SRM) (Damjanac and Cundal, 2016; Xing et al., 2018). This advanced simulator allows for dynamic simulation of the fracturing process without predefining the propagation path. The smooth joint model (SJM) represents pre-existing joints in the simulator, while the lattice effectively simulates fracture propagation in rock materials.
2.1 Mechanical model
The lattice nodes are connected by normal and shear springs and randomly distributed within the simulator to accurately simulate the behavior of rock masses. In order to replicate the translational motion of each node, a precise central difference equation for the linear momentum equilibrium and displacement-velocity relationships was adopted in Eqs 1, 2 (Damjanac and Cundal, 2016):
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where [image: image] and [image: image] represent the velocity and position of component i (i = 1, 3) at time t, respectively; [image: image] represents the sum of all force components acting on mass m at the time step of [image: image]. Similarily, the angular velocities [image: image] of the component can be obtained as Eq. 3:
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where [image: image] represents the sum of all moment components acting on the moment of inertia I node. Changes in relative displacement and spring force are determined by the node velocities in Eqs 4, 5:
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where N denotes “Normal”; S denotes “shear”; [image: image] and [image: image] represent the spring normal and shear stiffnesses, respectively.
The following equations show the correlation between the micro spring and the macro rock mass in terms of tensile strength and shear strength in Eqs 6, 7:
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where FNmax represents the spring tensile strength; FSmax denotes the spring shear strength; [image: image] and [image: image] represent the calibration coefficient of tensile and shear strength, respectively; T represents the tensile strength of macro rock mass; [image: image] indicates the friction coefficient; C represents the shear strength of macro rock; R denotes the resolution.
2.2 Flow model
Fluid flow is simulated within the intact rock matrix and the joints, where the flow in the fractures can be resolved through a network of fluid nodes connected by pipes. Additionally, the matrix flow representing the leakage to the intact rock is considered, which is dependent on the permeability of the rock. The estimation of the fracture flow can be approximated using the lubrication equation. On this basis, the flow down from node “A” to node “B” can be determined in Eq. 8 (Damjanac and Cundal, 2016; Wan et al., 2020):
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where a is the hydraulic aperture; μf is the viscosity of the fluid; PA and PB represent fluid pressures at nodes “A” and “B,” respectively; Z is the elevations of nodes; ρw represents fluid density; g represents the acceleration due to gravity; kr represents the relative permeability; [image: image] represents a dimensionless calibrated parameter, which is a calibrated function of model resolution (Damjanac and Cundal, 2016).
2.3 Hydro-mechanical coupling
In XSite, hydraulic fracture propagation is characterized by the coupling of mechanical and fluid flow processes. Both the aperture and deformation mechanism of the model have an impact on the permeability of the cracks. The mechanical model calculates deformation and damage based on changes in fluid pressure, and the changes in fluid pressure are also affected by deformation (Damjanac and Cundal, 2016). The hydro-mechanical coupling incorporated within these models is described as follows:
1. The pore size or the deformation of the solid model determines the fracture permeability.
2. The deformation and strength of the solid model are influenced by fluid pressure, making it necessary to calculate the effective stresses.
3. The fluid pressures are influenced by the deformation of the solid model. Specifically, the code can predict alterations in fluid pressure during undrained conditions.
3 MODEL SETUP
In this study, an ideal model is developed with reference to actual geological conditions. The detailed geometry of the model is depicted in Figure 1 (three-dimensional stereogram), with a model size of 40*40*40 m3 and four initiation fractures along the horizontal wellbore in the center of the model. Table 1 provides comprehensive information on the physical properties and parameters for fracturing fluid injection in this model. Since the model was specifically designed to visualize the multiple fracture propagation in the shale-rich area, it is considered a pure shale without a barrier layer. All cases in Section 4 are presented in the main view to visualize the extended morphology of the multi-stage fractures more clearly.
[image: Figure 1]FIGURE 1 | Numerical model of multi-cluster hydraulic fracture propagation.
TABLE 1 | Rock mechanical parameters and fracturing fluid pumping parameters used for the simulation study.
[image: Table 1]4 RESULTS AND DISCUSSION
4.1 Geological setting effect
4.1.1 Stress anisotropy effect
Differences in principal stress in the reservoir can significantly affect the complexity of the fracture formation during the fracturing. Stress anisotropy (SA) is usually used to characterize the horizontal principal stress difference. In order to investigate the influence of reservoir stress anisotropy on fracture extension, the maximum principal stress is kept constant at 8 MPa, and the minimum principal stress is set at levels of 7 MPa, 6 MPa, 5 MPa, 4 MPa, and 3 MPa. The injection rate is constant at 0.04 m3/s. Figure 2 reveals that the deflection degree of fracture extension is significantly higher in low-stress anisotropy cases compared to high-stress anisotropy cases. This result indicates that fracture propagation in a low-stress anisotropy field is susceptible to external stress field disturbance. In a high-stress anisotropy field, cracks are resistant to external stress fields and continue to propagate along their original direction.
[image: Figure 2]FIGURE 2 | The propagation model of multi-fractures in the formation at varying levels of horizontal principal stress differences of 1 MPa (A), 2 MPa (B), 3 MPa (C), 4 MPa (D), and 5 MPa (E).
As shown in Figure 3A, the total stimulated area of the fracture increases with increasing stress anisotropy. Comparison of the stimulated area of the fracture at the same point in each case reveals that the stimulated area of each fracture consistently increases with increasing stress anisotropy. When there is a high level of stress anisotropy, the fracture is more likely to propagate along the direction of maximum principal stress. Additionally, a larger stimulated area allows the fracture to contact more reservoirs, thereby increasing the overall output. Figure 3B demonstrates that the fracture area expands rapidly with time, indicating that the fracture extension is greatly facilitated by the high-stress anisotropy of the fracture.
[image: Figure 3]FIGURE 3 | (A) The quantitative analysis of the multi-fracture area at varying horizontal principal stress differences. (B) The dynamic curve of the stimulated area during multi-cluster fracturing in the formation at varying horizontal stress anisotropy.
4.1.2 Principal stress orientation effect
In most studies, the orientation of the horizontal wellbore is assumed to coincide with the minimum horizontal principal stress. However, horizontal wellbores are usually oriented at an angle to the minimum principal stress in actual oilfield operations. In this section, the effect of stress field direction on fracture extension is analyzed by changing the direction of the horizontal principal stress. Here, the principal stress orientation (PSO) is defined as the acute angle between the direction of the horizontal minimum principal stress and the direction of the wellbore. For example, when the PSO is 0°, the direction of the minimum principal stress is consistent with the direction of the wellbore, as shown in Figure 4A. Notably, when the PSO increases, the number of interconnected fractures increases accordingly. As a result, the overall length of the fracture extension is affected.
[image: Figure 4]FIGURE 4 | The propagation model of multi-fractures in the formation at different principal stress orientations of 0° (A), 20° (B), 40° (C), and 60° (D).
Figure 5A shows that the total stimulated area decreases with increasing stress direction, where the stimulated area of the cases with the PSO of 20° and 40° are numerical approximations. It can be seen from Figure 4B that when PSO is 20°, the fracture is minimally influenced by the orientation of the principal stress. Furthermore, its propagation direction remains perpendicular to the wellbore. Figure 4C shows that fractures 1 and 4 experience significant bending when the fracture PSO is 40°. This bending gradually occurs along the direction of the maximum principal stress because these fractures are influenced by the principal stress field. An intricate stress distribution consisting of a principal stress field and fracture stress shadow arises between fractures 2 and 3, resulting in the contact of these fractures throughout the extension stage. Hence, the primary difference between the two cases is that the middle two fractures span from being separate to interconnected. However, this alteration does not significantly affect the final area of fracture stimulation. Consequently, the fracture stimulation areas are similar in both cases. When the PSO is 60°, side fractures propagate parallel to the maximum principal stress, whereas the two middle fractures interconnect with fractures near the wellbore after reaching a certain length due to the stress shadow effect. Ultimately, the case of 60° PSO has the least stimulation area (Figure 4D). Figure 5B depicts the gradual increase in the stimulation area over time. In the initial fracture extension stage, the direction of the principal stress has a negligible effect on the fracture propagation. As a result, the stimulation area of the fracture remains closed. When the fracture extends beyond a certain distance, the stress shadows gradually increase, and the interference becomes more pronounced as the PSO increases.
[image: Figure 5]FIGURE 5 | (A) The quantitative analysis of the multi-fractures area at different principal stress orientations. (B) The dynamic curve of the stimulation area during multi-cluster fracturing in the formation at different principal stress orientations.
4.1.3 Young’s modulus effect
The primary reason for employing fracturing treatments to stimulate unconventional reservoirs is their inherent brittleness, which significantly influences the propagation of hydraulic fractures and the fracture shape. The conventional methods for assessing shale brittleness rely on Young’s modulus and Poisson’s ratio. Thus, Young’s modulus is used as the variable to study the impact of Young’s modulus on fracture propagation in the reservoir. The study investigates the impact of reservoir brittleness on the propagation of multi-cluster fractures by changing the reservoir modulus. Figure 6 shows that the fracture length gradually increases with increasing Young’s modulus. In low Young’s modulus reservoirs, the limited fracture extension despite the same injection volume can be attributed to the increased brittleness of the reservoir caused by high Young’s modulus (Qiu et al., 2021). This brittleness leads to greater fracture extension. Additionally, the low Young’s modulus reservoirs exhibit larger fracture width but shorter fracture length.
[image: Figure 6]FIGURE 6 | The propagation model of multi-fractures in the formation at Young’s moduli of 10 MPa (A), 20 MPa (B), 27.7 MPa (C), 40 MPa (D), and 50 MPa (E).
Figure 7A demonstrates that the total stimulation area significantly increases with increasing Young’s modulus. This phenomenon can be attributed to the impact of Young’s modulus on fracture generation. The low brittleness reservoir promotes the generation of fractures with shorter lengths but wider widths, whereas the high brittleness reservoir exhibits the opposite characteristics. Moreover, the comparison shows that the difference in fracture area is small at lower Young’s modulus and large at higher Young’s modulus. This difference can be attributed to differences in reservoir stress conductivity. Since the reservoirs with a high Young’s modulus facilitate the stress conduction, the stress shadow near the fracture has a significant impact on fracture extension. Figure 7B depicts the relationship between the total stimulated fracture area and the duration of fracture fluid injection in reservoirs with different Young’s modulus values throughout the fracturing process. It can be seen that the fracture propagation is facilitated by a high Young’s modulus.
[image: Figure 7]FIGURE 7 | (A) The quantitative analysis of the multi-fractures area across different formations with varying Young’s moduli. (B) The dynamic curve of the stimulated area during multi-cluster fracturing in the formation at different reservoir Young’s moduli.
4.2 Operational parameters effect
4.2.1 Fracture number effect
The number of fractures at each stage of the fracturing process is one of the most important factors affecting production. The number of fractures within a fixed distance affects the spacing between each fracture, resulting in stress shadows of different intensities. Cluster spacing for hydraulic fracturing in the Eagle Ford and Denver-Julesburg (DJ) basins is 5 m (Cheng, 2012; Lu, 2016; Somanchi et al., 2018). Thus, to analyze the impact of stress shadows and provide guidance for future fracturing treatments with relatively low cluster spacing, the propagation behaviors of fractures need to be examined. Four cases are illustrated in Figure 8, each with the same fluid injection volume. The number of fractures is set to 2, 3, 4, and 5, with corresponding fracture spacing of 15 m, 7.5 m, 5 m, and 3.75 m, respectively.
[image: Figure 8]FIGURE 8 | Multi-cluster hydraulic fracturing numerical models with different fracture numbers: (A) Case of two fractures. (B) Case of three fractures. (C) Case of four fractures. (D) Case of five fractures.
Figure 9 shows the width and geometry of the fractures after extension in each case. Different colors of the fracture surface correspond to distinct distributions of fracture widths. It can be seen that the fractures with a large fracture spacing are symmetrically distributed on both sides of the wellbore, and side fractures extend outwards due to the stress shadow. However, when the fracture spacing is limited, the fracture tends to extend unevenly. Figure 9C illustrates that fractures propagate on both sides of the wellbore, while the central section of the fractures can only extend along one side due to the constraint of stress shadow. Figure 9D shows that in the case of five fractures, each fracture has a distinct propagation pattern. Overall, as the number of fractures increases within a fixed length stage, the effects of fracture stress shadows become more serious. As a result, the distribution of fracture fluid along the wellbore becomes uneven, leading to varying patterns and morphologies of fracture propagation.
[image: Figure 9]FIGURE 9 | The propagation model of multi-fractures in the formation with different numbers of fractures: (A) Case of two fractures. (B) Case of three fractures. (C) Case of four fractures. (D) Case of five fractures.
The stimulated area of multi-stage hydraulic fracturing is shown in Figure 10. With the increase of fractures, the stimulated area of the fractures first increases and then decreases. When there are four fractures in a single stage (a fracture spacing of 5 m), the total stimulated area reaches its maximum. In the cases involving two fractures, the stimulated area of each fracture is nearly identical, suggesting a uniform dispersion of the fluid in both fractures. However, a greater number of fractures within a certain length results in more irregular dimensions of the fractures. As shown in Figure 9D, in the case of five fractures, the middle fracture (fracture 3) stops propagating under the influence of the strongest stress shadow, resulting in a stimulated area of zero. This result indicates that increasing the number of fractures in a single stage is not necessarily optimal when considering a certain stage length. Therefore, it is crucial to effectively exploit the stress shadow that exists between fractures.
[image: Figure 10]FIGURE 10 | The quantitative analysis of the multi-fracture area with different numbers of fractures.
Figure 11 illustrates the temporal evolution of the cumulative total stimulated area for each fracturing case. It can be seen that the curves for the two fracturing cases are increasingly distant from the curves for other cases. It indicates that fewer fractures and longer fracture spacing cannot release the stimulation potential. However, as shown in the magnified image in the yellow section, factures grow slightly faster in the two-fracture case than in all other cases during the early extension stage. In the later stages of extension, the five-fracture case exhibits a greater fracture growth area than the other cases. This difference is because the wide fracture spacing produces less interference from fracture stress shadows in the early stage of fracture extension, enabling the fracture to grow rapidly. Moreover, in the late extension stage, the greater number of initiation fractures provides a larger stimulated area for the entire fracturing stage, even producing stronger stress shadow effects.
[image: Figure 11]FIGURE 11 | The dynamic curve of the stimulated area during multi-cluster fracturing in the formation with different numbers of fractures.
4.2.2 Injection rate effect
Fracturing fluid injection rate is a crucial factor affecting fracture morphology. In this part, the number of fractures in a single stage is set to 4 (fracture spacing is 5 m). Discussions of final fracturing patterns and production rates are only meaningful if the total fracturing fluid injection is the same. Therefore, to ensure the total injection volume is consistent, different injection times are set for each case.
Figure 12 shows the differences in fracture morphology for different injection rates. As the fracture injection rate increases, the fracture extends symmetrically to both sides of the wellbore with a more balanced distribution, especially for the middle two fractures in all cases. For side fractures, the deflection angle of the fractures transitions from nearly straight to a certain level of curvature with increasing fracture injection rate. The difference between intermediate and side fractures can be attributed to variations in the stress disturbance level. As shown in Figure 12A, all three fractures exhibit asymmetric extension at an injection rate of 0.02 m3/s, except for the fracture on the left side. However, when the injection rate increases to 0.1 m3/s, the fractures extend more evenly with a greater degree of deflection, as shown in Figure 12E. In conclusion, a high injection rate can benefit the generation of symmetrical fractures. The high injection rate facilitates rapid fracture formation during the fracture initiation stage, allowing the fracture to have enough energy to expand towards the pre-set direction and reducing the effect of stress shadows.
[image: Figure 12]FIGURE 12 | The propagation model of multi-fractures in the formation at different injection rates: (A) Injection rate of 0.02 m3/s. (B) Injection rate of 0.04 m3/s. (C) Injection rate of 0.06 m3/s. (D) Injection rate of 0.08 m3/s. (E) Injection rate of 0.1 m3/s.
Figure 13 illustrates the stimulated area for each fracture under the influence of different injection rates. Four fracture sizes are quantitatively analyzed for each case, and the effect of fracture injection rate on the stimulated area is compared. At low injection rates, the stimulated area of the side fracture is larger than that of the middle fractures. With the increase of injection rate, the stimulation area of side fractures decreases, and that of the middle fractures increases, resulting in a gradual approximation of the two fracture propagation modes. Therefore, a high injection rate is beneficial in promoting uniform distribution of multiple fracturing fluids. However, the uniform distribution of fluid also leads to increased stress interference between fractures, thereby reducing the total fracture stimulation area. Conversely, at a low injection rate case, although the fluid cannot be evenly distributed to each fracture, well-developed fractures can extend further due to reduced stress interference from other fractures, resulting in the largest total fracture area.
[image: Figure 13]FIGURE 13 | The quantitative analysis of the multi-fractures area at different injection rates.
4.2.3 Pumping mode of fracturing fluid effect
Previous research has demonstrated that changing the injection rate of the fracturing fluid can effectively reduce the fracture initiation pressure and enhance the propagation capacity of hydraulic fractures (Patel et al., 2017; Ripudaman et al., 2018). Nevertheless, the suitability of a pumping mode with variable injection rates was barely investigated. Thus, this work analyzes the propagation behavior of multiple fractures under different pumping modes using a 3D lattice-based model. The fracturing fluid is pumped with four major models, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | The four fracturing fluid pumping models: (A) Model A; (B) Model B; (C) Model C; (D) Model D.
Figure 15 shows that the propagation of multiple fractures with a short spacing distance is significantly affected by the pumping mode. A study of the dynamic fracture propagation process shows that relatively high constant rate pumping results in a uniform distribution of fluid across the four fractures compared to low-rate pumping. As a result, by continuously pumping a fluid with a high injection rate into the fracture, the fluid in the fracture can be ensured to retain sufficient energy to resist the formation stress exerted by the surrounding rock. As a result, uniform fracture evolution can be achieved even under the effect of fracture interference of multiple fractures. In model C, fractures 1 and 4 exhibit a consistent and steady extension, while fractures 2 and 3 present a distorted condition. Under model D, all fractures except for fracture 3 are symmetrically propagate along both sides of the wellbore. The wellbore is pressurized at a high injection rate, leading to high breakdown pressures during the fracture initiation. It creates a tensile fracture that can quickly penetrate the stress-shadowed area without being affected by stress shadows. Additionally, the high injection rate generates high fluid pressures within the fracture, which further helps to overcome the influence of stress shadows (Lecampion, 2012).
[image: Figure 15]FIGURE 15 | The propagation model of multi-fractures in the formation under different pumping modes: (A) Model A: low constant rate pumping of 0.02 m3/s; (B) Model B: high constant rate pumping of 0.1 m3/s; (C) Model C: increased pumping rate from 0.02 m3/s to 0.1 m3/s; (D) Model D: decreased pumping rate from 0.1 m3/s to 0.02 m3/s.
Figure 16 shows that the stimulation area of Model A is larger than that of Model B in the constant injection rate pumping mode. It indicates that a lower injection rate results in a larger fracture area, facilitating enhanced contact between the reservoir and wellbore. However, a low injection rate is not conducive to the uniform growth of adjacent fractures, which can also be proved by Figure 15. Under varying injection rates, the stimulation area of model D is larger compared to model C. Combined with Figures 15C, D, the pumping mode of model D facilitates the prompt evolution of fractures during the fracture initiation stage and mitigates the fracture interference. The above analysis demonstrates that the variable injection pumping mode with a decreasing injection rate of the fracturing fluid can achieve the optimal stimulation effect.
[image: Figure 16]FIGURE 16 | The quantitative analysis of the multi-fractures area at different injection rates.
4.3 Parameters importance analysis
The key factors determining fracture propagation in unconventional reservoirs can be briefly classified into geological and engineering factors. The engineering factors are associated with engineering strategies, and the geological factors refer to the geomechanical properties of reservoirs. Therefore, the identification of reservoirs with favorable geological and mechanical characteristics as the target layer, in conjunction with suitable fracturing treatment, can facilitate the evolution of hydraulic fractures to enhance hydrocarbon recovery.
A weighted study of the impact of geological features on fracture propagation is useful for optimizing the selection of target reservoirs. In order to evaluate the effects of the stress anisotropy, principal stress orientation, and Young’s modulus on the fracture geometry and production, the dimensionless stimulated area is defined as the ratio of the stimulated area of all cases to that in the baseline case. A value of 1 represents the fracture dimensionless stimulated area for the baseline case. Table 2 presents the range of geological uncertain parameters of this study. The horizontal coordinate in Figure 17 represents the dimensionless stimulated area, illustrating the effect of uncertainty parameters on the growth of the fracture stimulation area. The order of uncertainty parameters on the vertical coordinate is determined by the absolute difference between the maximum and minimum deviation of the normalized fracture stimulation area, indicating the effectiveness of the fracturing treatment. The orange bar indicates a positive effect, whereas the blue bar represents a negative effect. The black vertical line in the center represents the baseline in all cases. It can be seen from Figure 17 that Young’s modulus of the reservoir is the most important factor affecting fracture growth, followed by reservoir stress anisotropy and principal stress direction. Therefore, Young’s modulus of the reservoir will be the primary consideration when selecting the target reservoir.
TABLE 2 | The range of uncertain parameters on the fracture growth.
[image: Table 2][image: Figure 17]FIGURE 17 | Tornado chart of the sensitivity studies based on the data of simulation cases.
Engineering parameters as operational controls provide the most effective means to optimize technology and enhance reservoir production. The perforation cluster spacing determines the fracture number at each stage. To increase the initial production rate of a single well, the spacing between perforation clusters is progressively reduced. However, the presence of stress shadows leads to uneven growth of multiple clusters in a single segment, which has been demonstrated in several studies (Miller et al., 2011; Bunger and Cardella, 2015). Generally, approximately 50% of the clusters are responsible for nearly 70% of the production. A similar phenomenon has been observed in this study (Figure 10).
In the early stage of hydraulic fracturing, a high fluid injection rate can help resist stress shadow around the wellbore. By gradually decreasing the fluid injection rate at the later stages, sufficient time can be reserved for further crack expansion. Furthermore, pumping modes with different injection rates can decrease the initiation pressure and facilitate the continuous propagation of fractures. The timing and magnitude of alterations in fluid injection rate must be carefully coordinated with the geological characteristics of the reservoir. Therefore, extensive experimental and theoretical investigations are needed to determine its optimal value to guide future studies.
5 CONCLUSION
In this paper, the lattice spring code XSite is used to study the influence of stress shadow between multiple hydraulic fractures during synchronous propagation. The simulation considers various factors, including stress anisotropy, principal stress orientation, reservoir Young’s modulus, fracture number, injection flow rate, and pumping mode. The conclusion of this study are as follows:
(1) The simultaneous propagation of several fractures results in stress shadow, which changes the local stress field and subsequently influences the direction of fracture propagation. Consequently, the fractures separate from each other and form complex non-planar shapes with branches in the cracks. The fractures are primarily perpendicular to the minimum principal stress, but side fractures are more noticeably deviated in the direction of the wellbore.
(2) Reservoir Young’s modulus has the greatest effect on fracture stimulation among all the factors that have been investigated. Enhancing Young’s modulus can enlarge the stimulated area for optimal production increase. Therefore, while selecting target reservoirs, fracturing reservoirs with a relatively high Young’s modulus can result in longer and larger stimulation fractures.
(3) The size of the fracture stimulation area initially increases and then decreases with increasing injection rate. At an injection rate of 0.04 m3/s, the maximum stimulation area is achieved. Additionally, higher injection rates facilitate uniform distribution of fluid volume within each fracture.
(4) The overall stimulated area of a single-stage fracture expands when a pumping pattern with decreasing injection rates is used for fracturing treatment. As a result, the extension capacity of hydraulic fracture is enhanced at higher and then lower injection rates.
This study focuses on the growth of multi-cluster fractures within a single stage. Subsequent research will be conducted on multi-stage hydraulic fracturing models for field scale.
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