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For purpose of clearing the spatial pattern of hydraulic fracture during directional perforation in low-permeability unconventional reservoirs, RFPA2D-Flow software is used to numerically calculate their spatial steering trajectory and deflection distance. The accuracy of numerical calculation results is verified by theoretical and experimental results. Then the influences of horizontal principal stress difference, perforation length, and azimuth on the hydraulic fractures’ spatial steering trajectory are studied. It is shown by the results that 1) the software can accurately predict the space steering trajectory and deflection distance of directional perforation hydraulic fractures, 2) both deflection distance and spatial steering trajectory of hydraulic fractures are quantitatively evaluation indexes, which are used to evaluate the hydraulic fractures’ spatial steering effects, and 3) under different horizontal principal stress differences, perforation azimuths, and lengths, the same hydraulic fracture’s propagation trajectories are presented. They initiate from the perforation end and gradually deflect along the maximum horizontal principal stress direction and finally represent curved fractures like both wings. With the increase in horizontal principal stress difference, the fractures’ deflection distance decreases. However, it increases with the increase in perforation azimuth and length. Their deflection amplitude increases first and then decreases. Initiation pressure of hydraulic fracture rises with the decrease in perforation length and increase in perforation azimuth and horizontal principal stress difference.
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1 INTRODUCTION
It is hydraulic fracturing that is considered to be one of the most effective and common methods to improve the physical properties of low-permeability reservoirs. Generally, it is conducted before an oil and gas well is put into production (Gehne and Benson, 2019; Nandlal and Weijermars, 2019; Lu et al., 2020a; Lu et al., 2020b; Lu and Huang, 2020; Ogata et al., 2020). Directional perforation hydraulic fracturing can alleviate the quick water outlet problems, enlarge the reformed reservoir volume, and poor water injection effect caused by straight line communication among fractures. It can also effectively reduce the initiation pressure, which is favorable for the formation of hydraulic fracture (Zhun et al., 2015; Liu et al., 2018; Qi et al., 2018; Hossain et al., 2020; Zhang et al., 2020). However, hydraulic fracture initiates from the perforation, which is the result of being affected by the perforating direction and far-field in situ stress and well-born effect. Hydraulic fracture with a certain curvature is formed, and its curvature is determined by the angle between the maximum principal stress and perforating direction (Chen et al., 2017). For directional perforation hydraulic fracturing, accurate prediction and control of hydraulic fracture propagation trajectory are the key conditions to the successful implementation of this technology. Therefore, the propagation path of hydraulic fractures must be clearly obtained before the hydraulic fracturing is conducted, so as to determine reasonable parameters of the fracture morphology and reconstruction effect of directional perforation hydraulic fracturing.
In recent years, serial physical experiments, the critical water pressure, and propagation path have been studied using the method of theoretical calculations and numerical simulations. Their impact factors of directional perforation hydraulic fracture have also been studied. The fracture initiation and propagation are influenced by the prefabricated fracture dip, which is studied by Liyuan Liu and Haiyan Zhu et al. through numerical simulation and physical test (Zhun et al., 2015; Liu et al., 2018). In the same way, large-scale true triaxial hydraulic fracturing physical simulation experiment was conducted by Chen and Jiang Hu et al. It is shown that formation fracture pressure and its morphology is affected by perforation azimuth and horizontal principal stress difference (Jiang et al., 2009; Chen et al., 2010; Jiang et al., 2014). For some laboratory test methods, they take more money and time, but only limited results can be obtained at times. Theoretical calculation and numerical simulation are widely used because of their low cost and convenient operation in controlling the variation of influence parameters. The summary of the existed analytical models and empirical models can be seen in Table 1. All these analytical models and empirical models can be used to study the characteristics of the hydraulic fracture rotation rule in rock mass.
TABLE 1 | Summary of the existing analytical models and empirical models.
[image: Table 1]Although the theoretical method can analyze the parameter influence and provide the theoretical basis for verification for numerical calculation, they cannot intuitively show the propagation process of hydraulic fracture intuitively. That is to say, the propagation process of hydraulic fracture can be shown using numerical simulation methods. However, the accuracy of numerical calculation is affected by the selected parameters. At times, the calculation results may not be accurate. Moreover, there is a certain gap with the actual calculation results. Therefore, the selected parameters need to be verified before the numerical calculation. In general, there are two methods, the finite element method (FEM) and the extended finite element method (EFEM), which can be used to conduct numerical simulation. The FEM has been a common method to simulate the propagation progress of hydraulic fracture in recent years (Zhang and Chen, 2010a; Zhang and Chen, 2010b; Hunsweck et al., 2013; Bao et al., 2014; Bao et al., 2015). However, the fracture path needs to be set in advance before computation, which cannot reflect the turning law of the fracture and the arbitrariness of its expansion. At the end of each time step, the fractures need to be re-gridded, thus mitigating the grid accuracy and computing efficiency (Chen et al., 2017). The EFEM makes up for the FEM defects in simulating the fracture propagation (Daux et al., 2000; Sukumar et al., 2000; Moës and Belytschko, 2002). Based on the EFEM, the morphology of fracture propagation influenced by different horizontal stress differences and perforation azimuth was simulated by Sepehri et al. (2015). A solid–fluid coupling for simultaneous propagation and steering of directional perforating hydraulic fractures in vertical wells in low-permeability reservoirs was established by Shi Jihui et al. It is indicated that both the fracture turning radius and its initiation pressure are influenced by fracturing fluid injection rate, perforation azimuth, and main stress difference (Shi et al., 2020). The parameters, including perforation length and azimuth, have great influence on hydraulic fractures’ initiation and propagation. The coupling model of hydraulic fracturing is established with the foundation of two criterions. One is the maximum tensile stress criterion; the other is the stress intensity factor criterion. This method is utilized to conduct the degree of influence (Chen et al., 2017). As we know, the fracture propagation deflection is affected by the parameters of fracturing fluid. The fracturing fluid is characterized with its viscosity and injection rate. So, a fluid–solid coupling model of the steering fracture was established by Wang X.L. (Wang et al., 2018a; Wang et al., 2018b).
The existing studies have played an important role in rules of the spatial turning and directional fracture propagation under different influence factors (Wang et al., 2017; Guo et al., 2018; He et al., 2018; Guo et al., 2020). However, the influencing mechanism of each factor has not been revealed, and the deflection process of the directional perforation hydraulic fracture remains unknown. In addition, there are few research studies on the deflection distance of hydraulic fracture, which is key to measuring the directional propagation effect of hydraulic fracture. Thus, it is the computer simulation software of RFPA2D-Flow that is adopted to analyze the fractures’ deflection process in this study. First, two indexes are put forward to quantitatively analyze and evaluate the spatial deflection of directional perforated hydraulic fracture. One index is the quantitative extraction of the deflection propagation trajectory of hydraulic fracture, and the other is deflection distance of hydraulic fracture. Then, the accuracy of the numerical calculation results of RFPA2D-Flow was verified by the results obtained using the MEM model and laboratory test. Finally, regarding the two quantitative indexes as the starting point, the influence rule and the mechanism of horizontal principal stress difference, perforation azimuth, and length on the fractures’ distances and deflection path is analyzed. The results of this study have certain reference value for further understanding the spatial steering process and the optimization of parameters of hydraulic fracturing with the help of the directional perforation.
2 NUMERICAL SIMULATIONS OF THE STEERING PROCESS OF THE DIRECTIONAL PERFORATION HYDRAULIC FRACTURE
2.1 Tensile and shear failure criteria of the rock of the software
In this study, a piece of computer simulation software is used. The detailed introduction about the software can be found from the literatures (Zhu and Tang, 2004; Li et al., 2011; Lu et al., 2020a). So, it has not been repeatedly introduced. But the tensile and shear failure criteria of the rock mass are introduced in detail.
As illustrated in Figure 1, rock damage in tension or shear is initiated when its state of stress (positive for compression) satisfies the maximum tensile stress criterion or the Mohr-Coulomb criterion, respectively, as F1 = 0 and F2 = 0. In terms of the damage constitutive law shown in Figure 1, when F1 < 0 and F2 < 0, the applied stress is insufficient to satisfy the maximum tensile stress criterion and the Mohr-Coulomb failure criterion, respectively. F1 = 0 and dF1>0 implies rock damage in the tensile mode when the stress state satisfies the maximum tensile stress criterion and the rock is still under load. F1 = 0 and dF2>0 implies rock damage in the shear mode when the stress state satisfies the Mohr-Coulomb failure criterion and the rock remains loaded (Liu et al., 2018).
[image: Figure 1]FIGURE 1 | Damage constitutive law for rock under uniaxial stress condition (Liu et al., 2018).
In Figure 1, ft0 and fc0 are, respectively, uniaxial tensile and compressive strength, E and E0 are, respectively, the Young’s modulus of the damaged and the undamaged element, σ1 and σ3 are, respectively, the first and third principal stresses, θ is the internal frictional angle, and F1 and F2 are two damage threshold functions; ε1 and ε3 are, respectively, the major and minor principal strains, εt0 and εc0 are, respectively, the maximum tensile and maximum compressive principal strains when tensile and shear damage occurs, and n is a constitutive coefficient specified as 2.0.
2.2 Establishment of physical model
The size of the two-dimensional model is 300 mm × 300 mm (Figure 2). Its boundary is impermeable and constrained by surrounding pressure. There is a borehole, whose diameter is 20 mm, in the center of the model. The total cell number of the model, which is divided, is 90000. There are two pre-existing perforations. One is named AB, and the other is marked with CD. Their length, a, is 30 mm. The angle, marked with θ, between the directional perforation and the maximum horizontal principal stress σH, is termed as orientation angle. θ is valued as 60°. The maximum principal stress σH and minimum principal stress σh is 6 and 1 MPa in the horizontal and vertical direction, respectively. In the beginning, there is no water pressure, and its increase rate is 0.2 MPa/step.
[image: Figure 2]FIGURE 2 | Geometric model of directional perforation hydraulic fracturing.
2.3 Parameter selection
The parameters of the experimental test adopted by Jiang Hu et al. and the theoretical calculation by He Feifei et al. are seen in Table 2 (Jiang et al., 2009; He et al., 2020). The parameters, such as compressive and tension strength, can be obtained by a mechanical test, and their proportion and internal friction angle can be calculated. Then, the stress-strain curve can be obtained. Moreover, the residual strength coefficient, the maximum tension and compressive strain coefficient, the elastic modulus, and the internal friction angle are very easy to obtain. The permeability can be obtained by the laboratory experiment. Before water is poured into the borehole, there is no water pressure. Therefore, initial water pressure is 0. A piece of computer simulation software is used to calculate the fracture propagation trajectory with the similar experimental and theoretical conditions, and the results of numerical simulation were compared with the experimental and theoretical results.
TABLE 2 | Parameters of numerical simulation.
[image: Table 2]2.4 Comparison of RFPA2D-flow numerical calculation results with MEM model and laboratory test results
2.4.1 Evaluation index of spatial steering of directional perforation hydraulic fracture
In general, the maximum principle is along the vertical direction. During the expansion of hydraulic fracture, fracture always propagates along the direction in which the resistance is the least value. Therefore, the surface of the preferred fracture is usually along the maximum horizontal principal stress. In the far field, the hydraulic fracture expansion direction is usually perpendicular to the direction of the minimum horizontal principal stress. In this study, the distance of the deflection is marked with L, and the spatial turning expansion trajectory of the hydraulic fractures is shown in Figure 3. These two indexes are utilized to measure the law of spatial turning of the directional perforating hydraulic fracturing. The maximum horizontal principal stress, minimum horizontal principal stress, perforation azimuth, perforation length, water injection pressure, and fracture deflection distance is marked with σH, σh, θ, a,p, and L.
[image: Figure 3]FIGURE 3 | Evaluation indexes of spatial steering expansion of hydraulic fractures.
2.4.2 Accuracy of numerical calculation results calculated by RFPA2D-Flow software
The result of simulation obtained by Hu et al. is shown in Figure 4. It can be indicated that the hydraulic fracture gradually biases toward the direction of σH after it initiates at the point of the perforation end. A steering fracture in a bent wing is formed, but the two wings of the bent fracture is not strictly symmetrical. The spatial steering expansion trajectory of the directional perforation hydraulic fracture obtained by the numerical simulation is basically identical with that of the experimental test.
[image: Figure 4]FIGURE 4 | Comparison of the deflection trajectory of hydraulic fracture between numerical calculation and physical experiment.
Based on the micro-element method, a dynamic propagation model (MEM model) was established by He Feifei et al., which is used to quantitatively determine the expansion trajectory and deflection distance of hydraulic fractures in low-permeability unconventional oil and gas reservoirs during directional perforation steering fracturing (He et al., 2020). In this study, the results of the MEM model, physical experiment, and RFPA2D-Flow calculation are quantitatively compared (Figure 5) to verify the accuracy of numerical simulation results. It can be seen from Figure 5 that 1) for the right wing (X > 0) of the hydraulic fracture, the results of numerical calculation are basically consistent with those obtained using laboratory tests and the MEM model. For the left wing (X < 0), the results of numerical calculation and indoor laboratory test and the MEM model are a little different. This can be explained by the fact that in the laboratory test, due to the impact of loading conditions and the heterogeneity of specimens themselves, the hydraulic fracture does not initiate along the predetermined direction. A two-wing steering fracture with an incomplete symmetry of the starting end of directional perforation is eventually formed. The steering asymmetry of the right wing (X > 0) is more obvious. 2) The distance of the fracture deflection of the left wing (X < 0) calculated using physical experiment, numerical calculation and the MEM model is 0.049, 0.07, and 0.079 m, respectively. The distance of the fracture deflection calculated by numerical calculation is located between the deflection distance calculated using physical experiment and the MEM model. The results of numerical calculation are basically the same as those calculated using the MEM model. They are closer to those calculated by the physical experiment. Through the quantitative comparison of the trajectory and deflection distance of hydraulic fracturing obtained using laboratory fracturing test and the MEM model, it is proved that the results calculated using RFPA2D-Flow software are accurate, feasible, and reliable.
[image: Figure 5]FIGURE 5 | Comparison of results calculated using RFPA2D-Flow software, laboratory test, and the MEM model.
3 THE INFLUENCING FACTORS OF SPATIAL STEERING PROCESS AND DEFLECTION DISTANCE OF HYDRAULIC FRACTURE
The deflection trajectory and its deflection distance of hydraulic fractures, which is shown in Figure 3, are two key indexes to evaluate the fracturing turning effect. As we know, it is very important for the design optimization of hydraulic fracture turning to figure out the fracture propagation trajectory and deflection distance under various influencing factors. RFPA2D-Flow software is adopted to study the influence of parameters such as principal stress difference △σ(△σ = σH-σh), perforation length, and azimuth on the propagation trajectory and deflection distance of directional perforation hydraulic fracture.
3.1 Influence of horizontal stress difference on spatial steering trajectory and deflection distance of hydraulic fractures
△σ is the most important factor, which affects the fracture deflection distance and propagation path. In the model, the σh is 1 MPa, and the σH is selected as 10 MPa, 8 MPa, 6 MPa, 4 MPa, and 2 MPa to determine how horizontal principal stress difference △σ influences the trajectory and deflection distance of hydraulic fractures in space.
It is water pressure, acoustic emission signal, and fracture morphology of hydraulic fractures under several different △σ that is illustrated in Figure 6. Figure 7 indicates the quantitative comparison results of deflection distance. It can be seen that the fracture propagation trace is almost consistent. From the perforation end, the hydraulic fracture initiates first. Then it deflects along the σH direction gradually. Meanwhile, the fracture deflection amplitude increases first. But it then decreases on the contrary. However, the fracture deflection distance under different △σ is different. The greater the △σ, the smaller the fracture deflection distance. With the increase in the horizontal stress difference, the deflection curvature radius of the hydraulic fracture becomes smaller and smaller. This can be explained by the fact that the deflection curvature radius of the hydraulic fracture in a two-dimensional space can be calculated using the formula (Romero et al., 1995) where K is the ratio of σH and σh, RL is the deflection curvature radius of hydraulic fracture, the stress intensity factor KI is related to the fracture size, the geometric characteristics of fractures, and the load received. It can be seen from this formula that K being greater causes the curvature radius of hydraulic fracture to be smaller when the stress intensity factor KI and minimum principal stress σh are constant. The greater difference of △σ makes the shorter fracture turning path and the faster turning to the optimal fracture surface (Jiang et al., 2009).
[image: Figure 6]FIGURE 6 | Water pressure, AE signal, and fracture deflection morphology under different △σ
[image: Figure 7]FIGURE 7 | Deflection trajectory of hydraulic fracture under different principal stress difference.
During the hydraulic fracturing process of numerical simulation, the acoustic emission (AE) signal, water pressure changes, and fractures’ shape change is monitored (Figure 6). The failure of the rock mass is usually caused by tensile or shear stress. For the AE signal, tensile and shear fracture is marked as circles with red and white colors, respectively. The location of the circles is the place in which the tensile or shear failure occurs. The larger the circle, the more the rupture energy releases. The shape of the AE signal can be used to track the fracture propagation. It is obvious that the tensile rupture is more than the shear rupture because the number of red circles is more than the white ones.
The relationship between L and the △σ can be further illustrated in Figure 8: 1) The deflection distance L and △σ conform to the quadratic polynomial L = 0.1345–0.01621△σ-4 (△σ)2, and the correlation coefficient is 0.99537. 2) When △σ decreases from 9 MPa to 7 MPa, 5 MPa, 3 MPa, and 1 MPa, respectively, the average deflection distance of hydraulic fractures increases by 0.006 meters, 0.017 meters, 0.021 meters, and 0.028 m, respectively. When △σ is less than 7 MPa, the fracture deflection distance is more visible. When △σ is greater than 7 MPa, little change happens. 3) The slope of the fitting curve decreases with the increase in △σ. It is demonstrated that the fracture deflection distance variation decreases slowly.
[image: Figure 8]FIGURE 8 | Deflection distance of hydraulic fracture under different principal stress difference.
Figure 9 manifests the initiation pressure of the hydraulic fracture corresponding to different horizontal principal stress differences. With △σ being 9 MPa, 7 MPa, 5 MPa, 3 MPa, and 1 MPa, the correspondent fracture initiation pressure is 7.4, 6.8, 6.4, 6.2, and 6.0 MPa. It makes clear that the initiation pressure decreases gradually with the decrease in △σ. The reason is that the higher the normal stress on the surface of the fracture surface, the greater the water pressure that is required to open the fracture. The greater △σ produces the greater normal stress on the fracture surface, and the greater initiation pressure of hydraulic fracture. The conclusions of this study are consistent with the results of relevant physical experiments (Chen et al., 2010; Dong and Tang, 2019).
[image: Figure 9]FIGURE 9 | Initiation pressure of hydraulic fractures under different horizontal principal stresses.
3.2 Influences of perforation parameters on the fracture’s spatial turning process and deflection distance
The parameters, mainly including the azimuth and length of perforation, most directly affect the steering propagation trajectory and deflection distance of directional perforation hydraulic fracture. To a large extent, it determines the fracturing effect and deflection distance of hydraulic fracture.
3.2.1 Perforation azimuth
Several different perforation azimuths of 15°, 30°, 45°, 60°, and 75° are chosen to study its influence on the fracture deflection distance and trajectory.
It is shown in Figure 10 that AE signal, water pressure changes, and fracture deflection morphology under different perforation azimuth: 1) all hydraulic fractures under different perforation azimuths initiate at the perforation tip and then extend for a distance in the direction of the existing perforation and gradually turn toward the σH direction. The deflection amplitude first increases and then decreases. 2) There are differences in the deflections of hydraulic fractures under different perforation azimuths. Larger perforation azimuth produces the more obvious fracture deflection. 3) Under different perforation azimuths, the trends of the propagation trajectory of the hydraulic fractures are roughly the same, and all the final shape is presented as a two-wing bending fracture. 4) When the directional perforation azimuth is 75°, a new fracture also appears σH. This is because the maximum stress concentration value of around the fracturing borehole wall appears along the maximum horizontal principal stress. At this time, two hydraulic fractures simultaneously initiate along both the directional perforation and the borehole wall in the σH direction. This directional perforation azimuth is considered as a critical angle. At this critical angle, the first principal stress magnitude occurring at the directional perforation tip and the wall of the borehole in the σH direction are equal (Lu and He, 2021a). The analysis about acoustic emission signals of Figure 6II is also suitable for Figure 10II.
[image: Figure 10]FIGURE 10 | Water pressure, acoustic emission signal, and fracture deflection morphology under different perforation azimuths.
The hydraulic fracture deflection trajectory is well shown in Figure 11. Several perforation azimuths of 15°, 30°, 45°, 60°, and 75° are chosen to study its fluences on the fracture deflection distance. As a result, 0.024, 0.032, 0.045, 0.073, and 0.104 m are the corresponding average deflection. This indicates that smaller perforation azimuth will lead to a quicker deflection of hydraulic fracture to the σH direction.
[image: Figure 11]FIGURE 11 | Hydraulic fractures’ deflection trajectory and distance under different perforation azimuths.
That is to say, with the perforation azimuth being increased, a larger fracture initiation angle in the initial stage of fracture expansion appears. So, the fracture slowly turns to the σH direction. The reason is as following. When the main principal stress is fixed, the distribution of the shear and tensile stress at the perforation end will be affected by the perforation azimuth, and then the fracture initiation angle and the deflection angle of the micro-step increment in the subsequent expansion will also be affected. In the range from 0 to π/2, the larger the perforation azimuth, the more the number of the micro-step increment and deflection times, the smaller the deflection curvature of the hydraulic fracture propagation path, and the larger the deflection distance. However, there are few variation amplitudes of initial fracture angles under different values of θ. Compared with the effect of perforation azimuth on the number of deflections, the effect of perforation azimuth on the initial fracture angle can be ignored (He et al., 2020).
The relationship between L and θ appears in Figure 11B: 1) the relationship between L and θ is conformed to L = 0.02479–3.42446e-4θ+1.87466e-5θ2, which is a quadratic polynomial, and 0.998 is the corresponding correlation coefficient. The fitting curve derivatives increase with the increase in θ. It is indicated that deflection distance of hydraulic fracture increases with the increase in perforation azimuth, which means the sensitivity between L and θ rises slowly. With the increase in perforating azimuth angle, hydraulic fractures near the well or the borehole or drilling become more twisted, and the corresponding deflection distance is greater. 2) With the perforation azimuth being 15° increment, the corresponding fracture deflection distance increases by 0.08, 0.13, 0.28, and 0.31 m, respectively. It is indicated that with the increase in θ, the variation amplitude of L is increasing slowly as well, and the reservoir that can be communicated by the hydraulic fracture is also broader.
The relationship between the fracture initiation pressure Pf and the θ is shown in Figure 12. It is characterized with nonlinearity between the Pf and θ. With θ being, respectively, 15°, 30°, 45°, 60°, and 75°, the corresponding fracture initiation pressure is, respectively, 5.2, 5.8, 6.2, 6.4, and 6.6 MPa. According to the theory of the fracture mechanics, with the maximum effective tensile stress coming to the tensile strength around the wall of the borehole strength, the rock mass is broken and the fracture occurs. Pf increases with the increase in θ as well. The initiation pressure of the perforated vertical well can be calculated using the formula Pf = ¼{σh [3+6cos (2θ)]+σH [3-6cos (2θ)]+2μ(σH-σh)cos (2θ)-αPp+σt}. Here, pore pressure, tensile strength, Poisson’s ratio, and the pore elastic coefficient are marked as Pp, σt, μ, and α, respectively (Hossain et al., 2020). Accordingly, with the increase in θ, the Pf increases gradually. In addition, the larger the θ, the more energy is needed to overcome the shear failure of the perforation tip, resulting in a high holding pressure generated by the injection of fracturing fluid that is needed to achieve the fracture initiation at the perforation tip (Shi et al., 2020).
[image: Figure 12]FIGURE 12 | Initiation pressure of hydraulic fractures under different perforation azimuths.
With the increase in θ, the stress variation increases, the fracture expansion path is longer and steering radius is larger in this region (Shi et al., 2020). Consequently, the perforation in the σH direction can be better connected with hydraulic fracture, allowing for the fracturing fluid to flow along the path of least resistance. Perforated hole, which is consistent with the best fracture plane, can effectively reduce or eliminate the tortuous flow path or flow restrictions near the well. The two-wing fracture that is formed is characterized with the smallest tortuosity and lower injection pressure. If the perforation hole is not consistent with the σH direction, a complex flow path is often generated near the well. Therefore, the angle between directional perforation azimuth and the optimal fracture surface must be as small as possible to reduce the distortion of hydraulic fractures near the well.
3.2.2 Perforation length
The proper perforation length is beneficial to pass through the polluted area near the well and reduce the influence of well-born effect on the fracture initiation and propagation. Several perforation lengths a of 20, 30, 40, 50, and 60 mm are chosen to study its influence on the spatial turning expansion trajectory and deflection distance of hydraulic fracture.
From Figure 13, several rules are found: 1) although the perforation lengths are different, the fracture propagation trajectories are nearly the same as each other. The monograph of hydraulic fracture is presented like curve fractures with two wings. 2) After hydraulic fractures initiate from the perforation end, they gradually turn to the σH direction. The amplitude of the fracture deflection increases first, but then the opposite feature is presented. 3) For different perforation lengths, there are different fracture deflection distances, and there is a positive correlation. The analysis about acoustic emission signals of Figure 6II is also suitable for Figure 13II.
[image: Figure 13]FIGURE 13 | Water pressure, AE signal, and fracture deflection morphology under different perforation lengths.
Several perforation lengths a of 60, 50, 40, 30, and 20 mm are chosen. For the left and right fracture wing, the fracture deflection distance is different. For the right fracture wing, they are 0.074, 0.073, 0.071, 0.070, and 0.053 m. However, for the right fracture wing, they are 0.086, 0.079, 0.076, 0.073, and 0.054 m. It is indicated that with the increase in perforation length, the deflection distances of the left or right wing increases. So does the average deflection distance. Meanwhile, the perforation length increase is unconducive to the control of fracture deflection distance. The communicating effect of effective reservoirs is not good during the propagation process of the hydraulic fracture (Figure 14).
[image: Figure 14]FIGURE 14 | Fracture deflection trajectory with the change of perforation length.
The relationship between the L and a is quantitatively illustrated in Figure 15: 1) the relationship is conformed to the formula L = 0.02177 + 0.00206a-1.715e-5a2, which is presented as a quadratic polynomial relationship. It is 0.92 that is the correlation coefficient R2.
[image: Figure 15]FIGURE 15 | Curve line of hydraulic fracture deflection distance with the perforation length.
2) When the a is a fixed value, the right fracture wing deflection distance is larger than the left one. The difference of the deflection distance between the two under the same perforation length increases with the increase in the value of a. 3) The tangent derivative of the fitting line in Figure 15 gradually decreases. It is indicated that with the increase in the perforation length, its influence on the fracture deflection distance becomes smaller and smaller.
The curve line of hydraulic fracture deflection distance with the perforation length is shown in Figure 16. The hydraulic fracture initiation pressure increases gradually with the perforation length decrease. It is the same as the calculation results of the fracture growth increment method obtained by Dong Zhuo et al. and the numerical method by Chen Zhengrong et al. (Chen et al., 2013; Dong and Tang, 2019; Bai et al., 2020; Lu and He, 2021b). It is shown that the appropriate perforation length under the condition of relatively low injection pressure can obtain the optimal fracturing effect in the engineering practice of hydraulic fracturing.
[image: Figure 16]FIGURE 16 | Change of hydraulic fracture initiation pressure with perforation length.
4 DISCUSSION
For oriented perforation steering fracturing, accurate prediction and control of the fracture propagation trajectory are the key conditions for successful implementation of this technology. Therefore, it is important to determine the fracture propagation path before the diversion fracturing operation, so as to determine the proper operation parameters and improve the post-pressure effect. Currently, the hydraulic fractures’ deflection characterizations can be presented by spatial shape and initiation pressure. However, in this study, it is demonstrated that it is found that the deflection distance and angle are the other two important parameters to measure the fractures’ directional propagation effect. So, it is better and fuller to use these aforementioned four parameters, which can realize the purpose of the quantitative evaluation. However, the trajectory of the hydraulic fracture is also influenced by the fluid injection parameters, formation mechanical parameters, perforation depth, aperture, and density. All the influencing effect should be studied in the following research work.
5 CONCLUSION

(1) The accuracy of numerical calculation results calculated using RFPA2D-Flow software is verified by the experimental and theoretical results. It is demonstrated that this software can be used to predict the change of the hydraulic fractures’ spatial turning trajectory and deflection distance with the principal stress differences, perforation azimuth, and lengths accurately. The results calculated using this software are not only more consistent with the experimental results than the MEM model based on the micro-element method but can also realize the visualization of the spatial steering process of hydraulic fracture.
(2) Hydraulic fractures’ spatial steering trajectory and deflection distance can be two quantitative evaluation indexes to evaluate the directional perforated hydraulic fracture’s spatial steering effect. Through the quantitative comparison of these two indexes obtained using laboratory fracturing test and the MEM model, it is proved that these two indexes are accurate, feasible, and reliable.
(3) The variation of the propagation path of the hydraulic fracture under different horizontal principal stress differences, perforation azimuth, and perforation length are almost identical. First, they initiate from the perforation end. Then they slowly deflect toward the direction of the maximum horizontal principal stress. At last, a curved fracture with double wings is presented. The hydraulic fracture deflection distance and its ascending amplitude increase with the decrease in horizontal principal stress difference. Larger perforation azimuth will lead to more deflection and larger deflection distance, and the deflection amplitude will increase first but then decrease. With the perforation length increase, the fracture deflection distance slowly increases, and the deflection amplitude increases first and then decreases. Initiation pressure of hydraulic fracture increases with the decreases in perforation length and the increase in horizontal principal stress difference and perforation azimuth.
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In terms of theoretical calculation, a two-dimensional coupling model for diverting hydraulic
fracturing s established. The results show that the fracture direction gradually changes toward
the maximum horizontal stress direction. Fracture dynamic reorientation is greatly and
obviously affected by horizontal stress difference

The governing equations of hydraulic fracture activation and steering in three-dimensional
space are deduced. It indicates that along the main fracture propagation direction, fracture
width dramatically narrows after re-orientation when high horizontal differential stres:
subjected. Higher pump rate and higher viscosity of the fracture fluid can generate a wider
fracture because higher residual energy is provided after the re-orientation

s

With the method of fully coupled finite element, the damage model is built on the basis of
Mohr-Coulomb and maximum tensile stress criterions

As a result, the larger the perforation azimuth from the maximum principal stress direction,
the larger the curvature of the hydraulic fracture reorientation

With the characteristic length of the evolutionary fracture, a three-dimensional model of fuzzy
fracture based on the incremental finite element method is proposed. It is indicated by the
results that the new model is better than the standard smeared fracture. The interface obtained
using the new coupling method is more efficient than the traditional model, which is built on
the basis of a continuous but graded mesh

A fully coupled steering fracturing model based on displacement discontinuity is established.
It is shown that both fracture pacing and boundary conditions applied to the previously
created fractures have influenced the path of the fracture. not only the fracture path is affected
by but also by the

‘The incremental fracture growth model by using the maximum axial strain fracture criterion is
established. It is found that with the stress anisotropy coefficient decrease, initial critical water
pressure increases, but the contact area with the formation increases. The perforation angle is
one of the critical factors, which can have great effects on the fracturing

The dynamic expansion model of directional perforation hydraulic fracturing based on a
‘micro-element method (MEM model) is established. It is expressed by the results that by the
contrast of the match degree of the micro-seismic monitoring results, the hydraulic fracture
trajectory obtained using the newly proposed model is larger than that obtained through the
XFE model. The deflection distance decreases negatively logarithmically with increasing
horizontal in situ stress difference while increasing linearly with increasing the perforated
angle, injection rate, and viscosity. The deflection is almost influenced by the perforati
length. The research work is significant to further understand oriented perforation steering
fracturing

A theoretical model of tensile and shear failure induced by water pressure based on the
maximum shear strain and other fracture mechanical criteria is established. The analysis
indicates that while the perforation length increases, the critical water pressure decreases
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Elasticity modulus
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strength
Tensile strength
Permeability coefficient

Porosity

‘Value and unit

8402 GPa
28.34 MPa
259 MPa
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Parameters

Homogeneous degree
Damage mutation coefficient
Poisson’s ratio

Coefficient of pore pressure

Coupling coefficient

Value and unit

023

0.1





