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After the long-term production, due to the influence of low-pressure and low-stress fields in the near-well area, the reversion and propagation of new fractures after temporary plugging is short. It is difficult for the new fracture to extend to the remaining oil enrichment areas on both sides of the primary fractures, resulting in a low increase in the bandwidth of the fracture group after repeated fracturing, which affects the reservoir utilization. In the early stage of repeated fracturing, a large amount of pre-fracturing fluid is injected to supplement the energy of the fractures and rapidly increase the pore pressure in the local range, weakening rock strength and change the pore structure. In addition, the combination of energy replenishment and reservoir stimulation, coupled reconstruction of the seepage field and stress field, promotes the effective propagation of new fractures. However, in the process of increasing formation energy, the propagation law of hydraulic fractures and natural fractures is not clear. In this paper, the model of tight sandstone reservoir in the HQ block of Ordos Basin was established with the finite element software ABAQUS, based on the effective stress principle and the theoretical method of fluid-solid coupling numerical simulation. The propagation of a single hydraulic fracture and the interaction between hydraulic fracture and natural fracture under the condition of energy increase was investigated to better guide the field operation. The results show that for every 1 MPa pressure increase in a single hydraulic fracture, the fracture length increases by 0.62 m and the maximum fracture width decreases by 0.09 mm. When the formation energy increases by 6 MPa, the time for the hydraulic fracture to reach the intersection point with the natural fracture is shortened by 10 %, and the length of the natural fracture is 2.16 times compared with the case of 3 MPa energy increase.
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1 INTRODUCTION
Unconventional tight reservoirs have poor physical properties and strong heterogeneity (Wang et al., 2017; Chai et al., 2023), and water channeling is common in conventional fracturing, the effect of water injection to supplement energy is poor (Wang et al., 2019). Water injection huff and puff technology is an important energy supplement method in the development of tight oil reservoirs (Pu et al., 2023). During the soaking process, the oil in the matrix can be effectively replaced by dialysis, and the oil well production can be improved (Wang et al., 2018; Cui et al., 2023). However, water injection huff and puff have slow dialysis rates and low sweep degrees (Li and Fan, 2021), so it is necessary to find better methods to stimulate tight reservoirs.
The energized re-fracturing technology can increase the complexity of the reservoir fracture network and fully stimulate the reservoir while supplementing the formation energy (Fang et al., 2023). In the design of energized re-fracturing, optimizing the fracture parameters, fluid volume, and fracturing fluid system can effectively improve the production of oil wells (Zang and Chen, 2015). Because of the poor production effect of primary fracturing in tight reservoirs, the optimization of energized re-fracturing can effectively improve the recovery of reservoirs (Ren et al., 2020). The field pilot test of the network-enhanced re-fracturing technology for horizontal wells shows that the development effect of the block has been greatly improved (Fan et al., 2022). Energized re-fracturing can improve oilfield production and has a good effect on oil and gas production. It is necessary to clarify its internal mechanism to guide on-site stimulation operations.
With the increase of oil well development years, the formation energy is depleted, and a certain amount of energy storage medium is injected into the formation, which can increase the formation energy through the dialysis and diffusion in the formation (Wang, 2020; Da et al., 2021). Laboratory experiments and field experiments show that water injection can effectively supplement formation energy, enhance reservoir dialysis and drainage, and increase oil well production (Li, 2015a; Wu et al., 2017; Gao et al., 2018). The energy storage medium can weaken the strength of the formation rock and change the pore structure (Li, 2015b; Nowrouzi et al., 2020). The re-fracturing after energy storage can further increase the fracturing volume and fracture complexity (Huang et al., 2020; Wang et al., 2022). It is of great significance to study the influence of hydraulic fractures after energy storage and the interaction between hydraulic fractures and natural fractures on the stimulation of tight reservoirs. The numerical simulation method shows that the energy increase can increase the pore pressure of the formation, making the rock more likely to be destroyed along the weak surface, which is conducive to crack propagation (Guo et al., 2021). There are few studies on the effect of energy supplements before fracturing on reducing rock strength and the extension of new fractures, and the law of formation energy propagation during the period of shut-in after fracturing.
Due to the complexity of the environment in which the rock is located in the formation, appropriate numerical simulation models need to be used to characterize the fracture propagation. Chen et al. established a fully coupled cohesive finite element model, coupled fluid flow and elastic deformation, and quantitatively studied the interaction between hydraulic fractures and pre-existing natural fractures under various parameters (Chen et al., 2017). Li et al. established a three-dimensional model of stress-seepage-damage coupling in the cohesive zone. The interaction between hydraulic fractures and natural fractures can be simulated and analyzed with finite element method (Li et al., 2020).
Therefore, through theoretical analysis, this paper clarifies the necessity of collaborative solutions of the seepage field and stress field in the process of fracturing fluid-solid coupling. Based on the ABAQUS mechanical numerical simulation platform, a two-dimensional plane strain model is established with XFEM and the Cohesive bonding element to quantify the influence of different formation pressures on a single fracture propagation and the interaction between hydraulic fractures and natural fractures.
2 METHODS AND THEORIES
2.1 Numerical method
According to the principle of effective stress, the compressive stress of overburden is shared by the rock skeleton and fluid in pores. During the fracturing process, high-energy fluid entering the pores of porous media redistributes the pressure in the pores and changes the pressure field. The variation of pressure in the pore changes the effective stress of the rock skeleton, thus changing the stress field of the rock. The variation of effective stress results in changes in reservoir parameters such as porosity and permeability, and affects the seepage field (Peng et al., 2021). Therefore, the fracturing process is accompanied by the coupling of porous flow and stress fields between fluid and rock skeleton (Figure 1).
[image: Figure 1]FIGURE 1 | Fluid-solid interaction.
Porous flow and deformation occur at the same time, and both should be taken into consideration in the study of coupling problems. If the cross-iterative coupling method is adopted to calculate the porous flow field with a given displacement and stress field with given pressure, the error is larger than the actual situation (Tan et al., 2021). To study the influence of energy supplement on hydraulic fracture propagation, the mechanical simulator ABAQUS was used to investigate both displacement and pressure. The equations of stress balance and fluid continuity were solved cooperatively.
2.2 Governing equation
2.2.1 Effective stress principle
Suppose there is a medium composed of solid particles and fully saturated pores of wettable fluid, and the linear momentum balance conservation equation is as follows (Rueda et al., 2020):
[image: image]
where σ is the stress tensor, N/m2, ρ is the density of porous media, kg/m3; g is the gravity vector, m/s2.
The total stress in porous media consists fluid pressure of pores and the ‘effective stress’ of the medium skeleton:
[image: image]
where [image: image] is the effective stress tensor (compression is negative), N/m2; α is the Biot coefficient, dimensionless; P is pore pressure, Pa. Among them:
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where [image: image] is the deformation modulus of the porous medium, Pa; Ks is the deformation modulus of the medium without pore volume, Pa. For incompressible solid particles, [image: image] and [image: image].
2.2.2 Stress balance equation
The stress equilibrium of the material solid phase can be expressed by the virtual work principle (Wang et al., 2015) under the current configuration of the volume under consideration at time t:
[image: image]
where [image: image] is the surface traction vector per unit area, N/m2; ρw is the fluid density, kg/m3; [image: image] is the identity matrix, dimensionless; [image: image] is the virtual strain velocity matrix, s-1; f is the physical force vector per unit volume, N/m3; δv is the virtual velocity matrix, m/s.
2.2.3 Fluid flow equation
The continuity equation of saturated fluid in porous media is (Zhang et al., 2011):
[image: image]
where [image: image] is the volume change rate of the porous medium, dimensionless; X is the space vector m; nw is the porosity, dimensionless; vw is the velocity of flow, m/s.
Instead of porosity, the ratio of pore volume to skeleton volume is used in ABAQUS:
[image: image]
where Vv is the pore volume, m3; Vg is the skeleton volume, m3.
It is assumed that the flow velocity of the fluid is low. According to Darcy’s law, the flow velocity of the fluid in the porous medium is:
[image: image]
where k is the matrix permeability coefficient, m/s.
2.3 Cohesive traction-separation law
In ABAQUS modeling, the Cohesive zone model based on damage mechanics is established by Cohesive elements on possible fracture propagation paths. In this model, the Traction-separation law controls the rock damage and hydraulic fracture propagation process (Gao et al., 2019; Luo et al., 2023). There is a double linear relationship between the traction force and the separation between the two fracture planes at the fracture tip. When the traction force reaches the maximum value, the traction force increases linearly with the increase of the distance between the two fractured surfaces. While as the separation increases, the traction decreases linearly, and when the traction decreases to 0, a new fracture unit will be generated (Figure 2).
[image: Figure 2]FIGURE 2 | Traction-separation law.
2.3.1 Constitutive equation
It is assumed that linear elastic deformation occurs initially after rock damage, and its elastic constitutive equation (Zou et al., 2021) is:
[image: image]
where tn is the normal component of the traction stress vector, N/m2; ts and tt are tangential components of the traction stress vector, N/m2; E is the elastic modulus, GPa; v is Poisson’s ratio, dimensionless; ε is strain, dimensionless.
2.3.2 Fracture initiation criterion
To ensure better convergence and stability in the hydraulic fracturing calculation, the maximum principal stress criterion is adopted to characterize the initial damage of fracture initiation (Haddad and Sepehrnoori, 2016):
[image: image]
where f is the maximum principal stress coefficient, dimensionless; [image: image]、 [image: image] are the maximum principal stress and the maximum allowable principal stress respectively, Pa. When f reaches the critical value 1, the fracture starts in the direction perpendicular to the maximum tensile stress.
2.3.3 Damage evolution criterion
The damage evolution law characterizes the degradation rate of the material stiffness reaching the fracture initiation criterion. The displacement damage evolution criterion is adopted in this paper:
[image: image]
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where D is the damage factor of the material, dimensionless, which includes the combined effect of all mechanisms, the initial value is 0, and D evolves from 0 to 1 after the damage starts and after further loading. [image: image]、 [image: image]、 [image: image] are the stress components predicted by elastic traction separation behavior of current strain without damage, N/m2.
[image: image]
where [image: image] is the effective displacement at the beginning of damage, m; [image: image] is the maximum effective displacement obtained in the loading process, m.
3 MODEL ESTABLISHMENT
Based on the ABAQUS finite element simulation platform, two finite element numerical models of hydraulic fracturing are established based on the Cohesive element. The first model simulates the effect of increasing formation energy on the propagation of a single fracture. The second model simulates the effect of increased formation energy on the interaction pattern between hydraulic fractures and natural fractures at an angle of 45°. A two-dimensional plane strain model is used to simulate the fracture propagation of hydraulic fracturing. The CPE4P quadrilateral pore pressure element was used and the COH2D4P element (bonding element) was embedded to the possible fracture propagation path. The grid division of the above two models is shown in Figure 3. The grid near the hydraulic fracture is finely meshed to ensure the accuracy and convergence of the calculation results.
[image: Figure 3]FIGURE 3 | Finite element model. (A) Single fracture propagation, (B) Hydraulic fractures interact with natural fracture of 45°.
The finite element model was established based on the tight sandstone reservoir parameters of the HQ block in the Ordos Basin. The model size was 60 × 60 m. The basic parameters of the model are shown in Table 1.
TABLE 1 | Basic modeling parameters.
[image: Table 1]4 RESULTS AND DISCUSSIONS
4.1 Influence of pressure increase on propagation of a single hydraulic fracture
The Cohesive unit was used to simulate the propagation of a single hydraulic fracture under the condition of increasing different formation pressures (Figure 4). The formation pressure was increased by 0, 3, 6, and 9 MPa to ensure the same injection rate and injection duration. As can be seen from the cloud map results, with the increase of formation energy, the extension distance of hydraulic fracture propagation becomes longer, but the total injected liquid remains unchanged, so the fracture width decreases to some extent.
[image: Figure 4]FIGURE 4 | Single crack propagation morphology under increasing formation energy conditions. (A) Increased formation energy by 0 MPa, (B) Increased formation energy by 3 MPa, (C) Increased formation energy by 6 MPa, (D) Increased formation energy by 9 MPa.
To more intuitively reflect the different forms of hydraulic fractures, the displacement of the grid element at the fracture position under different energy-increasing conditions is extracted, and the relationship between fracture length and fracture width is demonstrated (Figure 5), along half of the fracture propagation path. After increasing the formation energy, the effective stress on the rock skeleton is substantially reduces, promotes the fracture to continue to extend forward (Zhou et al., 2022), increases the possibility of hydraulic fracture extending to the remaining oil enrichment area, and then improves the reservoir utilization.
[image: Figure 5]FIGURE 5 | Crack propagation patterns under different energy-increasing conditions.
To quantitatively evaluate the influence of energy increase on hydraulic fracture propagation, the relationship between different formation energy and fracture parameters is illustrated (Figure 6). When the formation energy does not increase, the hydraulic fracture length is 26.4 m and the maximum fracture width is 6.732 mm. The formation energy increases by 3, 6, and 9 MPa respectively, the hydraulic fracture length increases to 28, 29.6, and 32 m, with an increase of 6.06%, 5.71%, and 8.11% respectively, and the maximum fracture width decreases to 6.46, 6.23 mm and 5.93mm, with a decrease of 4.04%, 3.56% and 4.82% respectively. For every 1 MPa increase in formation energy, the hydraulic fracture length increases by 0.62 m, and the maximum fracture width decreases by 0.09 mm.
[image: Figure 6]FIGURE 6 | Crack parameters under different energization effects.
From the above results, it can be seen that when other conditions remain unchanged, the fluid is injected before fracturing to quickly supplement the depleted formation energy in the near-wellbore area. The well is then shut down for about 2 h, so that the pressure field and stress field are quickly balanced in the local range, and a local high-pressure field is formed, which is conducive to the extension of new fractures in the subsequent stimulation stage. The longer the diffusion time, the larger the energy supplement range, but the smaller the energy supplement increment. Therefore, the diffusion time should proper, and the pressure should be diffused to the residual oil boundary so that the hydraulic fracture can be effectively extended to the high-pressure unexploited area.
4.2 Effect of energy increase on the interaction between hydraulic fractures and natural fractures
A natural fracture with a dip angle of 45° and a total length of 10 m is preset in the center of the model. The injection point is at the center of the left boundary of the model to simulate the effect of increasing different formation energy on activating natural fractures, which can be directly reflected in the fracture width cloud map (Figure 7). Under the premise of constant injection rate and time, increasing formation energy is conducive to opening natural fractures with the same approximation angle. In addition, the crack width shows a decreasing trend, which is consistent with the understanding obtained in the previous section.
[image: Figure 7]FIGURE 7 | Open natural cracks under different conditions of increasing formation energy. (A) Increased formation energy by 0 MPa, (B) Increased formation energy by 3 MPa, (C) Increased formation energy by 6 MPa, (D) Increased formation energy by 9 MPa.
To quantitatively characterize the effect of energy increase on the activation of natural fractures, the length and time of the opened natural fracture branches were extracted and the relationship chart was demonstrated (Figure 8). Under the condition of initial formation pressure, the length of hydraulic fracture is only 18.48 m at the end of fracturing, and the distance from the interaction position with a natural fracture is 6.52 m. When the formation pressure is increased by 3 MPa, the hydraulic fracture has reached the intersection point when the injection time is 206.4 s, but the upper half of the natural fracture is not fully opened, and the activation part is only 2.06 m. When the formation energy increases by 6 MPa, at 188.8 s, the hydraulic fracture reaches the intersection position, and the upper half of the natural fracture is fully activated after the fracturing, which is 4.46 m. When the formation energy is increased by 9 MPa, the upper half of the natural fracture is also completely opened, which is 5.00 m, but it reaches the intersection point earlier, at 176 s. Due to the opening of natural fractures, the surrounding reservoir rocks are squeezed to form a local high-stress field. Since then, the width of natural fractures has decreased, and hydraulic fractures tend to continue to extend along the original path (Figure 7D). From the above results, it can be seen that by increasing the formation energy, natural fractures are inclined to shear failure, which can become a channel for oil and gas flow, help more oil and gas to be mined, and improve the productivity of oil wells. In this case, the angle between the lower half branch of the natural fracture and the hydraulic fracture is obtuse, and it has not been opened, which is the same conclusion as that studied by Zhou et al. (2020); Bi and Zhou (2015), demonstrating that the effect of increasing the opening of the natural fracture is limited. In repeated fracturing, the net pressure in the fracture should be combined with temporary plugging to open the natural fracture to a greater extent, activate the original formation energy in a larger range to increase production, further improve the complexity of the fracture, and accelerate the oil drainage between the matrix and the fracture.
[image: Figure 8]FIGURE 8 | Crack parameters under different energization effects.
5 CONCLUSION

(1) The injection of high-pressure fluid causes a two-field coupling of seepage and stress in the initial fracture range. Fluid seepage and rock deformation occur at the same time. The coupling problem needs to be considered at the same time. The stress balance equation and fluid continuity equation are solved cooperatively.
(2) After increasing formation pressure, longer hydraulic fractures can be formed under the same injection rate and injection volume, even if the fracture width is reduced. For every 1 MPa increase in formation energy, the hydraulic fracture length increases by 0.62 m, and the maximum fracture width decreases by 0.09 mm. It promotes the effective extension of hydraulic fractures from depleted low-pressure and low-stress areas to high-pressure and high-stress areas, increases the contact area between fractures and matrix, and provides more seepage channels for oil and gas exploitation.
(3) Under the condition of formation energy deficit, it is difficult for hydraulic fractures to open natural fractures. However, when the formation energy is supplied in advance, the intersection time between the hydraulic fracture and the natural fracture is shortened, and the larger natural fracture is opened. The simulation results show that when the formation energy is increased by 6 MPa, the time to reach the intersection point is shortened by 10%, and the energy is increased by 2.16 times.
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Parameter Value

Average porosity (&) 12 (%)

Average permeability (k) 04 mD
Rock elastic modulus (E) 22 GPa

Poisson’s ratio of rock (v) 022 -
Tension strength of rock (T,) 6 MPa
Tensile strength of natural fracture (T)) 3 MPa

Injection rates (q) 2 m*/min

Maximum horizontal principal stress (0 yuax) 34 MPa
Minimum horizontal principal stress (i) 30 MPa
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