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Hydraulic fracturing technology is an important means to efficiently exploit unconventional oil and gas reservoirs. As the development of oil and gas fields continues at a high rate, the life cycle of oil and gas wells has been significantly shortened. Fracture sealing is often used to transform oil and gas reservoirs, maintaining long-term economic development benefits. Multiple high-conductivity channels were created between the borehole and the reservoir through temporary sealing of fractures near the contaminated zone. This extended the recovery range and further improved the recovery of oil and gas. A mathematical model was developed to predict the distribution of stress around the artificial fracture prior to the rupture of the seal. Finite element software was used to model the stress distribution around a reservoir containing natural and artificial fractures. We discuss the mechanical conditions for the initiation of a new fracture and the optimal timing for fracture sealing. The prediction of the propagation and propagation trajectories of the new fracture is revealed, and the behavior rules for the initiation and steering propagation of the new fracture are clarified. These results can facilitate theoretical studies and on-site technical optimization of fracture sealing.
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1 INTRODUCTION
Hydraulic fracturing technology is one of the important means to efficiently exploit unconventional oil and gas reservoirs. It plays a crucial role in reducing costs and maximizing production efficiency in the development of unconventional oil and gas reservoirs. With the continuous and high-speed development of oil and gas fields, the life cycle of oil and gas wells has been significantly shortened. Therefore, it is essential to utilize temporary plug fracturing to transform oil and gas reservoirs and maintain long-term economic development benefits. Temporary plug fracturing technology is designed to increase the reconstruction effort of the target layer, reduce the difficulty of fracture construction, and increase the efficiency of unit well section reconstruction. The creation of multiple high-conductivity channels between the wellbore and the reservoir through the temporary plug of the fracture extends the recovery range and further improves oil and gas recovery. This approach not only reduces the cost of fracturing but also ensures production maximization in the efficient development of tight oil and gas [1–6].
Research and field testing on temporary plugging fracturing technology began in the 1950s and 1960s, leading to significant progress in understanding the mechanisms, materials, numerical simulation, design, and construction of temporary plugging fracturing [1–3, 7, 8]. Field experiments have shown that several factors, such as initial artificial fractures, changes in reservoir pore pressure and temperature fields due to long-term production, artificial fractures in adjacent wells, and production/injection activities, can affect the size and direction of the in situ stress field [5, 9–11]. According to the theory of rock and fracture mechanics, artificial fractures are always perpendicular to the direction of minimum horizontal stress. Therefore, performing temporary plug fracturing on a reservoir where stress reorientation has already occurred may result in a new fracture reorientation, which is fracturing and extending in a different direction from the initial fracture.
Refracturing old wells in low permeability oil fields has been established, mainly through intra-fracture diversion fracturing, which has become a leading technology for tapping potential and stabilizing production in many blocks [11–16]. By developing numerical models of the stress field and fracture propagation, we obtain new fracture propagation behaviors and optimal fracture timing based on different geological features and fracture design parameters generated by temporary plug fracturing [17–19]. Compared to theoretical calculations and numerical simulation methods, indoor fracture propagation experiments are more realistic and intuitive. The use of true triaxle fracturing experiments to study fracture propagation behavior reveals geological and engineering factors that affect changes in fracture morphology. Zhang et al. [20] used large-scale true triaxle simulation experiments to believe that perforations change the distribution of ground stress around the well, thereby affecting the initiation and propagation of fracturing fractures. Wu et al. [21] studied the impact of perforating parameters on the initiation and propagation of fracturing fractures under different ground stress differences through true triaxle physical model experiments, thereby optimizing perforating parameters that improve reconstruction efficiency. Yuanqing et al. [22] simulated matrix acidification in a fractured porous medium using the CF model and DBF framework and validated it by comparing it with the simulations of Khoei. In addition, the thermal DBF framework was utilized to investigate the impact of temperature on the acidification of the matrix. Yue et al. [23] used CT scanning technology to describe large physical model experiments to simulate the fracture morphology after primary fracturing and temporary plugging fracturing; analyzed the effects of ground stress difference, natural fractures, and fracturing fluid viscosity on the fracture morphology; and discussed the theory of temporary plugging and fracturing. Liu et al. [24] improved the commonly used model of fracture–hole duality scaling by proposing a pseudo-fracture model in which the cavity consists of a cluster of anomalous matrices with high porosity. They proposed a new method for generating stochastic pore-breaking models. The finite volume method was used to obtain the sensitivity of the solution dynamics to the fracture and hole parameters. The aforementioned studies have gained much understanding in terms of fracture formation mechanisms, fracture simulation, and process techniques, effectively guiding the field testing of temporary plug fracture techniques. However, due to the “complexity” of temporary plugging fracturing technology in creating new fractures and the diversity of factors affecting the initiation and diversion of fractures, the consideration of factors affecting the initiation and diversion of new fractures is not perfect.
The aforementioned studies have given us a better understanding of the experimental procedures and other aspects of TCEF, which have effectively guided the field testing of the technique. However, due to the complexity of creating new fractures and the diversity of factors that influence the initiation and diversion of such fractures in the technique of temporary plug fracturing, a more comprehensive consideration of these factors is required. Therefore, a mathematical model for the distribution of the stress field around the artificial fracture prior to the rupture of the temporary plug was developed. The stress distribution around a reservoir containing both natural and artificial fractures is accurately modeled using finite element software. Therefore, we discuss the mechanical conditions sufficient for the initiation of new fractures and the optimal timing of temporary plug fracturing. The propagation and propagation trajectories of the new fracture are predicted, and the mechanism of initiation and diversion of the new fracture in the temporary stop fracture is revealed.
2 ANALYSIS OF FORMATION STRESS FIELD BEFORE TEMPORARY PLUGGING FRACTURING
2.1 Temporary plugging fracturing mechanism
Temporary plug fracturing is the refracking of wells and formations that have undergone one or more fracturing measures. From a fracture and formation perspective, there are currently one or more mechanisms for temporarily plugging and fracturing a well:
① Reopen the fractures that were originally opened: after fracturing, the water injected into the fracture during the previous fracturing process failed to keep up, resulting in a decrease in the formation pressure, which significantly increased the closing pressure. The fracture was closed, and the fracture failed. During temporary plug fracturing, enhanced water injection into the corresponding formation during fracturing and re-energization will effectively open the fracture that was originally opened.
② Effectively extend the original fracture system, increase the contact surface between the fracture and the oil-bearing layer, expand the oil drainage area, and increase the oil flow channel of the original fracture system: this requires applying a high sand ratio and large sand volume fracturing techniques in the temporary plug fracturing of old wells to operate in the original fracture system and effectively extend the original fracture system.
③ Flush the fracture surface: on the fracture surface that was originally fractured due to being blocked by insoluble substances (residues) of the fracturing fluid or the filter cake formed by the fracturing fluid being too thick or too strong, which affects the seepage of the fracture surface, it should be effectively cleaned, and the blocked substances should be returned to the oil well. Due to the current presence of certain residues in the fracturing fluid used for fracturing, the study of the mechanism and measures for flushing the fracture surface is still at an exploratory stage and requires further in-depth investigation.
④ Refill with proppant: fracking and proppant embedding in hydraulically fractured wells will continue to increase over time, requiring temporary plug fracturing, refilling with high-conductivity proppants, and improved sand addition methods to increase production in temporary plug fracturing wells.
⑤ Press open new fractures: the new fracture generated by temporary plugging fracturing starts and extends in a different direction from the previous artificial fracture, which can open new oil and gas flow channels in the oil and gas reservoir, communicate with the unused oil and gas reservoir of the old fracture in a wider range, and greatly increase production.
According to the theory of elastic mechanics and the rock fracture criterion, the fracture always starts along the direction perpendicular to the minimum horizontal principal stress. Therefore, the distribution of stress fields in temporary plugging fracturing wells determines whether temporary plugging fracturing will expand along old fractures or generate new fractures, as well as the optimal time to generate new fractures, the location and orientation of the initiation of new fractures, the direction and trajectory of the extension of new fractures, and the length of new fractures. Therefore, the distribution of the stress field around the fracture prior to temporary plug fracturing is very important for studying the mechanism of temporary plug fracturing.
A large number of field and indoor experimental studies have shown that the existence of previous artificial fractures in oil and gas wells, changes in pore pressure caused by long-term production activities in oil and gas wells, and changes in temperature fields will lead to changes in the size and direction of the in situ stress field in the reservoir, resulting in stress redirection. After fracturing an oil and gas well, the presence of artificial fractures can alter the magnitude and direction of the ground stress near the borehole, as confirmed by field and laboratory tests. Operations such as production and water injection in oil and gas wells can cause changes in the formation pore pressure, and if such changes are not uniform, then so are changes in the stress field, resulting in a redistribution of stress. The prolonged injection of cold water inevitably leads to a decrease in the temperature inside the reservoir, which also induces a change in the stress field. These induced stresses alter the distribution of the reservoir stress field in wells with hydraulic fracturing fractures and may cause stress reorientation, making it possible for temporary plug fracturing to generate new fractures with different orientations from the initial fracture, achieving the goal of reforming the reservoir and improving oil recovery.
The total stress field in the borehole and in the vicinity of the fracture prior to temporary plug fracturing can be viewed as a superposition of the following four stress fields: 1) the in situ stress field, which is the unperturbed far-field in situ stress field; 2) the stress field induced by the first artificial fracture: the stress field is induced by the variation of the pore pressure; 3) variation of the stress field induced by the temperature field: for a well, it is necessary to calculate the aforementioned three stress fields separately and then add them together to obtain the total stress field; and 4) the stress field induced by the initial artificial break: the direction of fracture resulting from temporary plug fracturing still depends on the stress state, and its geometry is still controlled by the mechanical properties of the strata and the parameters of the construction. Therefore, it is important to investigate the mechanism of temporary plug fracturing by studying the variation of the in situ stress field after the initial fracturing. The magnitude of the initial artificial fracture-induced stress decreases as the distance from the fracture surface increases. The pressure field is induced by the pore pressure change. During the exploitation of oil and gas reservoirs, changes in the pressure of the pore fluid, on the one hand, cause changes in the stress of the rock skeleton, which in turn cause changes in the rock properties. On the other hand, these variations affect the flow and pressure profiles of the pore fluid. As oil and gas production progresses, the distribution of the pore pressure around the fracture becomes very inhomogeneous, which changes the pore pressure gradient around the fracture in the formation, leading to a redistribution of the in situ stress throughout the reservoir. The stress field is induced by the change in the formation temperature. During the exploitation of oil and gas reservoirs, water injection is commonly used to maintain formation energy. The injection of water into the injection well also causes changes in the ground stress, which are mainly reflected in two ways: one is that the injection well enters the reservoir and generates pore elastic stress; conversely, due to the temperature difference between the injected water and the reservoir rock, long-term cold water injection is necessary to lead to a decrease in the temperature in the reservoir, causing rock shrinkage. Thermal elastic tensile stress is generated, which can also lead to changes in the geostress field.
2.2 Mathematical model of stress distribution before temporary plugging fracturing
The total stress field in the borehole and the vicinity of the fracture prior to temporary plug fracturing can be viewed as a superposition of the following four stress fields. First, a small deformation is assumed under the assumption of a planar strain state inside the reservoir. This satisfies the superposition principle and results in an in situ stress field representing the unperturbed long-range force exerted on the region. Second, the stress field induced by the first artificial break is considered. In addition, the pressure field induced by the pressure change at the pore is calculated, and finally, the variation of the stress field induced by the temperature field is noted. The aforementioned four stress fields are calculated individually and then added together to obtain the total stress field.
When studying the induced stress field in temporary plugging fracturing wells, for ease of expression, the coordinate system shown in Figure 1 is used: the fracture length direction of the initial artificial fracture is the x-axis, and the direction perpendicular to the initial fracture through the wellbore is the y-axis. Obviously, the x-axis is parallel to the initial maximum horizontal principal stress [image: image] direction, and the y-axis is parallel to the initial minimum horizontal principal stress [image: image] direction. This determines the relationship between the coordinate system and the initial geostress and fractures. The direction of the stress field before temporary plugging and fracturing in vertically fractured wells is determined jointly by the superimposed stress. For vertically fractured wells, no shear stress is generated in the direction of the initial fracture length and the direction of the vertical fracture length, and the superimposed stress in these two directions represents the maximum and minimum horizontal stress directions. If the current stress in the initial maximum horizontal stress direction is less than the current stress in the initial minimum horizontal principal stress direction, stress redirection occurs.
[image: Figure 1]FIGURE 1 | Stress analysis of fracturing fractures.
If the stress variation values induced by the aforementioned factors are known, it is feasible to calculate the stress distribution in time and space before fracturing of the well plug, which can determine whether new fractures will be generated during the temporary plugging fracturing operation, as well as the direction in which new fractures initiate and extend. In the following, the stress field induced by temperature variations is neglected, and only the stress field induced by hydraulic fracture and formation pore pressure is considered. In addition, the mechanical mechanism by which the temporary plug breaks to produce a new fracture was investigated.
2.3 Primary fracturing-induced stress field
In order to analyze the stresses induced by artificial fractures, it is necessary to first develop mathematical and mechanical models. These models rely on an understanding of the rock medium and the mechanical environment surrounding the fracture. In real reservoirs, the rock surrounding a fracture may undergo plastic deformation under complex stress conditions during fracturing. The presence of heterogeneity and anisotropy in the formation, coupled with natural micro-fractures, voids, and other factors in the reservoir, makes mathematical analysis quite challenging. The following assumptions are made to simplify the analysis of the stress field around artificial fractures: 1) the fractures are vertical; 2) the reservoir is homogeneous and isotropic; 3) the reservoir is in a linear elastic state; and 4) the interaction between the reservoir and proppant is not considered.
A vertical fracture containing a symmetric double wing in an infinite reservoir can be simplified to the physical model shown in Figure 2: a linear fracture in the center of an infinite flat plate (which can be regarded as the limit case of an ellipse with a short half axis), with a length of [image: image], the fracture penetrating the thickness of the plate, and the tension acting on the fracture surface of [image: image].
[image: Figure 2]FIGURE 2 | Physical model.
Clearly, the horizontal hydraulic fracture-induced in situ stress field, the formation pore pressure-induced stress field, and the stress field plate problem induced by the change of the formation temperature in the physical model described previously belong to the plane strain problem. According to the theory of elasticity, the equilibrium differential equation of the plane strain problem (excluding physical force) is as follows:
[image: image]
The geometric equations for planar problems are as follows:
[image: image]
where [image: image] is the displacement in the direction [image: image] and [image: image] is the displacement in the direction [image: image].
The physical equation for plane strain problems is the stress–strain equation:
[image: image]
where [image: image] is Poisson’s ratio and E is the modulus of elasticity.
The boundary conditions of the aforementioned physical model are shown in the Figure 2:
[image: image]
[image: image]
[image: image]
Equations 1–6 are the equilibrium equations, geometric equations, physical equations, and boundary conditions that describe the aforementioned physical model. These six equations constitute a mathematical model that facilitates quantitative analysis of this physical problem.
2.4 Formation of pore pressure-induced stress field
Long-term production and water injection in an oil well can decrease or increase the formation pore pressure, resulting in a change in the in situ stress state. There is some gradient in the pore pressure around the hydraulic fracture. As oil and gas production progresses, the distribution of the pore pressure around the fracture becomes very inhomogeneous, which changes the pore pressure gradient around the fracture in the formation, resulting in a redistribution of the in situ stress throughout the reservoir.
The production process of oil and gas reservoirs is a dynamic coupling process of multiphase fluid (oil, gas, and water) seepage and deformation of porous media in reservoir rock and soil, which is mainly manifested as follows: 1) with the development of oil and gas fields, production and injection will cause changes in pore pressure; 2) changes in pore pressure lead to changes in rock and soil deformation and effective stress field Changes in situ stress and rock deformation will lead to changes in reservoir physical properties, such as porosity, permeability, rock and soil density, and pore compression coefficient, affecting pore fluid seepage and production. As a result, oil, gas, water seepage, and rock and soil deformation are mutually affected and constrained during the exploitation of oil and gas reservoirs, with strong coupling effects between them. Therefore, when studying the changes in geostress caused by changes in pore pressure during the production of oil and gas reservoirs, it is necessary to consider the flow laws of fluids, including liquids (oil or water) and gases (e.g., natural gas) in porous media and their impact on the deformation or strength of the rock mass itself, as well as the interaction between the stress field and the seepage field within the rock mass.
The following assumptions are made: 1) assume that the thickness of the reservoir does not vary with space, that the height of the fracture is equal to the thickness of the reservoir, and that the rock is in a plane strain state; 2) it is assumed that rock deformation during mining can be linear, nonlinear, elastic, and elastic–plastic small deformations, but no fracturing occurs; 3) the seepage flow in a reservoir is planar, two-dimensional, and isothermal, and the fluid is compressible; 4) the flow of each phase in the matrix obeys Darcy’s law relative to the rock particle, and the flow in the fracturing support fracture obeys Forcheimer’s high-speed non-Darcy flow; and 5) consider the effects of gravity and capillary forces.
(1) The equation of motion is as follows:
[image: image]
(2) The continuity equation is as follows:
[image: image]
(3) The partial equation of seepage flow is as follows:
[image: image]
Equation 9 is multiphase and multicomponent fluid–solid coupling in a fracturing fracture system.
3 FINITE ELEMENT MODEL OF STRESS DISTRIBUTION BEFORE TEMPORARY PLUGGING FRACTURING
3.1 Near wellbore in situ stress field
The in situ stress around the borehole is redistributed due to the phenomenon of stress concentration around the borehole. In order to better analyze the stress distribution in boreholes with artificial fractures, the phenomenon of stress concentration around boreholes was first studied. The in situ stress field distribution around the borehole was modeled by a finite element analytical model using Abaqus software.
3.1.1 Basic parameters of the model
The geological parameters used in the numerical model are based on the reservoir parameters of tight oil and gas reservoirs in the Ordos Basin, China, as shown in Table 1 and Table 2.
TABLE 1 | Reservoir physical parameters.
[image: Table 1]TABLE 2 | Initial artificial fracture parameters.
[image: Table 2]3.1.2 Establishment of the finite element model
This is sufficient to establish a small reservoir boundary region due to the main studies on the distribution of in situ stress fields in the vicinity of boreholes and the fact that the induced stress due to boreholes generally vanishes within a few times the extent of the borehole. The boundary of a 100 × 100-cm square oil reservoir is centered on an oil well with a hole diameter of 21.59 cm.
The maximum principal stress loaded in the X direction is 60 MPa, that in the Y direction is 55 MPa, and that in the formation pore pressure is 40 MPa. The purpose is to study the phenomenon of stress diversion near boreholes caused by boreholes without considering the effect of changes in borehole pressure during production. Figure 3 shows the Abaqus finite element analytical model for the near-well bore geostress field. A quadrilateral free mesh is used for mesh partitioning, with the element type being pore fluid/stress element. A total of 9,260 elements and 9,490 nodes are partitioned. Figure 3 shows the scheme for the in situ stress field around the bore. Figure 3 shows that a significant stress concentration is formed around the borehole due to the compression of the largest principal stress in the formation, with the X direction being the direction of the largest principal stress.
[image: Figure 3]FIGURE 3 | Abaqus finite element analysis model of in situ stress field near the wellbore.
3.1.3 Simulation analysis
The condition of the well before temporary plugging and fracturing can be simplified as a straight fracture with a length of 2a penetrating the plate thickness in the center of a plate, which can be regarded as the limit case of an ellipse with a short half-axis tending to 0. According to the theory of elasticity, calculating the induced stress field in the presence of fractures belongs to a plane strain problem. Based on the stress–strain equation and boundary conditions, the integration formula of the Fourier transform, inverse transform, and Bessel function is introduced. The fracture-induced stress is as follows:
[image: image]
[image: image]
where P is the fluid pressure in fractures, MPa, and h is the fracture height, m.
c = h/2, [image: image], [image: image], [image: image], [image: image],
[image: image], [image: image]
This software is used to construct finite element analytical models of in situ stresses in artificial fracture wells. A rectangular stratum boundary with a semi-length of 80 m, a width of 1.0 cm, and a borehole diameter of 10.0 cm was used. The maximum and minimum principal stresses in the horizontal direction of the formation were taken to be 40 and 25 MPa, respectively. The cloud pattern of the artificial fracture-induced stress field is shown in Figure 4, which shows that a distinct induced stress field is formed around the artificial fracture, with the maximum principal stress in this region being much higher than in the other regions. The maximum principal stress is in the x-axis direction, with a significant increase in the in situ stress in the y-axis direction, which is much larger than the maximum principal stress value around the borehole in the absence of fracture. The occurrence of this phenomenon provides a basis for the diversion of new fractures in the temporary plug fracture.
[image: Figure 4]FIGURE 4 | Cloud chart of artificial fracture-induced stress field.
Figure 5 shows the maximum principal stress scheme for near-well formation, with a large maximum principal stress value in the y-axis direction. The maximum principal stress in the borehole is generated in the Y direction of the borehole. Figure 5shows a significant stress shift near the bore, with the stress direction generally following the tangential direction of the bore. In the x-axis direction, the stress deviates most from the direction of the initial maximum principal stress. In the y-axis direction, the stress hardly changes direction.
[image: Figure 5]FIGURE 5 | Vector diagram of maximum principal stress in the near-well zone.
In order to study the effect of in situ stress difference on the size of the stress diversion region near the wellbore, a user-defined field variable Smax-S11 was established, which is the difference between the maximum principal stress and the X direction stress. As the initial maximum principal stress is in the X direction, when the difference between the maximum principal stress in the vicinity of the well and the X direction is zero, the maximum principal stress can be considered to have recovered to the X direction. Figure 6 shows the nephogram of the difference between the maximum principal stress and the stress in the X direction. The difference is large in the X direction of the wellbore, and the stress steering angle is the largest.
[image: Figure 6]FIGURE 6 | Cloud chart of the difference between the maximum principal and the principal stress in the X direction (S.max-S11).
By customizing the field variable Smax-S11 and changing the stress difference, the impact of the stress difference on the size of the stress steering region can be analyzed. Figure 7 shows the relationship curve between the length of the steering area and the stress difference in the x-axis direction. With the increase in the stress difference, the stress turning area shows a significant decrease trend. It can be restored to the original stress field direction within the range of 3–5 times the diameter of the borehole.
[image: Figure 7]FIGURE 7 | Relationship curve between stress steering area length and stress difference in the x-axis direction.
For initial fracturing, the direction of fracture initiation may not necessarily follow the direction of the maximum principal stress in the original formation due to changes in the direction of the in situ stress near the borehole. As the fracture is extended and the direction of the stress field is restored, it gradually transitions to the original maximum principal stress direction. Due to the generally small stress-turning region near the borehole, the process of fracture turning and extending along the direction of the original maximum principal stress will be completed quickly.
3.2 Stress field around artificial fractures
3.2.1 Establishment of the finite element model
A zone of 640 m × 640 m was constructed with a 0.15 m diameter borehole in the center. A symmetric artificial fracture was established in the X direction of the borehole. The fracture has a half-length of 80 m and a width of 1.0 cm. Divide a rectangular area around the fracture for subsequent mesh generation. The maximum principal stress loaded in the X direction is 60, that in the Y direction is 55 MPa, and that in the formation pore pressure is 40 MPa. Because the permeability in the artificial fracture is far greater than the formation permeability, the fluid pressure drop in the artificial fracture is ignored, and the production flow rate of the fluid is loaded on the fracture wall. For the artificial fracture-induced stress field, the impact of pore pressure changes during production will not be considered temporarily.
3.2.2 Simulation analysis
The induced stress field due to a single artificial fracture is shown in Figure 8, without considering the effect of the pore pressure change on the ground stress during the production process. The induced stress field forms around the fracture, and the stress concentration are pronounced at the fracture tip. The induced stress field due to a single artificial fracture is shown in Figure 9. The induced stress field forms around the fracture, and the stress concentration is evident at the fracture tip.
[image: Figure 8]FIGURE 8 | Maximum principal stress field induced by artificial fractures.
[image: Figure 9]FIGURE 9 | Maximum principal stress vector diagram around fractures. (A) the maximum principal stress vector diagram of the whole model. (B) the maximum principal stress vector diagram near the fracture.
Figure 9A shows the maximum principal stress vector diagram of the whole model, and Figure 9B shows the maximum principal stress vector diagram near the fracture displayed in magnification. Perpendicular to the fracture wall, the principal stress direction changes little and essentially remains the same as the original maximum principal stress direction. At the tip of the fracture, the principal stress changes considerably, and the direction of the maximum principal stress is almost perpendicular to the original stress direction. The direction of the maximum principal stress does not change much in the direction of the vertical fracture wall, but the change in the direction of the maximum principal stress outside the fracture tip is very pronounced. The shift in the ground stress prior to temporary plug fracturing is mainly caused by the production of multiple wells in a local area, and the effect of the artificial fracture-induced stress field on the shift toward the new fracture is limited.
3.2.3 Stress field induced by pore pressure change after operation
With the progress of production, the formation pore pressure will change, and there is a certain gradient of pore pressure around hydraulic fractures (its graph is shown in Figure 10). Based on the finite element analysis model of artificial fracture, the formation pore pressure was loaded with 40 MPa, and a certain production rate was assigned to the fracture wall to simulate the effect of pore pressure on the stress field in the production process. Figure 10 compares the program of the maximum principal stress distribution around the borehole before and after production. It shows that after a production period, the maximum principal stress value decreases to a certain extent, and the decrease is the largest in the direction of the maximum principal stress.
[image: Figure 10]FIGURE 10 | Comparison of the maximum principal stress nephogram around wellbore (A) before production and (B) after production.
Considering the effect of a change in the pore pressure due to production on the stress field around the artificial fracture, the pore pressure is applied at the formation boundary, and the production rate is set at the fracture wall. Figure 11 shows that the maximum principal stress around the artificial fracture is distributed along the x-axis before production. After a period of production, the maximum principal stress around the artificial fracture significantly decreases, the direction of the maximum principal stress is not clearly located in the x-axis direction, and there is a tendency for the principal stress to turn. This opens up the possibility of refracturing fracture diversion.
[image: Figure 11]FIGURE 11 | Comparison of maximum principal stress nephograms around artificial fractures (A) before production and (B) after production.
Figure 12A shows the maximum principal stress vector diagram of the whole model, and Figure 12B shows the maximum principal stress vector diagram near the fracture displayed in magnification. As shown in Figure 12B, when the pore pressure of the local layer is sufficiently reduced, the maximum principal stress undergoes a sharp turn, which occurs over a large area, making it possible for temporary plug fracturing to generate new turn fractures.
[image: Figure 12]FIGURE 12 | Vector diagram of the maximum principal stress field around artificial fractures. (A) the maximum principal stress vector diagram of the whole model. (B) the maximum principal stress vector diagram near the fracture.
4 FRACTURE INITIATION AND EXTENSION MECHANISM OF TEMPORARY PLUGGING FRACTURING
Before temporarily plugging a vertically fractured well, the initial artificial fracture can cause induced stress, and the pore pressure decrease caused by the production of oil and gas wells can lead to stress direction changes in and around the wellbore. If a temporary fracture is created perpendicular to the initial fracture at this time, it may be possible to temporarily plug and break the new fractures. However, this effect is valid only within a finite distance from the wellhead. As the new fracture extends during temporary plugging, the stress distribution in the reservoir constantly changes and directly affects the direction of the fracture extension. When the stress steering vanishes due to certain conditions, such as the influence of adjacent wells, the new fracture may continue to extend in the direction parallel to the primary fracture length under heavy pressure. If the stress direction is not reoriented, the new fracture may acquire a longer twist fracture as temporary plugging fracturing extends.
Suppose a vertically fractured well with an initial fracture half-length [image: image] and direction perpendicular to the direction of minimum horizontal principal stress. The direction of the new fracture in temporary plugging fracturing is formed from the direction of the initial fracture length. Along the direction of the new fracture length in temporary plugging fracturing, the distance from the borehole to the isotropic point is defined as [image: image], and the length of the new fracture penetrating the reservoir vertically when the stress isotropic point is exceeded is defined as [image: image].
4.1 Mechanical conditions of temporary plugging fracturing for new fractures
In the vicinity of the initial artificial fracture of a vertically fractured well, tensile stresses are induced by factors such as hydraulic fractures and changes in pore pressure in both parallel and vertical directions along the length of the initial hydraulic fracture. However, they are balanced by the compressive stresses induced at locations far away from the fracture. The induced tensile stress perpendicular to the fracture surface is initially larger than the tensile stress in the direction parallel to the fracture length. If the stress difference induced by factors, such as hydraulic fracture and pore pressure change, is greater than the initial horizontal stress difference, the initial maximum horizontal stress direction becomes the current minimum horizontal stress direction.
According to fracture mechanics in rocks, fractures always start and extend perpendicular to the direction of the minimum horizontal principal stress. If a temporary plug fracture is performed at this time, the new fracture will start and extend perpendicular to the direction of the initial fracture length. Thus, the mechanical conditions for the generation of new fractures in a vertically fractured well by temporary plug fracturing are stress reorientation in the pretemporary plug stress profile at and near the borehole.
If the initial maximum horizontal stress direction at the wellbore changes to the current minimum horizontal stress direction, and the initial minimum horizontal stress direction changes to the current maximum horizontal stress direction, then temporary plugging fracturing will generate a new fracture perpendicular to the length direction of the primary fracture. The mechanical conditions for generating new fractures at the wellbore are as follows:
[image: image]
If stress redirection does not occur at the wellbore but occurs at a point [image: image] in the length direction of the initial fracture, the stress conditions for the fracture to fracture at a point [image: image] in the direction of the initial fracture and generation of a new fracture are as follows:
[image: image]
Shear stress may be induced by a variety of factors affecting stress changes in a temporarily capped fracking well, resulting in an increase in the maximum shear stress. If the maximum shear stress causes a shear fracture of the formation, new fractures in temporary plugging fracturing may start and extend along the shear plane, and the direction of the new fracture may not be perpendicular to the direction of the initial fracture length, but there may be a certain angle with it.
4.2 The best time for temporary plugging fracturing
In order to quantitatively determine the optimal time for a temporary plug fracture to generate a new fracture, it is necessary to consider the length of the fracture before it changes direction and the pore pressure distribution at that time. Tests showed that the longer the interval between temporary plug fracturing, the longer the time before the fracture turned. Although the pore pressure of oil and gas wells continues to decrease after a few years of production, the length of the fracture before turning increases slowly. The best time to break a temporary plug is when the fracture length can reach a very long length or when the pore pressure in the area where the fracture will extend is still high. When the local layer stress profile and other factors governing the pressure profile, such as porosity, permeability, geostress, and reservoir properties, are known, the optimal time to perform temporary plug fracturing can be determined. When the distribution of the pore pressure cannot be accurately determined, the stress distribution can still be used to better estimate the optimal timing of temporary plug fracturing.
Stress reorientation must occur at a point in the borehole or in the direction of the initial fracture length to generate new fractures during temporary plug fracturing. The optimal time for temporary plug fracturing can initially be determined using the time at which stress reorientation occurs at a point in the borehole or in the direction of the initial fracture length. According to Eqs 12, 13 and the stress calculation model, the optimal timing of temporary plugging fracturing can be accurately calculated. The optimal time t to initiate a new fracture at the borehole is as follows:
[image: image]
The best time [image: image] to initiate a new fracture at a point in the initial fracture length direction is as follows:
[image: image]
where [image: image] is the stress change in the direction of the initial maximum horizontal stress and [image: image] is the stress change in the direction of the initial minimum horizontal stress. From Eqs 14, 15, the critical time for stress redirection can be obtained, which is the best possible opportunity for temporary plugging fracturing.
4.3 New fracture extension law of temporary plugging fracturing
During the extension of a new fracture during temporary plugging fracturing, the induced stress gradually changes as it moves away from the wellbore and gradually enters an isotropic point on the regional boundary along the expected direction of fracture extension under heavy pressure (equal horizontal stress point: the maximum horizontal stress equals the minimum horizontal stress). After the temporary plugging fracturing new fracture exceeds the isotropic point (the distance from the wellbore is [image: image]), due to the possibility of restoring the stress state to the initial fracturing state, as the temporary plugging fracturing continues, the fracture gradually reorients (turning to the vertical distance is [image: image]) and ultimately will likely extend in a direction parallel to the initial fracture.
4.3.1 Factors affecting isohorizontal stress points
Numerous studies and numerical calculations have shown that the stress isotropic point is generally located within half of the initial fracture length. The distance between the stress isotropic point and the borehole depends on parameters such as the magnitude of the initial horizontal stress difference, the initial fracture penetration depth, the production speed, the reservoir permeability, and the difference in the elastic modulus between the production layer and the interlayer.
Dimensionless time [image: image] is as follows:
[image: image]
Dimensionless stress deflection tensor [image: image] is expressed as the ratio of stress difference to the production pressure difference:
[image: image]
[image: image]
Dimensionless fracture toughness [image: image] is the ratio of fracture toughness to the product of production pressure difference and the square root of the initial fracture half-length:
[image: image]
The dimensionless fracture height ratio [image: image] is as follows:
[image: image]
The dimensionless shear modulus ratio [image: image] is as follows:
[image: image]
where [image: image] is the diffusion coefficient ([image: image]), [image: image] is the Biot ([image: image] = [image: image], [image: image] is the reservoir fluid bulk modulus ([image: image] = [image: image], [image: image] is the reservoir fluid compressibility, [image: image] is the shear modulus of the pay zone ([image: image] = [image: image]), [image: image] is the shear modulus of the interlayer, [image: image] is the mobility coefficient ([image: image] = [image: image]), [image: image] is the original permeability, [image: image] is the fluid viscosity, [image: image] is the dry bulk modulus, [image: image] is the initial stress difference, [image: image] is the pore elasticity coefficient [image: image]), [image: image] is Poisson’s ratio, [image: image] is fracture toughness, and [image: image] is the production.
4.3.2 Distance between equal horizontal stress points
According to Eq. 16, the distance [image: image] from the initiation point to the isotropic point of a new fracture for temporary plugging fracturing is calculated from the following two equations:
The distance [image: image] from the wellbore to the isotropic point where a new fracture is temporarily blocked and fractured due to fracturing initiation at the wellbore is as follows:
[image: image]
The distance [image: image] from the initiation point [image: image] to the isotropic point in the initial fracture direction where a new fracture is temporarily blocked for fracturing occurs is as follows:
[image: image]
As the time in Eqs 22, 23 has been determined, it is convenient to calculate the vertical penetration distance of a new fracture under heavy pressure, that is, the length [image: image] of the straight-line fracture, based on the stress change in the direction of the initial maximum horizontal stress and the stress change in the direction of the initial minimum horizontal stress.
5 SUMMARY
A mathematical model of the stress field around the artificial fracture prior to the temporary plug fracture was developed, and the stress distribution around the reservoir containing the artificial fracture was simulated using finite element software. The results indicate that the maximum horizontal principal stress in the induced stress field around artificial fractures is much higher than that in other regions, with its x-axis direction, and the horizontal principal stress in the y-axis direction significantly increases, which is greater than the maximum horizontal principal stress value around the wellbore without fractures.
In situ stress simulations before and after the production of artificial fracture wells show that the magnitude of the induced stress in the initial artificial fracture decreases with increasing distance from the fracture surface. The artificial fracture tip exhibits a concentration of stress, while the area in the direction perpendicular to the fracture wall where the stress direction changes is relatively small and insufficient to generate a new kink fracture. When the production time is sufficiently long and the pore pressure around the fracture is significantly reduced, the maximum stress is shifted perpendicular to the fracture wall and the turning area is large. Repeated fracturing can create new artificial fractures. Changes in the pore pressure are the main effect in the occurrence of directional fractures during repeated fracturing.
We calculated the mechanical conditions for the initiation of new fractures and the optimal timing of temporary plug fracturing and predicted the propagation of new fractures. The longer the interval between the temporary plug and the break, the longer the fracture length before turning. The initial maximum horizontal stress direction at the bore changes to the current minimum horizontal stress direction, and the initial minimum horizontal stress direction changes to the current maximum horizontal stress direction. At this point, repeated fracturing generates new fractures perpendicular to the direction of the initial fracture length.
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