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Abstract


Casing deformation is evident during the development of shale oil and gas wells in the Sichuan and Junggar Basins in China. Their casing deformation characteristics, distribution law of deformation points, and main controlling factors were analyzed. According to the analysis results, shear is the main cause of casing deformation of shale oil and gas wells in the Sichuan and Junggar Basins in China and has the characteristics of “a dense heel end and a sparse toe end”. Faults account for 75% of casing deformation points, and fault slip caused by multi-stage fracturing is the primary factor responsible. The calculation model for fault slip that takes into account fracturing fluid invasion was established, and the dynamic variation law of fault slip was clarified: the fracturing fluid intruded into the fault, the relative dislocation of the damaged fault was caused by gravity, and the fault slippage was caused by the increase in fault activation length. This resulted in a linear increase in fault slippage, and the slippage reached its maximum when the fracturing fluid completely penetrated the fault and reached the fault boundary. The slip amount has a positive correlation with the fault length and the in situ stress difference; it increases first and then decreases with the increase in the fault dip angle. The slip amount reaches its maximum when the fault dip angle reaches 45°.
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1. Introduction


The low porosity and low permeability of the shale formation make it difficult to generate commercial value using conventional development methods [1]. Horizontal wells and multi-stage hydraulic fracturing can be used to create an artificial fracture network to obtain commercial oil and gas flow. Therefore, multi-stage fracturing has become a crucial technology for the development of shale gas [2]. However, the casing deformation caused by multi-stage fracturing is significant in the operation process [3,4]. It is necessary to mill the casing or replace smaller bridge plugs to continue fracturing, which greatly reduces the fracturing efficiency and the production of shale gas wells and even scraps the entire wellbore [5]. In Weirong block in Sichuan Province, China, from 2018 to 2022, 128 wells were fractured, and 49 wells showed casing deformation, reaching 38.3% [6]. In the Sichuan Basin, the casing deformation in the Shunan block is more severe: from 2021 to 2022, 93 wells were fractured, 69 were deformed, and the casing deformation percentage reached 74.2% [7]. Casing deformation also occurred during the fracturing process of Jimsar shale oil wells in Xinjiang Oilfield, China; by June 2021, there were 14 casing deformation wells in 100 fractured wells, which accounted for 14% [8]. The above casing deformation phenomenon has gradually become one of the key problems in the safe and efficient development of shale oil and gas.



When Yu et al. [9] used ABAQUS finite element software to establish a numerical model and studied the influencing factors of casing deformation in horizontal shale gas wells, they found that the casing deformation was the result of the combination of formation property change, in situ stress distribution, and high pump pressure. Lian and Lin [10,11] carried out a numerical simulation for the mechanism of casing deformation, the results of which showed that the zero stress area and the tensile stress area are very small. This puts the casing in the “hanging” state, resulting in a large deflection of the casing in the radial direction. King et al. [12] argue that multi-stage fracturing will increase the casing loading. According to the casing deformation encountered in the development of shale gas in China, Wang [13] states that the zipper fracturing process will pose a great challenge to the casing integrity. Jiang et al. [14] believe that when the cement sheath is eccentric and missing, the casing will bear huge, uneven loading, and the failure risk is greatly increased. In terms of the mechanism of multi-stage fracturing-induced fault slippage, Qian et al. [15] explain that shale reservoirs have a high degree of anisotropy and heterogeneity, natural fracture faults are widespread, and the stress field has considerable changes during the fracturing process, leading to the prominent problem of casing deformation. Ge and Ghassemi [16] built analytical models to calculate the induced stress generated and the pore pressure distribution around the hydraulic fracture and to determine the additional pore pressure required for natural fracture reactivation. When Feng et al. [17] evaluated the near-well stress distribution during fracture generation and expansion, they found that the initial defect at the interface of the wellbore assembly can significantly reduce the propagation pressure, allowing the fracture to develop vertically at the bonding surface. Chen et al. [18] suggested that the stress and pressure changes can cause fault slip and induce seismic activity, which may be caused by the direct linkage between the fault and the hydraulic fracturing fluid. Generally, the engineering factors can influence the casing stress but not enough to cause casing deformation [19]; however, the main factors appear to be geological in nature, such as fault slip, lithological interface, and surrounding rock creep [20,21,22]. The researchers comprehensively analyzed the correlation between casing deformation, fault slippage, and lithological interface, and the results of multi-armed caliper logging also indicate that shear deformation is the primary form of casing deformation [23,24,25]. The main cause of casing deformation in the Sichuan Basin is believed to be the large natural fracture zone [26]. Chen et al. (2017) considered that the increase in pore pressure caused by fracturing can lead to natural fracture slippage, which may lead to casing shear deformation [23]. It is generally believed that the multi-stage fracturing causes fault slip, and the slippage process was predicted by Liu Kui using a semi-analytical method [27].



In response to the engineering background of multi-stage fracturing-induced fault slip and shear of casing, this paper establishes a numerical calculation model for multi-stage fracturing-induced fault slippage, analyzes the relative sliding process of rocks above and below the fault after fracturing fluid enters the fault plane, and, based on this, analyzes the factors affecting the fault slippage.




2. Current Situation of Casing Deformation Caused by Multi-Stage Fractionation


2.1. Casing Deformation Characteristics


China’s shale gas industry has experienced prosperity and development since the establishment of the Wei-201 well (Figure 1a), but the safe and efficient production of shale gas wells has been severely impacted by casing deformation during multi-stage fracturing. The statistical results of the casing deformation of shale gas wells in the Sichuan Basin, China, are shown in Figure 1b. China has made progress in shale oil development, but casing deformation has also occurred during multi-stage fracturing of shale oil wells, similar to shale gas development. The statistical results of casing deformation during the development of the Jimsar Shale Oilfield in Xinjiang Oilfield are shown in Figure 1c.



Figure 1a,b shows that the casing deformation in the process of shale oil and gas development in China is relatively severe; for a long time, the proportion was over 10%, and, in extreme cases, it went up to 30% or even 40%. Therefore, clarifying the mechanism and influencing factors of casing deformation is crucial for developing shale oil and gas resources safely and efficiently.



The landing position of the horizontal section (the hole deviation angle is 90°) is defined as point A, and the end of the flat area is defined as point B. The distribution rules for the casing deformation points of shale gas wells in the Sichuan Basin and Jimusaer shale oil wells are counted, respectively, as shown in Figure 2.



Figure 2 shows that the casing deformation is mainly concentrated near point A and the middle of the horizontal section, and the casing deformation points near the toe end are relatively few. The position closer to point A in the multi-stage fracturing process is due to the role of bridge plug sealing. The more internal pressure cycles the casing bears, the more significant the decrease in its shear resistance and the more prone it is to shear deformation.



Multi-arm caliper logging and lead printing are generally used to determine the shape of the casing after deformation, as illustrated in Figure 3a,b, which are the results of casing deformation logging in the Weirong and Jimusar blocks.



It can be seen from Figure 3a,b that the casing deformation in the fracturing process of shale oil and gas wells can be divided into shear and extrusion deformation. The field statistical results indicate that the casing deformation is mainly shear (73%), and that there is a relatively small amount of extrusion deformation (27%). Both shear and extrusion deformations reduce the inner diameter of the casing up to 39 mm, which means the bridge plug cannot pass smoothly under these conditions.



As mentioned above, researchers have conducted thorough research on casing deformation during multi-stage fracturing. With engineering factors such as casing quality, borehole trajectory, cementing quality, fracturing parameters, and others, the parameters have an obvious impact on casing stress. However, these factors will not cause significant casing deformation. The on-site feedback results show that there is a close correlation between casing deformation and geological factors, such as fault slippage and lithological interfaces. As a demonstration, consider the Weiye 43 platform in the Lu203 well area in the Sichuan Basin, China. Figure 4 shows an analysis of the relationship between casing deformation and fault distribution.



It can be seen from Figure 4 that the casing deformation is closely related to the faults. As a case in point, in the H1–H4 platform in the Lu203 well area, the proportion of casing deformation that overlaps with faults accounts for 100%.




2.2. The Mechanism of Fault Slippage in Casing Deformation


Multi-stage fracturing aims to break rock formations by using a fracturing fluid with high pressure, large displacement, and large liquid volume characteristics to form an artificial fracture network. During the formation of the artificial fracture network, the high-pressure fracturing fluid can enter the fault through the micro-annulus, artificial fracture, and shale bedding. From the perspective of rock mechanics, the high-pressure fracturing fluid entering the fault will lead to a decrease in the normal stress in the fault plane (Figure 5). The risk of fault instability will be increased by the high-pressure fracturing fluid from a fault stability perspective; at the same time, after the high-pressure fracturing fluid enters the fault, it can produce a floating and lubricating effect on the rocks on both sides of the fault plane due to its low viscosity. The relative dislocation of the fault plane under gravity is caused by the decrease in the friction coefficient of the stones on both sides of the fault plane.



In shale oil and gas wells, the cement sheath is used to cement the casing and formation together. Once the formation on both sides of the fault plane is displaced, shear stress is produced on the casing and the cement sheath, which is essentially a brittle and low-strength material. Therefore, the casing will bear the shear stress generated by the relative dislocation of the formation. When the shear stress exceeds the shear strength of the casing, the casing material will yield, resulting in shear deformation, and the inner diameter will decrease geometrically.



The intrusion of fracturing fluid into the fault plane is the factor that causes fault slip in multi-stage fracturing, and the fault plane’s effective stress decreases, resulting in fault slippage. Therefore, this study establishes a model that considers the slip amount caused by the dynamic invasion of fracturing fluid into the fault during the multi-stage fracturing process, in accordance with the CZM (cohesive zone method). Furthermore, the dynamic evolution process of the fault slippage was analyzed, and the influence of the fault angle, fault length, and in situ stress difference on the slip amount of the fault was clarified.





3. Calculation Model of Fault Slippage


3.1. Geometric Model


This study establishes a two-dimensional numerical calculation model of fault slip induced by fracturing fluid invasion. The calculation model is mainly composed of two parts, one of which is the stratum and the other of which is the fault. Because the fault’s distribution in the formation has a certain dip angle and the geometric boundary conditions of the model cannot affect the fault slip, the geometric model must take into account the size effect. The formation’s size is 5–10 times larger than the fault’s size, as illustrated in Figure 6.



The calculation model for the fault slip amount is shown in Figure 6. As an example, the fault has a length of 100 m and an angle of 60° in the X-axis direction. The fault is located in the middle of the stratum model and forms a certain angle with the X-axis. Separation of the geometric model is necessary to divide the grid with the fault as the standard. At the same time, to prevent a size impact on the outer boundary of the formation, the outer boundary of the formation is set to be 20 times the size of the fault.




3.2. Geometrical, Mechanical, and Material Parameters


In this study, the fault slip calculation model is established considering fault dip angles of 30°, 45°, 60°, and 75° and fault lengths of 100 m, 200 m, and 300 m. Although the fault length changes, the size of the formation boundary remains constant at 20 times the fault length. Young’s modulus and Poisson’s ratio of the formation are set at 20 GPa and 0.2 in terms of material parameters, respectively. Since the model involves the percolation of fracturing fluid in the fault and the formation, the related parameters need to be set, and the permeability and porosity are 1 e−7 mD and 0.02, respectively.



In this study, the CZM (cohesive zone method) was used to simulate the fault activation. The CZM parameters in this study are shown in Table 1.




3.3. Meshing Method and Boundary Conditions


The model utilizes the grid division method of variable density to gradually thin the grid density from the stratum boundary to the fault position, and the number of grid seeds is reduced from 50 to 2; thus, the purpose of grid division is to save calculation time. When simulating the fracture failure, the model’s convergence is facilitated by the use of uniform-density grid division near the fault, and the grid density is set at 0.3. The fluid–solid coupling unit, CPE4P, is used in the formation because the fracturing fluid will penetrate the formation when it enters the fault. The fault activation is replaced by a CZM unit that has the unit type COH2D3P.



The formation size is much larger than the fault size in the boundary condition setting, so it can be understood that the formation’s boundary will not be affected when the fault is activated. The formation pore pressure remains constant when it is far from the fault; by fixing the formation pore pressure and setting its value equal to the initial formation pore pressure, the formation pore pressure boundary can be limited.




3.4. Loading Conditions and Analysis Step


In the aspect of load setting, the initial ground stress is first applied to the formation, and the vertical ground stress is set in the direction perpendicular to the formation. The magnitude of the vertical ground stress is 70 MPa, and the maximum horizontal in situ stress is set in the horizontal direction. The magnitude of the horizontal maximum in situ stress is 55 MPa, and the initial formation pore pressure is then set to 52 MPa. The process of fault activation means that the fluid enters the fault, and this process is realized using fluid injection; that is, a liquid injection point is set in the middle of the fault, and the fluid is injected into the fault at a constant fluid velocity to simulate the process of fluid intrusion, with the fluid intrusion velocity set at 0.01 m3/s.



The in situ stress balance and fluid–solid coupling analysis steps are used in the step-setting analysis. The in situ stress balance analysis step is primarily utilized to simulate the initial stress state of the formation when the fracturing fluid has not yet entered the fault, and the fluid–solid coupling analysis step is used to simulate the dynamic process of fracturing fluid invading the fault. The analysis step time is set at 300 s, which ensures that the fault invades the entire fault plane and that the fracturing fluid affects the fault slip.





4. Results and Discussion


The model’s correctness is verified by comparing the numerical simulation results with the previous theoretical calculation results based on the above model. Furthermore, the dynamic process of fault slip is examined, and the factors that affect the amount of fault slip are clarified.



4.1. Model Validation


Liu Kui et al. analyzed the specific process of fault slip induced by fracturing fluid entering the fault in the multi-stage fracturing process from an analytical solution perspective [27]. Establishing an analytical model is mainly based on fracture mechanics and the fundamental equation of fault stress equilibrium, and the engineering background behind these calculation methods is identical to that of this paper.



To verify the accuracy of the calculation results in this paper, the relevant parameters of the established calculation model are adjusted, and the formation mechanical parameters and fault geometric parameters are set to correspond with Liu Kui et al. [27]. The comparison results are shown in Figure 7, including the calculation results of the numerical calculation model established in this paper, which are consistent with the analytical calculation results, thus proving the model’s reliability.



The lower part of the fault is defined as a positive displacement along the fault direction in the fault finite element grid, as shown in Figure 8. The upper part of the fault has the opposite displacement and performs the difference operation on the fault units with the same initial state nodes in the fault direction to determine the relative slippage of the rocks on both sides during the fault’s activation. The dip direction of the fault has a negative displacement of the upper rock, which means that the formation rock slides along the dip direction of the fault under gravity during the activation of the fault. The displacement of the lower rock along the dip direction of the fault is positive, and the lower rock of the fault tends to slip upward during the fault’s activation. It can be seen that the slip amount of the fault unit is relatively large near the middle of the fault, and the slip amount at the fault boundary is small, mainly because of the constraint of the surrounding rock on the stratum rock. Comparing the calculation results of this paper with the analysis results, it can be seen that the law for fault slips and the slip amount obtained in this study are similar. The calculation model’s accuracy is proven by the fact that the maximum error is less than 2%.




4.2. Analysis of Results


The dynamic fault slip process caused by fracturing fluid invasion during multi-stage fracturing is further clarified in this section. The dynamic fault slip process is the slip amount of the fault under different fracturing fluid invasion ranges, as shown in Figure 9. The abscissa is the range of failure for the fault CZM unit, and the ordinate is the slip amount of the fault. The specific process of fault slippage in the multi-stage fracturing process can be divided into two stages. In the initial slip stage of the fault, it can be observed that the fault is not completely penetrated when the failure range and slip range of the fault are within 100 m and less than 40 mm, respectively. The fault slip increases slowly until it reaches a stable state when the fracturing fluid enters the fault further.



Figure 9 shows that the fault slippage gradually increases when the fracturing fluid enters the fault. Even though the fracturing fluid penetrates the entire fault, it only increases the fault width and has little impact on fault slippage.




4.3. Analysis of Influence Factors on Fault Slippage


The statistical casing deformation results of shale oil and gas wells in the Sichuan Basin and the Junggar Basin in China show that casing deformation is entirely different when the same fracturing parameters are used in different fracturing sections, even in the same shale oil and gas well. For instance, the J1000X well in the Jimusaer block in China has the same area, cluster, and fracturing parameters for each section. However, casing deformation occurred twice during the fracturing process of this well, and the results were considerably different. The first casing deformation point was located at the 4250 m position, and the multi-arm caliper measurement results showed that the casing deformation was up to 11.2 mm. The second casing deformation point was located at the 4866 m position, but the casing deformation was only 3.8 mm. Fault slippage is the primary cause of casing deformation, and the amount of formation slip directly influences the amount of casing deformation; therefore, analyzing the primary and secondary controlling factors that affect fault slip from the perspective of the fault’s parameters is necessary. The numerical calculation model is used in this study to examine the influence of fault dip, fault length, and in situ stress difference on fault slip.



4.3.1. Fault Dip Angle


To ensure the fault length and in situ stress difference remain unchanged, the fault dip angle is set to change between 30° and 90° in this study. Different fault dip angles are analyzed to examine the dynamic law of fault slip. The results of the calculation are shown in Figure 10.



Figure 10 shows that the slip amount of the fault increases first and then decreases with the increase in the dip angle of the fault; when the dip angle is 45°, the slip amount reaches its maximum. The reason for this is that the rocks on the upper and lower sides of the fault are most likely to have relative dislocation under gravity’s influence at a 45° angle, resulting in the maximum slip amount. When the dip angle of the fault increases further, for instance, at 90°, the vertical state of the rocks on both sides of the fault is present. The rocks on both sides of the fault sink synchronously under gravity after the fault is activated, and there is no slippage difference. When the dip angle is 90°, the slip amount of the fault is the smallest.




4.3.2. Fault Length


The length of the fault is another parameter related to fault slip in the two-dimensional calculation model. The statistical analysis results of the ant body attribute logging on the shale oil and gas well platform indicate that the size of the fault at the location of casing deformation in the Jimusaer and Sichuan Basins in China is generally between 50 m and 500 m. Therefore, it is necessary to quantify the impact of fault length on fault slip. Keeping the parameters of the basic model unchanged, the fault length is set to change between 50 m and 300 m in this study, and the slip amount of the fault is analyzed for different fault lengths. The results of the analysis are shown in Figure 11.



Figure 11 indicates that the fault slip distance and fault length have a linear relationship. The slip amount is approximately 4 cm when the fault length is 50 m, and the fault’s slip can reach 14 cm when the fault size is 300 m. The main reason is that the longer the fault, the smaller the constraint of the rocks above and below the fault on the rocks in the middle of the fault, which causes the fault to slip more easily. The results of this study provide a model to prevent casing deformation and avoid faults as much as possible during drilling. With a focus on faults with significant lengths, the casing will not be sheared even if there is a fault slip.




4.3.3. In Situ Stress Difference


The slip amount of the fault is closely linked to its external stress state, in addition to its parameters. In this study, the stress in the vertical direction is set at 70 MPa, and the maximum horizontal stress varies between 67.5 MPa and 55 MPa. The calculation results for analyzing the slip amount of the fault under different stress differences are shown in Figure 12.



Figure 12 shows that the ground stress difference significantly affects the fault slip, and the fault slip increases as the in situ stress difference increases. The main reason is that when the difference between the vertical stress and the horizontal stress becomes more extensive, the stress state of the fault changes more clearly from a strike–slip fault, and this stress state is more likely to lead to the relative dislocation between the fault planes.






5. Conclusions


	(1)

	
The distribution of faults is linked to the casing deformation of shale oil and gas wells in the Sichuan Basin and the Junggar Basin in China, and the casing deformation is mainly shear deformation, characterized by “a dense heel and sparse toe” in space.




	(2)

	
The numerical calculation model of the high-pressure fracturing fluid entering the fault that causes fault slippage was established, with the results showing that after the fracturing fluid enters the fault, the damaged fault relatively dislocates under the influence of gravity, thus leading to fault slippage.




	(3)

	
The longer the fault length is, the greater the fault slippage, and the relationship between them is linear. The fault slippage increases first and then decreases with the increase in the fault dip, and the slippage reaches its maximum when the fault dip reaches 45°; the fault slippage increases gradually with the rise in the difference between the vertical and horizontal in situ stress.
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Figure 1. (a) Shale oil gas development in China; (b) casing deformation in Sichuan Basin, China (June 2020); (c) casing deformation in Jimusaer, China (June 2022). 
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Figure 2. Distribution of casing deformation points in Sichuan Basin, China. 
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Figure 3. (a) Deformation morphology in Weirong block; (b) analysis results of forty-arm diameter of Jimusar shale oil well. 
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Figure 4. Relation between fault distribution and casing deformation point of H1–H4 platform in Lu203 well area. 
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Figure 5. Fault sliding conditions (where ψ is the angle between the fracture surface and the maximum primary stress; pw is the formation pore pressure; σ1 is the maximum in situ stress; and σ3 is the minimum in situ stress). 
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Figure 6. Calculation model of fault slippage. 
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Figure 7. Analysis of casing deformation results. 
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Figure 8. Dynamic process of fault slippage. 
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Figure 9. Fault slippage at different stages. 
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Figure 10. Fault slip amount under different fault dip conditions. 
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Figure 11. Fault slip under different fault lengths. 
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Figure 12. Fault slip amount under different ground stress difference conditions. 
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Table 1. Mechanical properties of the cohesive interface.
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	Type
	Cohesive Stiffness,

MPa
	Cohesive Strength,

MPa
	Critical Energy,

MPa m1/2
	Section Thickness,

mm
	Leak-Off Coefficient,

m/s/Pa
	Fluid Viscosity,

cp





	Fault interface
	0.42
	0.42
	1.8
	1.325
	5.89 × 10−12
	1.0
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