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Abstract

:

Casing deformation caused by fault and fracture sliding derived from fracturing has attracted growing attention. Casing deformation frequently occurs during the hydraulic fracturing process in the Sichuan Basin. Although its mechanism has been intensively studied, this issue is becoming increasingly severe and demands immediate solutions, especially in the shale gas blocks of Changning-Weiyuan-Zhaotong. The present study summarizes and analyzes the research progress relevant to casing deformation based on the existing literature. It is shown that the casing deformation rate of the deflection point on the shale gas horizontal well is much higher than that of other places and that shear deformation is the dominant form. The main factors influencing the casing deformation of shale gas horizontal wells include weakened strength of the collapsing casing, geological factors, cement, cement quality sheath, fracturing engineering factor, etc. We propose to reduce casing deformation by optimizing well trajectory, improving casing strength and cementing quality or optimizing fracturing operation. In addition, a hierarchical relationship between the influencing factors is also provided. However, the mechanisms of some forms of casing deformation need to be further studied, and the casing deformation in shale gas exploitation must be solved urgently.
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1. Introduction


The Sichuan Basin is a typical shale gas production base in China. There are many famous shale gas blocks, such as the well-known Jiaoshiba [1,2,3], Changning-Weiyuan [3,4,5], and Fushun-Yongchuan blocks [6]. The permeability and porosity of the shale matrices are very low [7], but their natural fractures and bedding planes make them worth exploiting commercially [8,9]. However, the conventional depressurization production used in sandstone and carbonate reservoirs is no longer suitable for shale gas [8,9]. To achieve commercial exploitation, long horizontal wells combined with massive multistage hydraulic fracturing technology are employed to communicate natural fractures and bedding planes to form a fracture network [10,11,12].



The longer horizontal segment of a well passes through a reservoir with different mechanical properties, which results in a non-uniform stress distribution on the horizontal segment [13]. Furthermore, multistage fracturing operations cause drastic changes in the pressure and temperature of the casing [14,15]. The casing of a horizontal segment is easily deformed and damaged in a complex mechanical environment [16,17]. The casing deformation renders it difficult for bridge plugs to pass the deformation section, which significantly impacts subsequent simulation operations and production efficiency, even leading to the well’s retirement before the fracture operation’s completion [18,19,20].



Casing deformation during fracturing is a common issue in shale gas horizontal wells in the Sichuan Basin, and especially in the Changning-Weiyuan shale gas block. Although shale gas development is a mature technology in China, casing deformation causes delays in its exploration. To explain why its occurrence happens in shale reservoirs, researchers have investigated factors that may lead to casing deformation, including casing strength reduction, geological and fracturing engineering factors, etc. [14,21,22,23,24,25]. Hence, there is a need to research and analyze recent progress and developments in the study of casing deformation in shale reservoirs.



This paper studies the development of casing deformation concerning developments and problems arising from casing deformation in order to provide technical support for shale gas production. The first part of the research focuses on casing deformation characteristics. The third section analyzes the internal relationship between each influencing factor and casing deformation. Both historic and newer methods proposed for studying casing deformation are analyzed. In the third section, the internal relationship between each influencing factor and casing deformation is analyzed. In the fourth section, the countermeasures to casing deformation are summarized. Finally, casing deformation in Lu 203H60-3 well was analyzed, and future development will be prospected.




2. Casing Deformation Characteristics


2.1. Frequent Occurrence


Statistics show that casing deformation is a widespread and prominent problem in Sichuan Basin (Figure 1). By March 2022, 993 horizontal wells were fractured in the Changning-Weiyuan-Zhaotong shale gas block, and the casing deformation occurred in 269 Wells; the deformation rate is 26.93%. The casing deformation ratio of the Changning, Weiyuan, and Zhaotong shale gas wells reached 21.51% (77/358), 48.75% (136/279), and 24.65% (53/215), respectively. The casing deformation ratio was only 18.75% (3/16) in the Yongchuan shale gas block. Only 800 wells had casing deformation in the Fuling shale gas block [18]. These data indicate that casing deformation is more serious and frequent in the Changning and Weiyuan shale gas blocks than at Yongchuan and Fuling.




2.2. Distribution Characteristics of Deformation


According to the statistics on casing deformation positions, the number occurring at target “A” is higher than 47.0% in the Changning-Weiyuan [18,19] and 43.8% in the Weiyuan-Rongxian shale gas areas (Figure 2). In Changning-Weiyuan, 65.0% of deformation points were located near the heel and 29.0% between the heel and toe. Figure 2 shows that others occurred at the toe [20]. The following aspects summarize the distribution characteristics of casing deformation:




	(1)

	
The deformation points increased from the toe to the heel of a horizontal well.




	(2)

	
The number of casing deformation points within 200 m of the target “A” was much higher than others.




	(3)

	
Most of the casing deformations occurred after the operation of several fractured segments or during the drilling of the bridge plug.




	(4)

	
The damage extent of deformation points increased with the fracturing operation time.




	(5)

	
The number of deformation points near natural fractures and faults was much higher than others.










2.3. Deformation Morphology


The statistical results show that shear deformation and collapsing deformation are the primary forms of casing deformation [26,27,28]. Three-dimensional logging imaging of casing in the Changning-Weiyuan area shows that most casing deformations are shear deformations [16,21]. Shear deformation was induced by fracture/fault slip and nonuniform loads on casing during hydraulic fracturing [22,23]. However, a stereotypical test of shale gas wells in the Fuling area indicated that the casing deformation was dominated by collapsing deformation [18]. This may be due to the fact that the geological structure of the Fuling area is more stable, and there is no fracturing-induced fracture/fault slip. In addition to shear and collapsing deformation, there was also a small amount of bending deformation and axial “S”-shaped deformation owing to casing “hanging” during fracturing in Sichuan Basin. These two deformations are mainly due to the well trajectory and casing strength.





3. Casing Deformation Influence Factors


3.1. Casing Collapsing Strength Reduction


The burial depth of shale reservoirs in the Sichuan Basin ranges from 2000 m to 6000 m [6], and the reservoir temperatures range from 50 °C to 130 °C [24]. Furthermore, the casing collapsing strength is reduced by worn, bending, temperature, and perforation. [25]. The casing collapsing strength is reduced by wearing, bending, temperature, and perforation.



3.1.1. Bending Reducing Casing Collapse Strength


The trajectory of a horizontal well cannot remain horizontal in a horizontal segment, and there are many curved sections. Furthermore, the casing in the building angle section is also bending. A dogleg angle will increase the casing bending stress and weaken the casing collapsing strength. It was found in experiments when the dogleg angle was 7°/30 m. The casing collapsing strength decreased from 73.8 MPa to 61.2 MPa for a TP110-grade casing [26]. The curvature also increased the wear of the casing and the eccentricity, which are additional factors that affect the casing deformation. The bending of the casing explains the reason for the high deformation rate of the casing near the “A” target point.




3.1.2. Temperature Reducing Casing Collapse Strength


High temperature or dramatic temperature fluctuations will reduce the casing collapsing strength [20,27]. The casing collapse strength decreases at high temperatures; the reduction law can be described by Equation (1) [28]. When the casing is in a 100 °C environment, its strength decreases by 4.32%. Due to the effect of thermal expansion and cold contraction, a rapid temperature decrease causes axial stress in the casing, thus reducing its collapsing strength [24,29]. For the type-TP110 casing, the casing strength decreases by 14% when the temperature is lowered by 70 °C. For TP140, the strength is reduced by 10% [29]. Sudden reductions in temperature also lead to annulus fluid shrinkage, increasing the casing stress [14]. Therefore, Kaldal, Jonsson [27] think that the influence of temperature on the casing collapsing strength was considered one of the main factors. However, this view has not been proven.


   σ  T e m p   =  [  1 − 0.00054  (  T − 20  )   ]   σ  20   .    



(1)




where    σ  T e m p     is the casing collapsing strength at high temperature, MPa; T is the temperature, °C;    σ  20     is the casing collapsing strength at 20 °C.




3.1.3. Wore Reducing Casing Collapse Strength


During drilling and hydraulic fracturing operations, the drilling strings, coiled tubing, and other tools easily rub against the casing in curved sections, resulting in wearing on the casing [25]. According to field caliper logging data, the casing wear rate is as high as 12.0%. Stress concentration occurs after casing wear, and the wear depth increases with the dogleg [22]. A worn casing is more susceptible to deformation under the coupling of temperature and nonuniform stress [30], especially at target “A” [19]. The bending of the wellbore trajectory causes casing wear, so casing bending and casing wear will coincide. Therefore, the combined effect of bending and wear is an essential factor that induces the deformation of the casing.




3.1.4. Perforation Reducing Casing Collapse Strength


A perforation will destroy the integrity of the casing structure and cause stress concentrations at the perforation holes. At the same time, perforations will cause the casing to crack. A casing with multicluster perforation was placed in complicated stress conditions during fracturing operations [31]. However, Zhao [32] and Xi, Li [19] found that casing deformation did not occur at the perforation position even though casing deformation is the most serious at Changning-Weiyuan.





3.2. Geological Factors


3.2.1. In-Situ Stress


The in-situ stresses in three directions are rarely equal, so the casing is always under nonuniform stress. When the horizontal segment of a shale gas well is under nonuniform in-situ stress, the casing is subjected to shear stress from the in-situ stress [33]. Furthermore, multistage hydraulic fracturing changes the in-situ stress, increasing the heterogeneity of the in-situ stress and thus making it easier for the casing to collapse [31]. Stress shadows will form during multistage hydraulic fracturing as the in-situ stress gradually increases from toe to heel. Therefore, casing collapse failure often occurs quickly under high in-situ stress, especially at target “A” [34]. Table 1 lists the in-situ stresses of typical blocks in the Sichuan Basin. Changning—Weiyuan is an anticlinal—synclinal slope zone and extrusion structure, and the difference in horizontal crustal stress is significant, while Fuling Jiaoshiba is a tension-extrusion anticline structure, and the contrast of horizontal crustal stress is slight. This is one of the reasons why the casing deformation rate of the Changning-Weiyuan block is much higher than that of the Fuling block.




3.2.2. Fracture/Fault Slip and Lithological Interface


Many faults, natural fractures, lithologic interfaces, and beddings in shale reservoirs are basic conditions for commercial exploitation [17]. However, during multistage hydraulic fracturing, the in-situ stress balance near the wellbore is destroyed owing to a large amount of injected fracturing fluid. Then, the faults, natural fractures, lithologic interfaces, and beddings are prone to slipping. This can cause casing shear deformation [20,23]. The non-uniform distribution of natural fractures in space and the heterogeneity of in-situ stress are other factors that lead to slippage [35]. A statistical analysis of the geological conditions of deformation points using seismic and logging data showed that about 61.7% of the total casing deformation points were related to fractures/faults and lithologic interfaces/bedding [18,21]. In a numerical simulation, Guo [36] found that casing deformation dramatically increases with the fracture/fault slip distance. About 52.38% of the casing deformation points were located in the lithologic interface area, according to statistics by Chen, Shi [21] and Xi, Li [18]. The casing deformation locations in different blocks are shown in Figure 3. Statistics show that 80% of casing deformation risks in Luzhou block are located at the natural fractures and bedding interface, and nearly 50% of casing deformation sections in Weiyuan block fractures developed. Therefore, fracture/fault slip and lithological interfaces are significant causes of casing deformation in Changning-Weiyuan-Rongxian-Luzhou shale blocks [19,37].




3.2.3. Microseism


Multistage hydraulic fracturing can induce microseisms [38]. For example, hydraulic fracturing triggered earthquakes in western Canada, and the most significant moment of magnitude was 3.9 [39]. Changning-Weiyuan-Rongxian-Luzhou is located in a geologically active area. However, the geological structures of Fuling and Yongchuan are relatively stable. During massive multistage hydraulic fracturing, microseism is easily triggered, thus increasing the slip distance of fractures/faults. Figure 4 shows the microseism and impacts before and after fracturing in different blocks. Microseism is the inducing factor of fracture/fault slip, and the real cause of casing deformation is still fracture/fault slip. Therefore, deformation in Changning-Weiyuan-Rongxian-Luzhou is more serious than in Fuling and Yongchuan.




3.2.4. Shale Swelling


In the process of producing shale gas by fracturing, the water and ions from fracturing fluid enter the shale, causing the shale to absorb water and expand and changing the stress distribution of the casing [37]. Some studies have shown that the casing stress is 500 MPa when there is no shale expansion, while it increases to 1100 MPa when the shale expansion rate is 0.4% [40]. Figure 5 shows the impact of shale swelling on fractures and casing. Due to hydraulic fracturing, many artificial fractures are formed, and some natural fractures are connected, resulting in a significant increase in the contact area between fracturing fluid and shale. This may be one of the reasons why the number of casing deformations near the natural fracture is much more than in other locations.





3.3. Casing Eccentricity


Casing weight, the collapse of the well wall, and improper positioning of the centralizer resulting in casing eccentricity easily occur in the buildup and horizontal segments in cementing horizontal shale gas wells [42]. Casing eccentricity leads to a heterogeneous distribution of the annulus velocity of the cement slurry during cementing, resulting in rate efficiency at narrow gaps. This easily leads to cement sheath voids and channeling [43]. Figure 6 shows that when the centering degree of the casing is 67%, the outer extrusion stress of the casing is more significant, and the cement sheath is damaged at the thinnest part. An eccentric casing is easily deformed owing to the mechanical-thermal coupling effect [40].




3.4. Cement Quality and Cement Sheath Properties


A horizontal segment is long, and it is not difficult to achieve good cement quality. Poor cement quality is one factor that causes casing deformation in shale gas horizontal wells [44]. Poor cement quality is characterized by the poor quality of cementation, cement sheath voids, and channeling in the annulus [19,33]. Poor cement quality combined with the asymmetry of the fracturing area results in more serious casing deformation. Furthermore, the mechanical properties and thickness of the cement sheath also affect the casing deformation [19,45]. Figure 7, an experiment conducted in our laboratory, shows the effects of casing center degree, cement elastic modulus, cement gas penetration length, and missing cement thickness on casing circumferential stress.



3.4.1. Cement Sheath Voids and Channeling


Channeling and voids frequently occur in shale gas horizontal wells owing to eccentricity and low rate efficiency. The casing is under nonuniform stress, and when the cement sheath contains voids, a phenomenon similar to “annular pressure buildup” appears [14,33]. A cement void amplifies the nonuniform stress on the casing, thus increasing the casing shear stress, which causes casing shear deformation.



The geometry of cement sheath voids also affects the casing stress since it affects the stress distribution on the casing [14,44]. Research results showed that the casing stress increases and decreases with the void angle, reaching its maximum value when the void angle is 45° [40]. The injection of a large amount of cooling fracturing fluid into the casing resulted in a significant reduction in the internal pressure of the cement sheath voids. The loss in pressure can be expressed as follows [14]:


   p  l o s s   =  (    Δ T α    B N     )   



(2)




where BN is the fluid compressibility, m2/N; α is the fluid thermal expansion coefficient, 1/°C; and ΔT is the reduction in temperature, °C.



The casing partly lacks external support when the fluid pressure is deficient in the voids. Under the combined effect of high internal pressure and asymmetrical external supporting force, plastic deformation will occur on a casing as the stress concentration increases. Near the target “A”, cement sheath voids occur easily owing to the curved wellbore trajectory and sudden temperature changes. Therefore, filling the annulus with a cement slurry to ensure cementing quality is one of the necessary conditions for reducing casing deformation.




3.4.2. Properties of Cement Sheath


The mechanical properties of a cement sheath (compressive strength, bonding strength, Young’s modulus, Poisson’s ratio, etc.) affect the stress on the casing. With a decrease in Young’s modulus of a cement sheath, the maximum casing stress decreases sharply [45,46]. For a TP140-grade casing, its safety coefficient improved from 0.98 to 1.2 when Young’s modulus of the cement sheath was reduced from 10 GPa to 5 GPa [20]. Shale is generally hard and brittle and has a high Young’s modulus [47]. Suppose Young’s modulus of a cement sheath is close to that of formation (high Young’s modulus). In that case, the in-situ stress is more easily and efficiently transmitted to the casing, resulting in deformation.



A cement sheath with a low Young’s modulus and high Poisson’s ratio can significantly reduce the radial and tangential stresses of the cement sheath, thereby promoting integrity in the cement sheath [46]. Improving the integrity of a cement sheath can reduce local stress on the casing and fluid channeling in the annulus, thus reducing the volume of bound fluid in the annulus [14]. Moreover, an integrated cement sheath can reduce the casing deformation lowering the temperature and pressure changes of the bound fluid in the annulus.




3.4.3. Cement Sheath Thickness


Increasing the thickness of the cement sheath involves adding more stress-absorbing materials between the formation and casing, thereby reducing the effect of in-situ stress on the casing. The casing stress decreased slightly with an increase in the cement sheath thickness during faults/natural fracture slippage [20]. Increasing the thickness of the cement sheath involves adding more stress-absorbing materials between the formation and casing, thereby reducing the effect of in-situ stress on the casing. However, the thickness of the cement ring has a limited effect on casing deformation compared to other influencing factors [48]. Only considering increasing the thickness of the cement sheath cannot solve the problem of casing deformation.





3.5. Alternating Temperature and Pressure


There are alternating internal pressure and temperature during the multistage fracturing, which affects the casing deformation in two ways. On the one hand, the coupling of alternating temperature and pressure imposes alternating stress on the casing [30]. Under the alternating stress, the cement sheath is easily peeled from the casing to form a micro gap [14]. On the other hand, they will break down the integrity of the cement sheath sealing, thus forming a micro-annulus in the casing-cement formation [49], increasing the amount of annular fluid. If the alternate stress exceeds the yield strength of the casing, the yield strength of the casing decreases with the increase in the number of alternations [18]. The relationship between temperature and safety factor of casing triaxial in the Changning-Weiyuan area is analyzed, and Wei202 well is taken as an example. Under a small temperature range, the casing compressive strength is affected to a certain extent (Figure 8). The effect of the cement-sheath-sealing integrity on the casing deformation is similar to that of a cement sheath void on a local load. The casing at target “A”, with the lowest collapsing strength under the most significant number of cyclic loads, was more prone to deformation. Therefore, the abrupt temperature change during fracturing was considered one of the main factors resulting in casing deformation [50].




3.6. Hydraulic Fracturing Parameters


3.6.1. Injection Rate


One of the characteristics of multistage hydraulic fracturing is that each stage injects thousands of cubic meters of liquid at a pump rate of over 10 m3/min at a high pump pressure [51]. Figure 9 shows the fracturing injection rate of nine deformed casing Wells in Weiyuan, with an average maximum injection rate of 14 m3/min. When there is bound fluid in the annulus, the temperature of the bound fluid within the cement sheath void will continue to decrease as the fracturing fluid is continuously injected. Then, the pressure of the cement-sheath void segments drops sharply [24]. With an increase in the rate, the maximum temperature difference increases continuously from heel to toe [24,29]. The casing stress increases with the injection rate. In addition, a higher injection rate can increase the influence of stress accumulation [37]. Therefore, the deformation risk of the casing increases with the injection rate [31].




3.6.2. Injection Pressure


High injection pressure is needed during multistage hydraulic fracturing to break up shale reservoirs to form fracture networks. Figure 10 and Figure 11 show the fracturing injection pressure of some casing deformation Wells in the Changning-Weiyuan area. The average injection pressure was 76.2 MPa on Chang 201 platform and 81.7 MPa on Wei 204. When the casing is under nonuniform loading, it is challenging to avoid casing deformation when improving its grade. As a cement sheath is integrated, the casing’s internal pressure has a negligible effect on the casing stress. For example, even if the casing internal pressure reaches 110 MPa, the maximum casing stress is only 291.2 MPa [19,31]. However, once the cement sheath void is broken or the casing is under nonuniform loading, the casing stress will rapidly increase with the casing’s internal pressure [19,20]. Calculations showed that when the internal pressure is 95 MPa, the casing stress could reach 1000 MPa (the yield strength of TP140 is 965 MPa) [20].






4. Analysis of Relationship between Influence Factors


Two or more influencing factors are required to deform the casing. Based on the frequency of casing deformation caused by these influencing factors, we have summarized the effect degree of these influencing factors, as shown in Table 2. The fracture/fault slip and microseisms are the strong influence factors and the leading cause of casing deformation. They can cause casing deformation. Casing wear, temperature, non-uniform in-situ stress, cement sheath voids and channeling, alternating temperature and pressure, injection rate, and injection pressure are medium influence factors. Only weaker influence factors cannot make casing deformation. However, if the casing has been affected by other strong or medium influence factors, weaker factors will make the casing deformation more serious.



However, the influence factors of casing deformation are not independent. The relationship between various influence factors is shown in Figure 12 and Figure 13. The wellbore trajectory and gravity cause bending in the casing, leading to casing wear and forming a narrow eccentric annulus. Bending and casing wear lead to the collapsing strength of the casing reduces. Then, poor cement quality is inevitable due to narrow eccentric annulus, resulting in a cement sheath with voids and channels. When the cement sheath has voids and channeling, there is bound fluid in the annulus. A large amount of cool fracturing fluid injected through the casing leads to fluid pressure in the bound fluid, reducing due abrupt reduction in temperature. Therefore, there will be a significant differential pressure between the inside and outside of the casing and local loading; deformation easily happens to the casing. If the casing collapsing strength has been reduced by perforations and high temperature, deformation will likely occur under the above-complicated conditions. Furthermore, a large amount of fracturing fluid entering the formation will unbalance the in-situ stress and increase its heterogeneity. In addition, multistage fracturing induces slips in the faults and natural fractures. It also causes microseisms, which increases the slip distance in unstable formations.




5. Countermeasures


In studying casing deformation mechanisms and countermeasures, the researchers proposed a series of methods to prevent casing deformation, including well trajectory optimization, improving the cement quality, fracturing construction parameters optimization, casing material selection, preventing shale expansion, etc.



5.1. Optimization of Well Trajectory


Although about 61.7% of the total casing deformation points were related to fractures/faults and lithologic interfaces/bedding [18,21], these can be avoided by optimizing the wellbore trajectory design. Before optimization of the wellbore trajectory, the seismic data should be strengthened to determine the location and size of the fault to avoid shear deformation owing to the fault slip [53]. During well location selection and well trajectory design, the trajectory of the horizontal segment should avoid lithological interfaces, natural fractures, and fault development areas such as “ridges” or “valley bottoms” with severe geological structures or drill along the fracture belt [19,20]. In this way, the risk of right-angle shear casings caused by faults can be avoided, reducing casing deformation. Optimizing the wellbore trajectory can also reduce the narrow gap and casing wear caused by bending. Then, the cement quality can be improved to reduce the channeling and cement voids. In addition, the stress concentration of the casing caused by the bending stress can be reduced [45].




5.2. Optimization of Cement Sheath Properties and Cementing Parameters


In high-in-situ stress shale reservoirs, cement properties cause casing deformation [14]. Xi, Li [19] and [45] suggested that a high strength and low Young’s modulus can be adopted for shale gas well cementing. Young’s modulus of the cement sheath can be decreased to the maximum extent while keeping the strength is not or slightly reduced. Thus, the ability of the cement to maintain its sealing integrity can be promoted. The injection of high-viscosity fluid instead of cement was recommended since this provide space for slippage and can change the nonuniform load on the casing into a uniform load [45]. However, this method is difficult to construct, and it is difficult to find this material. The research shows that the young’s modulus of foamed cement can be reduced to less than 2000 MPa [54], so foamed cement can effectively restrain casing deformation [41]. Reasonable placement of centralizers and floating casing cementing technology were adopted to improve the eccentricity of the casing to reduce channeling and voids [44]. Then, the effect of the sealed fluid pressure drop owing to the temperature drop was weakened. Yan, Zou [14] suggested that rotating the casing string during cementing can improve the cement quality and prevent cement voids’ formation. In a word, shale gas horizontal wells require a high-strength and low-modulus cement slurry, and the displacement efficiency must be ensured during cementing to sure cement slurry fill the entire annulus.




5.3. Improvement Casing Strength


Maintaining the steel grade of the casing and improving its thickness, or maintaining the wall thickness of the casing and improving its steel grade, can improve the casing’s collapsing resistance to reduce casing deformation [33]. In addition, it is recommended that the casing be externally thickened while maintaining the same size to reduce the impact of fracturing tools [20]. If there is a stress concentration or fracture/fault slip, reducing the casing deformation can be achieved by increasing the casing grade or wall thickness [20]. However, increasing the flexural strength by simply increasing steel grade and wall thickness cannot radically solve the failure of axial S-shaped casing deformation [31]. Moreover, increasing the casing grade or wall thickness makes it challenging to run casing. Therefore, reducing the deformation during fracturing by optimizing the casing should consider the difficulty, and other preventive measures should be considered.




5.4. Optimization of Hydraulic Fracturing Parameters


Hydraulic fracturing parameters contribute to casing deformation; thus, these parameters must be optimized. Fluid pressure in fault fractures should be controlled and reduced to reduce fault fracture activity [55], avoiding casing shear deformation. A technical scheme using a large-diameter bridge plug without drilling or a full-diameter and infinite-stage solubility ball seat seal can reduce the number of operations, reducing the casing deformation [56]. In sections with poor cement quality, the fracturing pressure should be controlled to avoid the formation of axial fractures of the cement sheath [53]. Dual or multicard packers and long-rubber-barrel packers can be installed to separate fracture zones in wells where natural fractures and beddings develop [21]. Xi, Li [19] proposed warm fracturing fluids to minimize pressure drops inside voids as an innovative strategy. However, this is difficult to achieve.




5.5. Optimization of Shale Inhibitor


Shale expansion affects casing deformation [41] significantly, and shale expansion occurs in every area in contact with fracturing fluid. Therefore, it is necessary to provide a reasonable plan to restrain shale expansion from avoiding casing deformation. High salt content is used to solve the problem of shale swelling, but it can affect the environment and fracturing fluid rheological characteristics [57]. Wang [58] proposed guar gum fracturing fluid to enhance pore connectivity, inhibit shale expansion, and improve flowback efficiency. This method can reduce the risk of casing deformation and improve the efficiency of the fracturing operation. We summarize the corresponding countermeasures for each influencing factor, as shown in Table 3. Figure 14 shows a flowchart of casing deformation countermeasures.





6. Analyze the Cause of Casing Deformation in Lu 203H60-3 Well


By February 2022, casing deformation in Luzhou 203 platform reached 48.1%. The casing deformation depth of well Lu 203H60-3 was determined through multi-arm well diameter and pumping resistance depth, and formation lithology data and construction parameters determined the cause of deformation. The multi-arm well diameter showed casing deformation at 3938.12 m, 3944.99 m, and 4012.77 m, with a maximum of 39.97 mm. While pumping 90 mm plugs to 3939.65 m and 3941.32 m in stage 22, encountered resistance. They were pumping 98 mm plug-in stage 8 encountered resistance at 4746.72 m. Figure 15 shows the well trajectory and casing deformation distribution. The five casing deformation positions measured by pumping resistance and multi-arm well diameter were identified as the same casing deformation point since 4000 m was located at the interface of the two zones, and the dogleg degree reached this point at 8.9°/30 m. A large dogleg degree specifically influences the anti-squeeze strength of the casing. In the process of multistage hydraulic fracturing, the sliding of the bedding interface and the constant change of temperature and pressure will significantly reduce the anti-squeeze strength of the casing, resulting in casing deformation. The second casing deformation location was identified at 4746.72 m. It was located near the interface between the first and second zones, and fractures developed. Acoustic cementing showed good cementing quality, but the casing deformation still occurred since the bedding and fractures during hydraulic fracturing were sliding to damage the cement sheath. The pressure difference between the casing and the casing is 80~90 MPa.




7. Expectation


As mentioned above, many researches have been carried out on the mechanism of casing deformation, but some are not thorough enough. For example, some scholars believe that temperature is the main factor affecting the casing’s compressive strength, but this view has not been proven. Perforation can destroy the integrity of the casing, but the deformation point of the casing is far from the perforation point. Currently, only field data support this idea, and the reason is not known. There are few studies on casing deformation caused by shale swelling and lifting formation, but shale water absorption and swelling occur in every stage of hydraulic fracturing. There are few countermeasures against these factors, most of which are based on numerical simulation and lack of physical experimental verification. On the other hand, the future is a time of both opportunities and challenges. In particular, the industry is moving toward big data. For example, when the influence of multiple factors makes it difficult to determine the primary mechanism of casing deformation, sensitivity analysis can make the ranking method more reliable and enable the recommendation of countermeasures [22,59,60]. Shale welling will raise the formation. Abbaszadeh Shahri [61] and Ghaderi [62] proposed that 3D models can be built to map the soil and predict future events so that they can accurately locate the casing deformation point. As mentioned earlier, hydraulic fracturing contributes to casing deformation. However, fracture extension is a complex process. Jin [59] proposes to monitor cracks based on DAS signals to avoid the uncertainty of traditional monitoring methods, and Huang [60] proposes a series of geological models to predict the fracture network. Abbaszadeh Shahri [63] proposes a state-of-the-art method (ARDCW) to integrate multiple models for visual estimation and exhibit superior capabilities. Then applying this technique to the petroleum engineering industry may have positive aspects. In short, the opportunities are enormous, and using artificial intelligence and big data analytics could lead to a dramatic shift in the oil and gas industry.




8. Conclusions


This work analyzed the associated developments in casing deformation. The author researched casing deformation characteristics, critical issues affecting casing deformation, and the relationships between various influence factors. In addition, effective countermeasures to casing deformation were highlighted. Based on our research, the following conclusions can be drawn:




	(1)

	
Casing deformation frequently occurs in shale gas development in the Sichuan Basin. The probability of casing deformation is the largest at target “A”, and shear deformation is dominant, especially in the Changning-Weiyuan-Luzhou, since the area’s geological structure is poor owing to natural fracture/fault and lithological interface development, and they are easily induced to slip. Furthermore, the natural fracture/fault and lithological interface are the main factors leading to casing deformation. Analysis shows that the casing deformation of the Lu 203H60-3 well is mainly caused by the bedding interface and fracture sliding.




	(2)

	
Although significant progress has been made in research on the mechanism of casing deformation in shale gas horizontal wells during hydraulic fracturing, at present, casing deformation cannot be sufficiently resolved, implying that the present understanding of its mechanism has not yet reached a significant level of maturity.




	(3)

	
Considering the effects of stress concentration and running casing, reducing casing deformation by increasing the wall thickness and grade of the casing is not optimal. By contrast, well trajectory optimization, cementing optimization, hydraulic fracturing parameter optimization, and shale inhibitor optimization are more desirable and operational.




	(4)

	
It is challenging to prevent casing deformation only by one preventive measure, so combining multiple measures is necessary to compensate for each other’s shortcomings.




	(5)

	
Experiments on physical models can be used to verify the addition of nonuniform stress by cement voids on casings. At present, the results of research into casing deformation are based on numerical simulations and lack experimental research. If numerical simulations are combined with experimental research, more accurate research results should be obtained. The development of big data and artificial intelligence will provide new directions for casing deformation prevention.
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Figure 1. Statistics on casing deformation in some shale gas fields of Sichuan Basin. 
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Figure 2. Distribution of casing deformation points of shale gas horizontal well in Sichuan Basin. 






Figure 2. Distribution of casing deformation points of shale gas horizontal well in Sichuan Basin.



[image: Processes 10 01711 g002]







[image: Processes 10 01711 g003 550] 





Figure 3. Location of casing deformation in different blocks. 
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Figure 4. Microseismic events and their effects before and after fracturing in different blocks. 
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Figure 5. Effects of shale swelling on fractures and casing (numerical simulation from Li [41]). 
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Figure 6. Casing mises stress distribution when 67% casing is centered. 
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Figure 7. Relationship between casing circumferential stress and quality, performance of cement sheath. 
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Figure 8. Relationship between temperature and casing strength. 
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Figure 9. Fracturing injection rates of nine casing deformation wells in the Weiyuan area. 
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Figure 10. Fracturing injection pressure of 15 deformed casing wells in the Changning 201 platform. 
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Figure 11. Fracturing injection pressure of 15 deformed casing wells in the Weiyuan 204 platform. 
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Figure 12. The relationship between the influencing factors. 
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Figure 13. Schematic diagram of the relationship between various influencing factors. Some pictures in this figure from Yu [52], Xi, Li [19], Lian, Yu [31], and Liu, Gao [48]. 
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Figure 14. Countermeasures before and after casing deformation. 
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Figure 15. Comparison of casing deformation position, horizon and dogleg degree of well Lu 203H60-3. 
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Table 1. Comparison of in-situ stress in typical blocks of Sichuan Basin.
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	Well No.
	Maximum Horizontal Principal Stress (MPa)
	Minimum Horizontal Principal Stress (MPa)
	Horizontal Stress Difference (MPa)
	Coefficient of Horizontal Stress Difference





	Wei 202
	70.0
	54.0
	16.0
	0.296



	Wei 204
	88.3
	69.6
	18.7
	0.269



	Ning 201
	57.0
	44.6
	12.4
	0.278



	Jiao 1
	54.0
	49.0
	5.0
	0.102










[image: Table] 





Table 2. Effect degree of influence factors.
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Influence Factors

	
Effect Degree of Influence Factors




	
Strong

	
Medium

	
Weaker






	
Casing collapsing strength reduction

	
Casing bending

	

	
√

	




	
Temperature

	

	
√

	




	
Casing wear

	

	
√

	




	
Perforation

	

	

	
√




	
Geological factors

	
Non-uniform in-situ stress

	

	
√

	




	
Fracture/fault slip and lithological interface

	
√

	

	




	
Microseism

	
√

	

	




	
Shale swelling

	
√

	

	




	
Cement quality and cement sheath properties

	
Casing eccentricity

	

	
√

	




	
Cement sheath voids and channeling

	

	
√

	




	
Properties of cement sheath

	

	

	
√




	
Cement sheath thickness

	

	

	
√




	
Fracturing engineering factors

	
Alternating temperature and pressure

	

	
√

	




	
Injection rate

	

	
√

	




	
Injection pressure

	

	
√
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Table 3. The countermeasures for influence factors.
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Influence Factors

	
Countermeasures






	
Casing collapsing strength reduction

	
Casing bending

	
Well trajectory optimization




	
Temperature

	
Optimization casing strength




	
Casing wear

	
Casing strength and well trajectory optimization




	
Perforation

	
Perforation parameters optimization




	
Geological factors

	
Non-uniform in-situ stress

	
Casing strength optimization




	
Fracture/fault slip and lithological interface

	
Well trajectory optimization




	
Microseism

	
Hydraulic fracturing parameters and well trajectory optimization




	
Shale swelling

	
Shale inhibitor optimization




	
Cement quality and cement sheath properties

	
Casing eccentricity

	
Well trajectory optimization




	
Cement sheath voids and channeling

	
Cementing parameters optimization




	
Properties of cement sheath

	
Cement sheath properties optimization




	
Cement sheath thickness




	
Fracturing engineering factors

	
Alternating temperature and pressure

	
Hydraulic fracturing parameters optimization




	
Injection rate




	
Injection pressure
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