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Abstract: The bonding quality of the cement sheath interface decreases during well completion because of the change in the casing pressure. To explore the root cause of such phenomena, experiments on the mechanical properties and interface bonding strength of a cement sheath have been carried out taking the LS25-1 high-temperature and high-pressure (HTHP) gas field as an example. Moreover, a constitutive model of the cement sheath has been defined and verified both by means of a full-scale HTHP cement sheath sealing integrity evaluation experiment and three-dimensional finite element simulations. The results show that the low initial cementing surface strength is the root cause of cement sheath interface bonding failure. When the pressure in the casing exceeds a certain limit, the stress caused by the change in the internal pressure in the casing is transmitted to the cement sheath, resulting in the degradation of the interface stiffness of the cement sheath. However, with an increase in the casing wall thickness, the stress transmission capacity decreases. Therefore, it is concluded that improving the interfacial cementing strength, appropriately increasing the casing wall thickness and increasing the initial stress of the cement sheath are the keys to ensuring the sealing integrity of the cement sheath in high-temperature and high-pressure gas wells.
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1  Introduction

With the increase in exploration and development of natural gas resources, an increasing number of high-temperature and high-pressure gas wells are found [1–3]. In the completion stage of high-temperature and high-pressure gas wells, many annulus pressure phenomena of high-pressure gas wells caused by the decline of the interlayer sealing quality of the cement sheath have brought severe challenges to the safety production of petroleum and gas wells [4–6]. The sealing failure modes of cement sheath mainly include cement sheath body failure and cement sheath interface cementation failure [7,8]. For the failure of cement sheaths, sealing failure experiments of cement sheaths under cyclic loading in casings by using a small-size evaluation device has been carried out, and tensile failure, radial failure and other failure forms of cement sheaths have been obtained [9,10]. A finite element numerical model considering the elastic-plastic constitutive relationship of the cement sheath was established, and the elastic-plastic failure behavior of the cement sheath was analyzed. The elastic-plastic model is mainly based on the compressive stress-strain curve of cement stone, without considering the tensile failure process of the cement sheath [11–13]. Therefore, the concrete damage plastic (CDP) model for the construction of the constitutive model of cement stone has been introduced. Based on the compressive stress-strain curve and tensile load-displacement curve of the cement sheath, the compression and tensile failure process of the cement sheath under variable casing pressure is analyzed. For the study of the cement sheath interface cementation failure law, a cement sheath interface failure experiment under cyclic loading in the casing by using a large-scale cement sheath sealing integrity evaluation device was carried out. The plastic deformation of the cement sheath caused by cyclic loading is considered the main cause of cement sheath interface sealing failure [14]. By considering the initial stress of the cement sheath, the influence law of the change in well pressure on the sealing failure of the cement sheath was studied. It is considered that the large reduction in well pressure leads to a microannular gap at the cement sheath interface [15]. By considering the temperature effect, the thermal solid coupling model of casing cement sheath formation has been established, and the influence of temperature and pressure variation in the wellbore on the interface cementation coefficient has been studied [16,17]. The elastic-plastic analysis model of the casing cement sheath surrounding rock combination based on the Mohr-Coulomb criterion has been established to judge whether a microannulus is formed based on the interfacial tension and provide the calculation formula of the microannulus [18]. The elastic-plastic analysis model concluded that a bonding force of 0.1 MPa is exerted at the cementing interface, the mechanism of the microannulus was revealed through testing and numerical simulation, and the calculation method of the cementing microannulus was formed [19]. The above research lacks a quantitative description of cement sheath interface cementation, without considering the failure process of the cement sheath interface and the influencing factors of interface cementation failure. How to quantitatively describe the interfacial cementation characteristics of cement sheaths and use an appropriate model to describe the cementation characteristics is the key to analyzing and studying interfacial cementation failure. The cohesive model is used to simulate the first and second cementing interfaces, ignoring the influence of the initial stress of the cement sheath. The influence law of the formation rock stiffness and casing eccentricity on the interface cementing failure has been studied. The cohesive model was used to simulate the first cementing interface, and the annulus channeling law has been studied [20]. In the above studies, the cement sheath interface bonding strength values were used as the cohesive model parameters [21,22]. The cementation strength parameters used in the above references are shown in Table 1.
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Due to the limitations of cement slurry systems, casing properties, curing temperature and test conditions, the cited interface bonding strength data cannot accurately reflect the real interface bonding in cementing engineering. As a result, the simulation results cannot be used to accurately analyze the cement sheath interfacial bonding failure process and influencing factors.

Therefore, based on the self-developed high-temperature and high-pressure cement sheath interface bonding strength test device, the cement sheath interface bonding strength experiment under high-temperature and high-pressure conditions is carried out, the damage plastic model of the cement slurry system and the cohesive model of the cement sheath interface are constructed, and the three-dimensional numerical model of cement sheath interface bonding failure is established. The purpose is to reveal the influencing factors and laws of cement sheath interface cementation failure and to provide theoretical guidance for the integrity evaluation of the high-temperature and high-pressure cementing cement sheath [23–34].

2  Construction of the Cement Sheath and Its Interface Constitutive Model

2.1 Mechanical Test of Cement Stone

The cement slurry system used in the LS25-1 gas field is composed of grade G oil well cement, heat stabilizer C-SI880 M, self-repairing material C-SH1, anti-channeling reinforcing agent C-GS12S, latex C-GS21, dispersant C-F46 L, high-temperature retarder C-R40 L, medium temperature retarder C-R21 L, etc. The cement slurry was prepared according to the GB/T 19139-2012 method for oil well cement [35]. The prepared cement slurry has a density of 2.35 g/cm3. Standard cube specimens of 50.8 × 50.8 × 50.8 mm3 and three-point bending tensile test specimens of different sizes were prepared according to the high-temperature and high-pressure conditions of the cement sheath in the gas field. The specimen was cured at a temperature of 120°C, and a pressure of 20 MPa. The load-displacement curve of different sizes, the compressive yield stress inelastic strain and tensile test, the compressive stress-strain curve of the cement sheath are obtained according to the GB 50010-2010 code for the design of concrete structures.

Compression failure and tensile failure, which can be described by the concrete damage plastic (CDP) model, are two types of cement sheath body failure caused by complex wellbore temperature and pressure changes. The data from each point on the stress-strain curve of the cement sheath under uniaxial compression are substituted into the formula to calculate the damage factor at this point, which can be input into Abaqus. The damage factor is calculated as follows:


σ = (1−dc)Ecε
(1)


dc={1−ρc[αα+(3−2αα)χ+(αα−2)χ2](χ<=1)1−ρcαα(χ−1)2+χ(χ>1)
(2)


χ=εεc
(3)


ρc=fc∗Ecεc
(4)

where αa and αd are parameter values of the rising and falling sections of the stress-strain curve under uniaxial compression of the cement sheath; fc* is the uniaxial compressive strength of the cement sheath, and its value can be taken as fc, fck or fcm for actual structural analysis; εc is the peak compressive strain of the cement sheath corresponding to uniaxial compressive strength fc*; dc is a damage evolution parameter of the cement sheath under uniaxial compression.

To reduce the error of the numerical simulation results, the constitutive parameters of the CDP model are calibrated using the experimental data, and the CDP model parameters consistent with the experimental results are obtained, including the elastic modulus of cement stone, 4.92 GPa; Poisson’s ratio, 0.28; the compressive strength, 23.6 MPa; the compressive yield strength, 19.8 MPa; the tensile strength, 1.65 MPa; the expansion angle, 30°C; the fracture energy, 25 N/mm; and the fracture factor, 0.667.

2.2 Cement Sheath Interface Cohesion Model

2.2.1 Cement Sheath Interface Model

The cemented interface between the cement sheath and casing as well as between the cement sheath and formation is the weak link of cement sheath sealing. How to describe the interface characteristics is the basis for realizing the failure analysis of the cemented interface. The cohesive model has important advantages in the simulation of bimaterial interface fracture or separation, as it can describe the material tensile failure and shear failure of the experiment, measure the cementing strength, and directly input data of Abaqus. The cohesive force model is the largest characteristic of how tensile stress and relative displacement relate to each other. Different cohesive force models corresponding to the different cohesive force-relative displacement functions can accurately simulate the nature of the casing and cement sheath interface. In addition, compared with the cohesive force model, the cementation interface simulated by other methods, such as interaction force, is relatively simple and does not adhere to reality. Therefore, in this paper, the cohesive model is used to simulate the bimaterial interface between the casing cement sheath and cement sheath formation. The constitutive relationship expression of the cohesive model is as follows [8–20]:


{σ}={σnσsσt}=[KnnKnsKntKsnKssKstKtnKtsKtt]{δnδsδt}=K{δ}
(5)

where σ is the stress, δ is the relative displacement, K is the interface stiffness coefficient, n represents the normal direction, and s and t represent the two tangential directions.

For the interface failure analysis of the cement sheath carried out in this study, the secondary nominal stress criterion under the mixed mode in the cohesive model is used to judge the failure. The judgment criteria are as follows:


{σnσn0}2+{σsσs0}2+{σtσt0}2=1
(6)

where σno, σso, and σto represent the hydraulic bonding strength and mechanical bonding strength of the cement sheath interface, respectively.

When Eq. (6) is satisfied, the cement sheath interface begins to suffer damage. The damage law, as illustrated in Fig. 1, describes the degradation and final failure of the cement sheath interface in the normal direction. The OA section is a linear elastic stage in which the cement sheath interface is not damaged. When the cement sheath interface stress σn increases to σno, the cement sheath interface begins to sustain damage, and the AB section is the damage softening stage of the interface, in which the interface stiffness is degraded, but the interface is not completely stripped. When point B is reached, the interface is completely stripped, and a microannular gap appears at the cement sheath interface. Assuming that the critical fracture energies in the two tangential directions are equal when the cement sheath interface is separated, that is, GSC = GTC, the BK fracture energy criterion is as follows:


Gnc+(Gsc−Gnc){GsGT}η=GC
(7)

where GS = GS + GT is the fracture energy in the normal direction, GSC is the fracture energy in the tangential direction, and in the mixed mode, GT = GS + GN, and η is the cohesive performance parameter.
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Figure 1: Traction separation law of linear softening

2.2.2 Experimental Test of the Interfacial Bonding Strength of the Cohesive Model

The judgment criterion of Eq. (6) contains the mechanical bonding strength and hydraulic bonding strength of the cement sheath interface, which are the key parameters for determining whether the interface fails. Therefore, the test results of the interface bonding strength have a decisive impact on the analysis results of cement sheath interface bonding failure. Given that the existing cement sheath interface bonding strength cannot be tested under high-temperature and high-pressure curing conditions, a high-temperature and high-pressure cement sheath interface bonding strength test device have been independently developed [36,37]. To accurately measure the interfacial bonding strength, the following methods are used: preparing cement slurry according to the formula in Section 1, selecting a steel pipe with the same roughness as the real casing to simulate the inner casing, and heating the device to realize curing under high-temperature conditions. After curing, it is not necessary to remove the test specimen and directly test the interfacial bonding strength to prevent the influence of temperature change on the bonding strength. Fig. 2 depicts the construction of the test device.
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Figure 2: Cement sheath interface bonding strength test device

The uniaxial compression method and the gas channeling method were used to assess the mechanical bond strength and hydraulic bond strength of the first interface of the cement sheath under high-temperature and high-pressure curing (210°C, 15 MPa).

The uniaxial compression method for measuring the mechanical bond strength is as follows: (1) Prepare the slurry and maintenance in the device, (2) Perform uniaxial compression experiment in the device, and after the experiment, pressurize it on the pressure pad. When the pressure is higher than the cement sheath first mechanical cementation strength of the interface, the inner casing, and cement sheath are removed.

The gas channeling method for hydraulic cementing strength test and measurement is as follows: (1) Place the magnet cover on the air inlet at the bottom of the device to prevent the slurry into blocks, (2) prepare the slurry and maintain it in the device, (3) after the completion of the increasing pressure in the intake, keep maintenance until the gas channeling in front of the maximum pressure for hydraulic cementing strength. The occurrence of gas channeling is marked by a sudden and rapid decrease in air intake pressure.

The cementation strength of the second interface of the cementing, the interface stiffness of the cement sheath and the critical fracture energy in Eq. (7) can be obtained by adopting the data, and the cohesive model parameters of the interface between the cement sheath casing and cement sheath formation are obtained, as shown in Table 2.
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3  Finite Element Numerical Simulation Process

3.1 Finite Element Numerical Model

3.1.1 Material Properties

Taking the LS25-1 gas field as an example, the casing and formation are set as elastic materials. The casing has an elastic modulus of 210 GPa and a Poisson’s ratio of 0.3, whereas the formation has an elastic modulus of 25 GPa and Poisson’s ratio of 0.32. The cement sheath is described by the CDP model, and the model parameters have been described in Section 1. The two interfaces of the casing cement sheath and cement sheath formation are described by the cohesive model, and the corresponding model parameters are listed in Table 2.

3.1.2 Geometric Model and Grid Model

The geometric model of cement sheath sealing failure contains the casing, cement sheath, formation, casing cement sheath interface, and cement sheath formation interface. According to the well structure characteristics of the LS25-1 gas field, the bit size is 215.9 mm. A P-110 casing with a wall thickness of 12.65 mm and a diameter of 177.8 mm is adopted. Considering the possible casing eccentricity, the set casing eccentricity (e) are 0%, 10%, 20%, 30%, 40%, 50%, and 60%, and the influence of the boundary effect can be eliminated when the formation width is 5-fold greater than the borehole diameter [38,39]. Therefore, the length, width, and height of the formation are set as 2 × 2 × 0.5 m3, and the established geometric model is shown in Fig. 3.
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Figure 3: Geometric model of cement sheath sealing failure

As the cement sheath is the weak link of the casing cement sheath formation combination, the formation and casing adopt the method of distributing seeds by shifting to the cement sheath. The casing, cement sheath and formation adopt the C3D8R unit, whereas the interface between wells I and II adopts the COH3D8 unit. According to the sensitivity analysis of the grid density, when the number of model grid cells is more than 24960, the grid density has little effect on the calculation results. Therefore, to reduce calculation cost, 24960 grid cells are chosen, and the formed grid model is shown in Fig. 4.
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Figure 4: Grid model

3.1.3 Boundary Conditions and Failure Criteria

The initial conditions of the model are set according to the in-situ stress field after cementing, and the initial in-situ stress field is applied on each calculation node of the casing cement sheath formation rock. The boundary conditions are set according to the displacement change of the model in the calculation process. The x-, y- and z-direction displacement constraints are applied to the plane perpendicular to x, y, and z, respectively. According to the well completion process, the calculation is divided into the following two analysis steps. In the in-situ stress balance step, the initial stress of the cement sheath is applied and changed. In the loading step, the change in pressure in the casing during well completion is realized.

The failure forms of the cement sheath include tensile failure, compression failure and cement sheath interface cementation failure. The circumferential compressive failure coefficient DAMAGEC (compression failure occurs when DAMAGEC = 1, and compression damage occurs when 0 < DAMAGEC < 1) and tensile failure coefficient DAMAGET (tensile failure occurs when DAMAGET = 1, and tensile damage occurs when 0 < DAMAGET < 1) are adopted to judge the failure of the cement sheath body. The cement sheath interface cementation failure can be judged by SDEG, which is the cement sheath interface stiffness degradation coefficient (interface cementation failure occurs when SDEG = 1, and interface damage occurs when 0 < SDEG < 1).

3.2 Model Validation

Based on the above cement sheath CDP model parameters and the cohesive parameters of the first and second cementing interfaces, a three-dimensional finite element numerical model of cement sheath sealing failure under experimental conditions is established. According to the actual formation mechanical parameters, a simulated formation with a diameter of 400 mm is prepared with the ratio of cement:yellow sand:water = 1:3:0.4. The elastic modulus of the simulated formation specimen is 19.6 GPa, and Poisson’s ratio is 0.27.

The numerical simulation results are verified by using the developed full-scale high-temperature and high-pressure cement sheath sealing integrity evaluation device (as shown in Fig. 5). The device is composed of the wellbore simulation system, the pressure application and control system, the temperature application and control system as well as the sealing system. The wellbore simulation system consists of a 177.8 mm casing, 220 mm cement sheath and 400 mm formation. The eccentric ring can be used to make test specimens with 20%, 40%, and 60% casing eccentricity. The pressure application and control system can apply pressure in the casing (0–70 MPa), confining pressure (0–70 MPa), annulus trap pressure (0–40 MPa), and gas channeling pressure (0–40 MPa). The temperature application and control system is used to apply the actual formation temperature to the system. The temperature application range is −5°C to 220°C, and the accuracy is ±0.1°C. The sealing system is used to seal the above four pressures and is composed of sealing rings of different sizes and fluororubber sleeves.
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Figure 5: Full-size high-temperature and high-pressure cement sheath sealing integrity evaluation device

The curing temperature of the cement slurry is set at 210°C, and the initial stress of the cement sheath is controlled through the application and release of annulus trap pressure. To better compare the experimental results and numerical simulation results, the initial stress of the cement sheath is not considered in the cement sheath interface failure experiment and numerical modeling based on the experimental conditions. The gas channeling method is used to verify whether the cement slurry interface is invalid. The upper and lower end faces of the cement sheath are set with a pressure difference of 0.1 MPa. With increasing pressure in the casing, when gas emerges from the upper-end face, the cement sheath interface bonding is completely invalid. As shown in Fig. 6, after the cement sheath interface bonding fails, the casing is removed from the inner interface of the cement sheath.
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Figure 6: Peeling of the casing cement sheath interface after complete failure of the cementation interface

The device is characterized by: (1) exact size match with the actual hole; (2) use of a simulated formation cast in concrete as the experimental material, avoiding the disadvantages of equivalent substitution in the use of similar equipment; (3) resistance to high temperature and pressure, and using the device can simulate the complex environment of the underground. Therefore, the result of the measurement is more accurate and practical. Table 3 compares the experimental and numerical simulation findings of three casing eccentricity rates of 20%, 40%, and 60% based on the experimental method.
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The maximum error is 12.5%, and the average error is 10.9%, showing that the CDP model and cohesion model for the constitutive relationship between cement and cement sheathing are correct and appropriate.

4  Discussion of the Failure Factors of Cement Sheath Interface Cementation

4.1 Cause Analysis of Cementing Quality Decline Caused by Well Completion Operation

The LS25-1-xx well was used as an example to explore and analyze the problem of declining quality of interfacial cementing in the completion stage of LS25-1 gas field. The well is a vertical well with a vertical depth of 4426.86 m, a cement return depth of 4096.7 m, a sealing length of 330.16 m, a reservoir temperature of 213°C, and a bottom hole pressure of 99 MPa. Limited by displacement and small annular clearance, the initial cementing quality of the well is poor, and an obvious decline in cementing quality occurs during well completion. The corresponding well completion process is divided into three stages. The pressure in the casing increases by 15–30 MPa in the casing pressure test stage, the well completion fluid density in the negative pressure test stage decreases from 2.27 to 1.8 g/cm3, and the pressure in the casing increases by 48 MPa in the circulating well killing stage.

The main role in preventing mechanical damage to the cement sheath is the mechanical bonding strength of the cement sheath interface, and the main role in inhibiting annulus channeling is the hydraulic bonding strength of the cement sheath interface. Therefore, the mechanical bonding strength of the casing cement sheath interface is set at 0.25, 0.5, 0.75, 1, 1.25, and 1.5 MPa, respectively, and the mechanical bonding strength of the cement sheath formation interface is 50% of that of the casing cement sheath interface. Three analysis steps are set according to the pressure change value in the casing corresponding to the well completion process in this area. Based on the finite element numerical model of cement sheath sealing failure, the pressure change in the casing with the cohesive stiffness degradation coefficient SDEG of the casing cement sheath and cement sheath formation reaching 1 is calculated, as shown in Fig. 7.

[image: images]

Figure 7: Pressure increase in casing due to cement sheath interface failure

As seen from Fig. 7, with the increase in the mechanical bonding strength of the cement sheath interface, the change value of the pressure in the casing with the failure of the cement sheath and cement sheath formation interface increases in a parabola, and the change value of the pressure in the casing required for the failure of the cement sheath formation interface is significantly larger. Therefore, the interface where the cementation quality decreases during well completion is mainly the casing cement sheath interface. The failure law of the casing cement sheath interface is analyzed below.

When the mechanical bond strength of the casing cement sheath reaches 1.5 MPa, the pressure change in the casing with interface failure can reach 114 MPa. Therefore, the increase in mechanical bond strength can effectively prevent stress damage at the cement sheath interface. When the maximum pressure change in the casing in the completion operation of the LS25-1 gas field is within 38–52 MPa, the corresponding mechanical cementing strength is from 0.6–0.8 MPa, which is only 1/3–1/2 of the experimental test results, indicating that the initial cementing quality of the gas field is poor. When the mechanical bond strength is 0.8 MPa, the calculation results of each analysis step are shown in Figs. 8 and 9.
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Figure 8: Damage of the cement sheath body at each stage of well completion
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Figure 9: Cementing failure of the cementing interface at each stage of well completion

Fig. 8 shows the damage of the cement sheath body in each stage of well completion. In the stages of the casing pressure test, negative pressure test and circulating well killing, the compression failure coefficient DAMAGETC and tensile failure coefficient DAMAGET of the cement sheath body are 0, indicating that the above well completion process will not cause damage to the cement sheath body.

Fig. 9 shows the cement sheath interface cementation failure at each stage of well completion. In the casing pressure test and negative pressure test stage, the cement sheath interface stiffness degradation coefficient SDEG is equal to 0, indicating that interface cementation quality does not decline, as shown in the left figure of Fig. 9. In the circulating well killing stage, when the pressure in the casing increases by 48 MPa, a 3.95% degradation of cementation interface stiffness occurs along the direction of minimum horizontal in-situ stress, as shown in the right figure of Fig. 9. Therefore, the change in pressure in the casing during circulating well killing causes a decline in cementation quality at the cementing interface.

In the negative pressure test, the bottom hole pressure was reduced by approximately 20 MPa, and the initial stress of the cement sheath was set to 3 MPa. Fig. 10 shows the numerical simulation results.
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Figure 10: Calculation results of the negative pressure test

Cementing failure will occur at the bottom of the well when a negative pressure test is performed at the current cementing strength. To determine the cementing strength requirement for the cement sheath under current conditions, set the well consolidation strength to 1, 2, 3, 4 and 5 MPa and calculate the critical pressure reduction value when the cementing failure occurs. The calculation results are shown in Fig. 11.
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Figure 11: Corresponding critical pressure reduction values under different cementing strengths

According to the calculation, if the pressure in the casing is lowered by 14–16 MPa with the existing cement strength, cement failure will occur, so it cannot meet the cementing requirements. As a result, the cement slurry system must be optimized to enhance the cement strength to 4–5 MPa.

Overall, the poor initial cementing quality of the LS25-1 well, combined with the inadequate cement bond strength, led to the failure of the cement bond in this well.

4.2 Effect of Casing Wall Thickness on Cement Sheath Interface Cementation Failure

Because of the great differences in mechanical properties between the casing and cement sheath, under the same pressure change in the casing, casings with different wall thicknesses have different effects on the stress distribution of the casing cement sheath formation. On the premise of certain initial cementing quality, to explore the influence of casing wall thickness on cement sheath interface cementation failure, the influence of a pressure change in casing on cement sheath interface cementation failure during well completion of 177.8 mm casing with 9.19, 10.36 and 12.65 mm wall thickness is calculated, and the results are shown in Fig. 12.
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Figure 12: Effect of different casing wall thicknesses on cement sheath interface cementation failure

Fig. 12 shows that when the casing pressure test is between 15–30 MPa, the cement sheath interface bonding stiffness corresponding to casing wall thicknesses of 9.19 and 10.36 mm degrades, while the 12.65 mm casing wall thickness protects the integrity of the cement sheath bonding interface. These results show that the thin-walled casing has difficulty protecting the cement sheath bonding interface. With the increase in casing wall thickness, the stress caused by the pressure change in the casing is difficult to transfer to the cement sheath, and the cement sheath interface stiffness will not deteriorate. When the pressure change in the casing increases to 48 MPa, the stress distribution of the cohesive unit at the cement sheath interface is shown in Fig. 13.
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Figure 13: Stress distribution of cohesive elements at the cement sheath interface corresponding to different casing wall thicknesses

With increasing casing wall thickness, the stress transmitted to the cement sheath interface decreases. Therefore, for gas wells with severe annulus pressure, the wall thickness of the production casing should be appropriately increased.

4.3 Effect of the Initial Stress of the Cement Sheath on the Cementation Failure of the Cement Sheath Interface

The initial stress of the cement sheath refers to the stress existing on the cement sheath after the cement slurry is waiting to set and the cement stone performance is stable, which is mostly expressed as radial effective stress. It is concluded that when the cement slurry returns to the ground, the initial stress at the second interface of the cement sheath is equal to the hydrostatic column pressure before the cement slurry solidifies minus the formation pore pressure [40,41]. Affected by the structure of the annulus slurry column and the sealing length of the cement slurry, the initial stress of the cement sheath is different. Taking the LS25-1 gas field as an example, based on cementing design parameters and pore pressure data, the initial stress of the cement sheath applied to the second interface of cementing is calculated to be 0–5 MPa, as shown in Fig. 14, which shows the distribution of cement sheath stress at initial stresses of 1, 3 and 5 MPa at the second interface σi. The initial stress on the second interface of the cement sheath is slightly greater than that on the first interface. The calculated cement sheath interface cementation failure is shown in Fig. 15.
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Figure 14: Initial effective stress distribution on the cement sheath
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Figure 15: Effect of the initial stress of the cement sheath on the cementation failure of the cement sheath interface

As seen from Fig. 15, with increasing initial stress of the cement sheath, the pressure change in the casing increases when the interface SDEG reaches 1. When the pressure increase in the casing is 52 MPa, the interface SDEG decreases with increasing initial stress of the cement sheath from Fig. 15, indicating that an increase in the initial stress of the cement sheath is helpful to improve the interface integrity of the cement sheath.

This is because the initial stress acting on the cement sheath points to the casing. When the pressure in the casing increases, the generated stress must first offset part of the initial stress. Therefore, with increasing initial stress in the cement sheath, the offset pressure in the casing increases. The initial stress of the cement sheath can be increased by increasing the fluid column pressure of the annulus slurry and increasing the sealing length of the cement slurry.

5  Conclusion

1.    Based on the 3D finite element numerical simulation of cement annular interface cementing failure, the main reasons for the degradation of this interface cementing quality at the completion stage are analyzed. The results show that the initial interfacial cementing strength of the LS25-1 gas field is 0.6–0.8 MPa, which is only 1/2 to 1/3 of the experimental results. Meanwhile, the cementing strength of the current cement slurry system cannot meet the requirements during the density reduction of the casing. The low initial cementing quality and the poor performance of the cement slurry system are the main reasons for the sealing failure.

2.    When the pressure in the casing exceeds a certain limit, the increased stress of the cement interface degrades the interface stiffness of the cement sheath, leading to the failure of the interface seal. With increasing casing wall thickness, the pressure transfer ability of the casing decreases. Therefore, the larger casing wall thickness can offset the damage of the cement interface caused by the casing pressure test.

3.    Improving the initial stress of the cement sheath is of great significance to ensure the sealing integrity of the cement sheath. Measures such as increasing the column pressure of the annular slurry, increasing the length of the cement slurry sealing and optimizing the cement slurry system can be taken to improve the initial stress of the cement sheath to ensure the sealing integrity of the cement sheath. In optimizing the cement slurry system, more attention should be paid to the initial stress and interface bond strength of the cement sheath.
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Table 3: Experimental results and simulation results

Casing eccentricity (%) Pressure change in casing under interface failure (MPa) Error (%)
Simulation results Experimental results

20 —11.5 —10.4 10.5

40 —12.6 —11.2 12.5

60 —14.7 —134 9.7
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Table 1: Parameter list for references [21,22]

Properties of the cohesive mterface between casing and cement

Interface Shear bond Hydraulic bond Cohesive Critical
strength (kPa) strength (kPa) stiffness (kPa) energy (J/m?)

Cement-casing 2000 500 30 E6 100

Cement-formation 420 420 30 E6 100
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Table 2: Cohesive model parameters of the cement sheath casing and cement sheath formation interfaces

Shear strength (MPa) Hydraulic bond strength  Stiffness coefficient Critical fracture energy
(MPa) (GPa) (J/m?)

First Second First Second First Second

interface  interface interface  interface interface  interface 100

1.5 0.8 0.5 0.35 30 30
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