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Abstract: Perforation and fracturing are typically associated with the development of coalbed methane wells. As the cement sheath is prone to failure during this process, in this work, the effects of the casing pressure, elastic modulus of the cement, elastic modulus of the formation, and casing eccentricity on the resulting stresses are analyzed in the frame of a finite element method. Subsequently, sensitivity response curves of the cement sheath stress are plotted by normalizing all factors. The results show that the maximum circumferential stress and Mises stress of the cement sheath increase with the casing internal pressure, elastic modulus of the cement and casing eccentricity. As the elastic modulus of the formation increases, the maximum circumferential stress of the cement sheath decreases, and its maximum Mises stress increases slightly. The cement sheath undergoes tensile failure during coalbed methane fracturing. The stress sensitivity of the cement sheath to the influential parameters is in the following order: casing internal pressure > elastic modulus of cement sheath > casing eccentricity > elastic modulus of formation.
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Nomenclature



	
α 

	casing eccentricity rate



	Δl
	casing eccentricity distance, mm



	rb
	borehole radius, mm



	rc
	outer radius of casing, mm



	Abbreviations




	CCFC
	casing-cement sheath-formation combination



	CIP
	casing internal pressure



	CS
	circumferential stress



	MS
	Mises stress



	EM
	elastic modulus




1  Introduction

Coal fields are characterized by a high gas content, high in-situ stress, low permeability, and low reservoir pressure. Therefore, hydraulic fracturing is typically used to extract coalbed methane [1]. Coalbed methane wells are primarily developed in a layered fracture-layer drainage mode. Layered perforation and fracturing are performed on the main coalbed during reservoir reconstruction. The casing internal pressure (CIP) fluctuates significantly during the fracturing process, which is likely to jeopardize the integrity of the wellbore cement sheath. Integrity failure affects the fracturing and annulus sealing effects, posing a significant threat to the environment, health, and economy [2].

The researchers [3–5] proved through laboratory experiments that the integrity of the cement sheath will fail under varying CIP. Gray et al. [6] used a staged finite element approach to study the near-wellbore zone stress changes during all stages of life of well, analyzing the possibility of cement sheath integrity failure. Zhang [1] analyzed the failure of cement sheath integrity during the hydraulic fracturing of coalbed methane through indoor experiments and finite element simulations. The results showed that during the hydraulic fracturing of coalbed methane, the cement sheath was prone to tensile and shear failure near the perforations; however, beyond a distance of one hole, the possibility of cement sheath integrity failure reduced significantly. Tian et al. [7] reported that during the volumetric fracturing of shale gas horizontal wells, the shrinkage effect of the annulus high-pressure bound fluid caused by a significant decrease in temperature and the coupling of other factors contributed primarily to casing damage. Liu et al. [8,9] used an analytical solution of the casing-cement sheath-formation combination (CCFC) stress distribution and found that a smaller casing inner diameter and elastic modulus (EM) of the cement sheath resulted in a safer cement sheath. Radial local loads were more likely to cause casing failures than parallel loads, and the inner surface of the cement sheath of the intermediate casing was more prone to tensile failure. Dai [10] analyzed the effect of the casing eccentricity on cement sheath integrity failure and indicated that the cement sheath was susceptible to tensile fracture at a weak point. It was found that the greater the eccentricity, the smaller was the critical pressure at which the cement sheath began to undergo plasticity and complete plasticity. Li et al. [11] investigated interfacial crack propagation in a cement sheath under shale gas volume fracturing conditions; they found that increasing the EM of the cement sheath and appropriately reducing the wellhead pressure and fracturing time reduced the interfacial crack propagation length. Zeng et al. [12] and Xi et al. [13] evaluated the integrity of the cement sheath during volume fracturing under the coupled effect of temperature and pressure. They reported that a reasonable control of the injection temperature and fracturing displacement, reducing the EM of the cement sheath, and increasing the Poisson’s ratio of the cement sheath can effectively prevent tensile failure in cement sheaths. Fan et al. [14] proposed an analysis method that can simulate the stress distribution of a wellbore during drilling, cementing, and fracturing based on a step-by-step finite element simulation. Restrepo et al. [15] investigated the effects of the cement sheath missing angle, casing eccentricity, and fluid pressure at a missing cement sheath on wellbore integrity. They reported that the lack of a cement sheath caused by residual drilling fluid in the annulus caused failure. Li et al. [16] conducted a study pertaining to the wellbore integrity failure of shale gas fracturing and reported the form of and reasons for wellbore integrity failure. Wang et al. [17] analyzed wellbore integrity during the fracturing process of shale gas horizontal wells and reported that increasing the casing wall thickness and Poisson’s ratio of the cement sheath, reducing the EM of the cement sheath, and selecting an appropriate cement sheath thickness can ensure the integrity of the wellbore. Patel et al. [18–20] investigated the effects of the load, material properties, and cement sheath size on the cement sheath integrity of a liner-casing overlapping section of offshore oil and gas wells. A sensitivity response curve was constructed to evaluate the effects of different operating and design parameters on the stress of the cement sheath.

Existing studies have primarily focused on the effects of shale gas fracturing on wellbore integrity, whereas only a few studies have highlighted the integrity of cement sheaths during coalbed methane fracturing. Compared to shale formations, coal formations have a lower strength and elastic modulus, a higher porosity and permeability, and a lower casing pressure during fracturing. Because the physical properties of coal and shale formations are different, the integrity of the cement sheath during coalbed methane fracturing must be investigated. Studies pertaining to the effects of various factors on the integrity failure of cement sheath are abundant, whereas studies regarding the response of each factor to the stress sensitivity of cement sheaths are scarce. In this study, based on finite element models of the CCFC, the effects of the CIP, EM of the cement sheath, EM of formation, and casing eccentricity on cement sheath integrity were investigated. A sensitivity response curve was constructed to analyze the sensitivity of each factor to the stress of the cement sheath during coalbed methane fracturing. Measures for preventing cement sheath integrity failure during coalbed methane well fracturing are presented herein, which can serve as a reference for the safe development of coalbed methane wells.

2  Finite Element Model of Casing-Cement Sheath-Formation Combination

The following assumptions are made regarding the model used in this study:

(1)   The model is a plane-strain model [21–24].

(2)   The model material is isotropic and homogeneous.

(3)   The casing–cement sheath and formation–cement sheath interfaces are in close contact with no gap between them.

Using a coalbed methane well as an example, the integrity failure of the cement sheath of the caprock during coalbed methane fracturing was investigated. This well was composed of three coalbeds. The finite element models of the CCFC at the caprock position of the three coalbeds were used to evaluate the failure mechanism of the cement sheath at the caprock of different coalbed depths under fracturing conditions. The locations of the models are shown in Fig. 1. The model parameters are shown in Table 1. Using model A as an example, the finite element model of the CCFC is shown in Fig. 2. To improve the calculation accuracy, the meshing of the near-well formation was intensified gradually with decreasing distance to the wellbore. The green region in the innermost layer of the model represents the casing, the yellow region in the middle layer represents the cement sheath, and the red region in the outermost layer represents the formation. The boundary conditions of the model are symmetrical constraints imposed on the left and lower ends of the model. The model load is the ground stress applied to the upper and right ends of the formation, the CIP applied to the inner wall of the casing, and the pressure of the liquid column applied to the outer wall of the casing and the inner wall of the formation. When the well fractured, the CIP was 50 MPa. The density of the overlying sediment was 1.8–2.2 g/cm3, the average overlying rock pressure was approximately 20 MPa/km, and the uniform in situ stresses of models A, B, and C were 11.2, 12.8, and 17 MPa, respectively. The density of the drilling fluid was 1.03 g/cm3, the density of the cementing slurry was 1.85 g/cm3, the cement slurry return height was 517.6 m, and the liquid column pressures of models A, B, and C during cementing were 6.11, 7.6, and 11.48 MPa, respectively. The simulation was performed in two steps. In the first step, an in situ stress analysis was performed to balance the in situ stress; in the second step, a static analysis was performed to simulate the changes in the CIP. The compressive strength of the cement sheath was 34.82 MPa, whereas the tensile strength was 3.86 MPa.
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Figure 1: Location of finite element models
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Figure 2: Finite element model of CCFC

Take the formation in model C, the liquid column pressure is 1 to 50 MPa, and the in-situ stress is 17 MPa. The analytical and finite element solutions of the radial stress and circumferential stress at the wellbore are shown in Fig. 3. The maximum difference between the finite element solution and the analytical solution is 3.7 MPa, and the minimum difference is 0MPa. The analytical solution is similar to the finite element solution, which verifies the validity of the finite element model. The liquid column pressure is 50 MPa, the in-situ stress is 17 MPa, and the radial stress and circumferential stress at the wellbore with different mesh numbers are shown in Fig. 4. The radial stress and circumferential stress of the formation with different mesh numbers are very close, which verifies the mesh.
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Figure 3: Comparison of finite element solution and analytical solution
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Figure 4: Cement sheath stress with different mesh numbers

3  Integrity of Cement Sheath under Different Conditions

The fourth strength criterion is used to assess the yield failure of the cement sheath [25,26]. When the maximum Mises stress (MS) of the cement sheath exceeds its compressive strength, the cement sheath will fail. Meanwhile, the maximum tensile stress criterion is used to determine the tensile failure of the cement sheath [27–30]. When the maximum circumferential tensile stress of the cement sheath exceeds its tensile strength, the cement sheath fails under tension. Therefore, the circumferential stress (CS) and MS of the cement sheath are used as dependent variables to analyze the effect of each influencing factor on the integrity failure of the cement sheath. During the fracturing process of coalbed methane wells, CIP changes and formation property differences occur; hence, it is difficult to ensure that the casing is completely centered and that the EM of the cement sheath can be adjusted. Therefore, the effects of these factors on the integrity failure of the cement sheath were investigated.

3.1 Casing Internal Pressure

The other parameters of the model remained unchanged, and the CIP was set as 0–50 MPa to determine the effect of the CIP on the integrity failure of the cement sheath. The CS and MS cloud diagrams of the cement sheath of model A at a CIP of 50 MPa are shown in Fig. 5. As shown in Fig. 5, the circumferential tensile stress and MS of the cement sheath decreased gradually from the inside to the outside and were the highest at the inner wall. Changes in the CS and MS on the inner wall of the cement sheath of different models with the CIP are shown in Figs. 6 and 7, respectively. As shown in these figures, the circumferential tensile stress and MS of the cement sheath increased with the CIP. Under the same CIP, the circumferential tensile stress of model A was the highest, whereas that of model C was the lowest. This implies that the shallower the cement sheath, the more likely is circumferential tensile failure. Under the same CIP, the MS of model A was the lowest, whereas that of model C was the highest. This implies that the deeper the cement sheath, the more susceptible it is to failure. When the CIP was 50 MPa, the maximum MS of the cement sheath of models A, B, and C was lower than the compressive strength of the cement sheath, and the cement sheath did not fail. When the CIP was 36 MPa, the maximum CS of the cement sheath of models A, B, and C exceeded the tensile strength of the cement sheath, and the cement sheath experienced tensile failure. To prevent integrity failure of the cement sheath, the CIP should be controlled within a reasonable range.
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Figure 5: Cement sheath CS and MS cloud diagrams
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Figure 6: CS of cement sheath with varying CIP
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Figure 7: MS of cement sheath with varying CIP

3.2 Elastic Modulus of Cement Sheath

The other parameters of the model remained unchanged, whereas the EM of the cement sheath was set as 3–15 GPa, and the CIP was set as 50 MPa. The CS and MS at the inner wall of the cement sheath changed with the EM of the cement sheath, as shown in Figs. 8 and 9, respectively. As shown in the figures, the circumferential tensile stress and MS of the cement sheath increased with the EM of the cement sheath. The higher the EM of the cement sheath, the higher was the stress. Model A was the most susceptible to tensile failure. When the EM of the cement sheath was less than 6 GPa, the maximum circumferential tensile stress of the cement sheath of models A, B, and C was less than the tensile strength, and the cement sheath did not experience tensile failure. The maximum MS of the cement sheath of models A, B, and C was less than the compressive strength of the cement sheath, and the cement sheath did not fail. Reducing the EM of the cement sheath effectively reduced its stress and ensured its integrity.
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Figure 8: CS of cement sheath with varying EM
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Figure 9: MS of cement sheath with varying EM

3.3 Elastic Modulus of Formation

The other parameters of the model remained unchanged, whereas the CIP was set to 50 MPa. The CS and MS at the inner wall of the cement sheath of different models varied with the EM of formation, as shown in Figs. 10 and 11, respectively. As shown in Fig. 10, the circumferential tensile stress of the cement sheath decreased as the EM of formation increased. The higher the EM of formation, the less susceptible it was to the tensile failure of the cement sheath. As shown in Fig. 11, the EM of formation did not significantly affect the MS of the cement sheath. In model C, the EM of formation increased from 5 to 25 GPa, and the maximum MS of the cement sheath increased from 18.85 to 19.86 MPa, which was only an increase of 1.01 MPa.
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Figure 10: CS of cement sheath with varying EM of formation
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Figure 11: MS of cement sheath with varying EM of formation

3.4 Casing Eccentricity

The other parameters of the model remained unchanged, whereas the CIP was set to 50 MPa. To determine the effect of casing eccentricity on the integrity failure of the cement sheath, the casing eccentricity was set to 0, 5, 10, 15, and 20 mm. The corresponding relationship between the casing eccentricity distance and eccentricity rate is shown in Table 2. The formula for calculating the casing eccentricity rate is shown in Eq. (1). Owing to the symmetry of the model, only one half of the overall model was analyzed. The casing eccentricity rate is defined as follows:


α= Δlrb−rc×100%
(1)
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For different casing eccentricity rates, using model A as an example, the CS and MS cloud diagrams of the cement sheath in model A are as shown in Figs. 12 and 13, respectively. As shown in these figures, under different casing eccentricity rates, the CS and MS of the cement sheath decreased gradually from the inner wall to the outer wall. Meanwhile, under different casing eccentricity rates, the maximum CS and MS of the cement sheath were both located on the inner wall of the cement sheath, where the thickness was the smallest.
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Figure 12: CS cloud diagram of cement sheath under different casing eccentricity rates
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Figure 13: MS cloud diagram of cement sheath under different casing eccentricity rates

The angles of the thinnest and thickest sections of the cement sheath were 0° and 180°, respectively. The CS and MS under different casing eccentricity rates at different angles of the inner wall of the cement sheath in model A are shown in Figs. 14 and 15, respectively. As shown in these figures, the circumferential tensile stress and MS of the inner wall of the cement sheath under different casing eccentricity rates decreased as the angle increased. At a certain angle between 0° and 70°, the circumferential tensile stress and MS of the cement sheath increased with an increase in the casing eccentricity rate. At a certain angle between 70° and 180°, the circumferential tensile stress and MS of the cement sheath increased with a decrease in the casing eccentricity rate. As shown in Figs. 16 and 17, the maximum CS and MS of the cement sheath of the different models were consistent with the casing eccentricity rate. The greater the casing eccentricity rate, the greater were the maximum CS and MS values of the cement sheath. To reduce the stress of the cement sheath and ensure the integrity of the cement sheath, the casing should be positioned in the center.
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Figure 14: CS on inner wall of cement sheath under different casing eccentricity rates
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Figure 15: MS on inner wall of cement sheath under different casing eccentricity rates
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Figure 16: Maximum CS of cement sheath of different models with different casing eccentricity rates
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Figure 17: Maximum MS of the cement sheath of different models with different casing eccentricity rates

4  Sensitivity of Cement Sheath Integrity and Engineering Countermeasures

The sensitivity response curve can be used to indicate the degree of influence of different parameters on the dependent variable [18]. Specifically, this curve is constructed by changing the value of one variable and maintaining the base value of the other variables. Subsequently, the value of each variable is divided by its base value to obtain the normalized value [19,20]. Using model A as an example, we plotted the sensitivity response curves of various variables to the maximum CS and MS of the cement sheath and then evaluated the sensitivity of each variable to the stress of the cement sheath. The values of each parameter are listed in Table 3. As shown in Fig. 18, the CIP, EM of the cement sheath, and eccentricity of the casing were positively correlated with the maximum CS of the cement sheath. By contrast, the EM of formation was negatively correlated to the maximum CS of the cement sheath. The maximum CS sensitivity of the cement sheath was in the following order: CIP > EM of cement sheath > casing eccentricity > EM of formation. The CIP and EM of the cement sheath were similar to the maximum CS of the cement sheath in terms of sensitivity. As shown in Fig. 19, the CIP, EM of the cement sheath, EM of formation, and casing eccentricity were positively correlated to the maximum MS of the cement sheath. The maximum MS sensitivity of the cement sheath was in the following order: CIP > EM of cement sheath > casing eccentricity > EM of formation. To prevent integrity failure of the cement sheath, a reasonable CIP should be selected, the EM of the cement sheath should be reduced, and the casing should be well centered. As shown in Figs. 18 and 19, the CIP had the most significant effect on the integrity of the cement sheath, followed by the EM of the cement sheath. The effect of the casing eccentric distance on the integrity of the cement sheath was smaller than that of the EM of the cement sheath. Additionally, the EM of formation had the smallest effect. To ensure the integrity of the cement sheath, a reasonable CIP should be selected, a cement sheath with a low EM should be used, and the casing should be well centered.

[image: images]

[image: images]

Figure 18: Sensitivity of CS in cement sheath to various parameters
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Figure 19: Sensitivity of MS in cement sheath to various parameters

5  Conclusions

(1)   The CIP, EM of the cement sheath, and casing eccentricity were positively correlated with the maximum CS of the cement sheath. By contrast, the EM of formation was negatively correlated with the maximum CS of the cement sheath. The CIP, EM of the cement sheath, EM of formation, and casing eccentricity were positively correlated with the maximum MS of the cement sheath.

(2)   Tensile failure occurred in the cement sheath during coalbed methane fracturing. Compared to the cement sheath of the third coalbed caprock, the cement sheath of the first coalbed caprock was more susceptible to tensile failure. Under the same conditions, the cement sheath of the third coalbed caprock had the highest MS, and the cement sheath was more susceptible to failure.

(3)   The order of sensitivity of the cement sheath integrity was as follows: CIP > EM of cement sheath > casing eccentricity > EM of formation. To ensure the integrity of the cement sheath, a reasonable CIP should be selected, a cement sheath with a low EM should be used, and the casing should be well centered.
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Table 3: Values of parameters used in sensitivity analysis

Parameter Values Base value
Casing mternal pressure (MPa) 10, 20, 30, 40, 50 30

Elastic modulus of cement sheath (GPa) 3,6,9, 612, 15 9

Elastic modulus of formation (GPa) 5, 10, 15, 20, 25 15

Casing eccentric distance (mm) 0, 5, 10, 15, 20 10
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Table 1: Model parameters

Material Inner diameter (mm) Outer diameter (mm) Elastic modulus (GPa) Poisson’s ratio
Casing 124.3 139.7 210 0.3
Cement sheath 139.7 215.9 9 0.25

Formation 215.9 2159 * 2159 15 0.2
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Table 2: Correspondence table of casing eccentric distance and eccentricity

Casing eccentricity distance (mm) Casing eccentricity rate (%)
0 0.00

5 13.12

10 26.25

15 39.37

20 52.49
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