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Abstract

:

Microcracks caused by perforating operations in a cement sheath body and interface have the potential to further expand or even cause crossflow during hydraulic fracturing. Currently, there are few quantitative studies on the propagation of initial cement-body microcracks. In this paper, a three-dimensional finite element model for the propagation of initial microcracks of the cement sheath body along the axial and circumferential directions during hydraulic fracturing was proposed based on the combination of coupling method of fluid–solid in porous media and the Cohesive Zone Method. The influence of reservoir geological conditions, the mechanical properties of a casing-cement sheath-formation system, and fracturing constructions in the propagation of initial axial microcracks of a cement sheath body was quantitatively analyzed. It can be concluded that the axial extension length of microcracks increased with the increase of elastic modulus of the cement sheath and formation, the flow rate of fracturing fluid, and casing internal pressure, and decreased with the increase of the cement sheath tensile strength and ground stress. The elastic modulus of the cement sheath had a greater influence on the expansion of axial cracks than the formation elastic modulus and casing internal pressure. The effect of fracturing fluid viscosity on the crack expansion was negligible. In order to effectively slow the expansion of the cement sheath body crack, the elastic modulus of the cement sheath can be appropriately reduced to enhance its toughness under the premise of ensuring sufficient strength of the cement sheath.
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1. Introduction


In the perforating operation during well completion, the metal jet and explosive impact will cause different degrees of damage to the rock near the hole, and the cement sheath is more susceptible to be damaged because it is a brittle material in the “casing-cement sheath-formation” system [1,2,3]. During subsequent hydraulic fracturing operations, these damages have the potential to further expand or even cause crossflow due to dramatic changes of temperature and pressure within the wellbore [4]. Through previous experiments and field studies [3,4,5,6,7,8], we have learned that there are two main types of damages: one is the initial microcrack near the hole in the cement sheath body; and the other is the initial micro-annulus in the first or the second interface caused by the perforation impact. At present, most of the research papers are focused on the propagation of the initial micro-annulus in the first and the second interfaces and plane cracks in the formation rock, and prove that the initial micro-annulus has the phenomenon of expansion through experimental and numerical simulation methods [9,10,11,12,13,14,15,16,17,18,19]. Hou [20] et al. studied the hydraulic fracture propagation of shale horizontal well by using a large-scale true triaxial physical simulation test. Also, there are some research papers focused on the influence of perforation damage on formation permeability and porosity, and the cementing interface [21,22,23]. However, there are few studies on the propagation of initial microcracks near the hole (caused by perforating operation) in the cement sheath body. Currently, the relevant research is focused on experimental observations [7,13]. It is necessary to conduct numerical simulation studies on the propagation of body microcracks in the cement sheath, so as to quantitatively analyze the influence law of various factors on the microcrack propagation, and to find out the difference of the expansion law between micro-annulus and cement sheath body microcracks in the hydraulic fracturing process. This has positive implications for revealing the failure mechanism of wellbore integrity during hydraulic fracturing.




2. Materials and Methods


2.1. Physical Model for the Propagation of Body Crack in the Cement Sheath


According to previous experimental research [7,8,12,13,20,22,24,25], the perforating operation could cause radial body microcracks close to the perforation hole, and their directions were uncertain, as shown in Figure 1a.



In order to facilitate the quantitative study of the expansion law of microcracks in the cement sheath, the radial cracks were simplified into axial and circumferential cracks, as shown in Figure 1b. There are also some assumptions for the simplification and model convergence.



	
The formation rock and cement sheath are isotropic porous media materials.



	
The fluid in the rock and cement sheath is completely saturated and incompressible. The saturation of cement and rock is about 0.4–0.6, but in order to simplify the calculation and increase the convergence of the model, they are set to be fully saturated.



	
The fluid is incompressible Newtonian fluid. Generally, the fracturing fluid is non-Newtonian fluid, but the lower the viscosity is, the closer its performance is to Newtonian fluid. The research object of this paper is the low-viscosity fracturing fluid system, so considering its performance and model convergence, it is simplified as Newtonian fluid.



	
The temperature is not considered to affect the initiation fracture and expansion of cracks.



	
The migration process of proppant is not considered. The schematic diagram of fluid flow in crack micro-element is shown in Figure 2.







2.2. Numerical Simulation Methods


According to the previous research [1,8,9,11,12,13,21,22,26,27], the combination of the coupling method of fluid–solid in porous media [19] and the Cohesive Zone Method [12,13,24] has succeeded in simulating the expansion law of plane/interface cracks during hydraulic fracturing. Since the physical processes such as fluid–solid coupling, fluid mechanics, seepage, and rock deformation involved in the expansion of plane/interface cracks and body microcracks are basically the same, this method can also be used to simulate the extension law of body microcracks in the cement sheath.



2.2.1. Coupling Model for Stress-Seepage of Porous Media


The deformation of porous media such as cement sheath and formation rock can be described by the mechanical theory of elastic porous media proposed by Biot [28,29,30,31]. In a porous medium with saturated fluid, the relationship between effective stress and total stress is as follows:


  σ =  σ ¯  + α  p w  I  



(1)




where    σ ¯    is effective stress matrix;  σ  is total stress matrix;  I  is unit tensor;  α  is Biot coefficient;    p w    is formation pore pressure, MPa.



The stress balance equation of the porous media rock skeleton at any time is as follows:


     ∫ V   σ ⋅  δ ε  d V    =    ∫ V   t ⋅  δ v  d S    +    ∫ V   f ⋅  δ v  d V     



(2)




where    δ ε    is the virtual strain rate matrix;  t  is the surface force matrix;    δ v    is the virtual velocity matrix;  f  is the physical force matrix; S is the surface area, m2; V is the control volume, m3.



The formula (2) can be discretized by the Lagrangian method to obtain finite element meshes of the porous medium. At the same time, percolation is allowed to flow through these finite-element meshes, and the seepage fluid satisfies the fluid continuity equation:


   d  d t    (     ∫ V    ρ w  φ d V     )  +    ∫ S    ρ w  φ n ⋅  v w  d V    = 0  



(3)




where    ρ w    is the fluid density, kg/m3;  φ  is the porosity, dimensionless;  n  is the outer normal direction vector of the surface S;    v w    is the fluid percolation velocity, m/s.



Fluid flow in porous media obeys Darcy’s law:


   v w  = −  1  φ g  ρ w    k ⋅  (    ∂  ρ w    ∂ x   −  ρ w  g  )   



(4)




where g is the gravitational acceleration, m/s2;  k  is the permeability vector of the porous medium; x is the space coordinate vector.



Equations (1)–(4) are the governing equations of stress-seepage of porous media, which can be numerically solved by the finite element discrete method.




2.2.2. Cohesive Zone Method


In this paper, the second nominal stress criterion [31] was used as the judgment of whether fracture initiation occurs in the cement sheath. When the quadratic sum of the ratios of nominal stress to critical stress in each direction of the material tip is 1, the fracture initiation is considered to have occurred.


     {     〈   σ n   〉     σ n 0     }   2  +    {     〈   σ S   〉     σ S 0     }   2  +    {     〈   σ t   〉     σ t 0     }   2  = 1  



(5)




where    σ n    is normal stress, MPa;    σ S    and    σ t    are tangential stress, MPa;    σ n 0    is the tensile strength of rock, MPa;    σ S 0    and    σ t 0    are the threshold stress of tangential damage, MPa; the symbol < > represents that the cohesive unit is only tensile and not resistant to pressure.



The scalar damage value D was used to describe the degree of damage to the material in the damage evolution. Once the damage is generated, D begins to monotonically increase from the initial value of 0 to 1. The general expression is:


  t =  {      ( 1 − D )  t ¯         t ¯               After   damage         No   damage       



(6)




where t is the nominal stress tensor at the tip of the crack;    t ¯    is the nominal stress tensor when the material is not damaged.



The damage value D is calculated as:


  D =    δ n f   (   δ n  max   −  δ n 0   )     δ n  max    (   δ n f  −  δ n 0   )     



(7)




where    δ n f    is the displacement when the unit is completely damaged, m;    δ n 0    is the displacement when the unit starts to be damaged, m;    δ n  max     is the maximum displacement amplitude that the unit can reach during loading, m.



The damage evolution of the cohesive unit follows the energy criterion. This paper applies the B-K fracture criterion, and the expression is as follows:


   G n c  +  (   G S c  −  G t c   )     {     G S  +  G t     G n  +  G S  +  G t     }   β  =  G c   



(8)




where    G n c    is the release rate of the normal critical strain energy of the crack, J/m2;    G S c    and    G t c    respectively represent the release rate of the tangential critical strain energy of the crack, J/m2;    G n   ,    G S   , and    G t    are the normal and tangential strain energy of the crack, respectively, J/m2; β is the material parameter.



As shown in Figure 2, the flow of fluid within a hydraulic fracture can be divided into tangential flow and normal filtration. This paper assumes that the fracturing fluid was an incompressible Newtonian fluid. Since the aspect ratio of the crack is very small, the tangential flow of fluid in the crack can be simplified as a flow in a narrow gap between two parallel sheets, and the flow equation is [30]:


   q f  = −    w 3    12 μ     ∂  p f    ∂ x    



(9)




where    q f    is the flow rate of the fracturing fluid, m3/s; w is the crack width, m;  μ  is the viscosity of the fracturing fluid, Pa·s;    p f    is the pressure of the fluid in the crack, MPa.



The fluid-loss flow along the normal direction of the fracture surface can be calculated by the following formula:


   {       q t  =  c t   (   p f  −  p t   )         q b  =  c b   (   p f  −  p b   )         



(10)




where    q t    and    q b    are the volume flow rate of the fracturing fluid on the upper and lower surfaces of the crack, m3/s;    c t    and    c b    are the fluid loss coefficients of the upper and lower surfaces of the crack;    p t    and    p b    are the formation pore pressure outside the upper and lower surfaces of the crack, respectively, MPa.




2.2.3. Numerical Model Establishment


The models for the propagation of axial and circumferential cracks in the cement sheath body were established based on the ABAQUS software platform [11,12]. Both models had an overall size of 10 × 10 × 50 m, and they were large enough to ignore the boundary effects. The models consisted of casing, cement sheath, and formation, and their structural dimensions are shown in Table 1. The relevant mechanical, physical, and geostress parameters were obtained through experiment and field data, as shown in Table 2.



As shown in Figure 3 and Figure 4, they are propagation models of circumferential and axial cracks in the cement sheath body established in ABAQUS, respectively.



The specific approach of the simulation is as follows, and the solving steps are as shown in Figure 5.



The two models set the cement sheath and formation rock in an elastoplastic porous medium, and disintegrated the cement sheath and formation rock into hexahedral pore pressure unit C3D8P, thus simulating the skeleton deformation and fluid seepage process of the cement sheath and formation rock. The casing was discretized using a hexahedral stress unit C3D8S.



As shown in Figure 3b, the circumferential crack propagation model of the cement sheath body pre-set the initial damage unit shown in the yellow area at the perforation hole to simulate the initial circumferential microcracks generated by the perforating operation, and a layer of zero-thickness pore pressure-cohesion unit COHD8P was embedded in the extended path of the circumferential crack to simulate the initiation fracture and expansion process of the circumferential crack. As shown in Figure 4b, the axial crack propagation model of the cement sheath body pre-set the initial damage unit shown in the yellow area at the perforation hole to simulate the initial axial microcracks generated by the perforating operation, and a layer of zero-thickness pore pressure-cohesion unit COHD8P was embedded in the expansion path of the axial crack to simulate the initiation fracture and expansion process of the axial crack.



The displacements in the X, Y, and Z directions on the X, Y, and Z boundaries were prohibited, and a constant formation pore pressure was applied to the X and Y boundaries. The initial pore pressure, initial porosity, and initial saturation, etc., were applied to the entire units of cement sheath and formation. Liquid pressure was applied to the inner wall of the casing, and the maximum horizontal stress, minimum horizontal stress, and overburden pressure were applied in the X, Y, and Z directions, respectively. The values of each load are as shown in Table 3. The liquid was injected into the pre-set initial damage area to simulate the process of the fracturing fluid entering the initial cracks of the cement sheath body under actual working conditions.



The solution process of the models is mainly divided into the following three steps: first, the initial ground stress, initial pore pressure, and constant pore pressure boundary conditions were applied to the formation assembly, and the initial stress balance was performed; second, the drilling and cementing process was simulated, and a certain value of liquid pressure was applied on the inner wall of the casing; third: the fracturing fluid was injected into the pre-set initial damage unit at a constant flow rate Q0, simulating the initiation fracture and expansion process of the initial axial and circumferential microcracks under the pressure-driven liquid.






3. Results and Discussions


3.1. Model Verification


To verify the accuracy of the model built in Section 2, the Brice experiment [31] was used to compare the results of the model calculations. The main parameters of the Brice experiment are as shown in Table 4, and numerical simulation was conducted by using the model established in Section 2.



In the Brice experiment, the casing was cemented into a borehole in a PMMA (Polymethyl methacrylate) block and an epoxy system was used to simulate the cement. An initial notch of 3 mm was added in the cement/rock interface for the fracture to initiate. The debonding fracture propagation at the cement/rock interface was recorded by video cameras during the test. As shown in Figure 6, the simulation results had a high degree of coincidence with the crack trajectory obtained by the Brice experiment. This indicates that the model established in this paper can accurately describe the nonlinear fluid–solid coupling problem in the crack propagation process in the cement sheath.




3.2. Preliminary Analysis of Numerical Simulation Results


(1) The propagation of initial axial cracks in the cement sheath body



The relationship between the pressure at the injection point and the injection time is shown in Figure 7. The distribution of fluid pressure along the axial crack of cement sheath after 600 s of injection is shown in Figure 8.



As shown in Figure 7, fracture initiation has not occurred in the initial stage of injection, and the fluid pressure increased dramatically from 0 MPa to 74.1 MPa in several seconds. With the continuous injection of liquid, when the pressure of the crack tip was greater than the tensile strength of the cement sheath (generally 3–6 MPa), the microcrack of the cement sheath body began cracking, and the pressure at the crack opening was released rapidly. The crack propagated along the axial direction of the wellbore and the pressure at the injection point gradually stabilized at around 34.3 MPa.



It can be seen from Figure 8 that due to the large fluid friction in the crack of the cement sheath body, the fluid pressure in the crack gradually decreased from the crack opening to the tip.



The relationship between the distribution of the damage value along the axial expansion path and the distance from the injection point at different times were calculated, as shown in Figure 9.



It can be seen from Figure 9 that there was a slight fluctuation in the damage value of the crack along the path, and the damage value decreased slowly from the crack opening to the tip, which indicates that the closer to the injection point, the more serious the damage to the cement sheath in the axial expansion path of the crack.



The damage value cloud map was used to characterize the shape of the axial crack of the cement sheath body at different times. The damage value cloud maps at the injection time of 2 s, 5 s, and 10 s were simulated respectively, as shown in Figure 10.



As shown in Figure 10, with the continuous injection of liquid, the initial body microcrack of the cement sheath generated by the perforating operation was continuously expanded in the axial direction of the wellbore, driven by the liquid pressure.



The relationship between the axial crack propagation length of the cement sheath body and the injection time under different injection rates is shown in Figure 11. As is shown in Figure 11, at the initial stage of liquid injection, the axial expansion length of the crack in the cement sheath body was faster; after the crack expanded for a period of time, the crack propagation speed gradually decreased, and the axial crack of the cement sheath body reached the limit length of 3.7 m at about 500 s. After that, it did not expand. The greater the injection rate was, the greater the crack propagation velocity was, and the longer the limit length was. When the injection rate was 5 × 10−5, 1 × 10−4 and 2 × 10−4 m3/s, the limit length of the crack was 2.8, 3.7, and 4.2 m respectively.



(2) The propagation of initial circumferential cracks in the cement sheath body



Similar to the analysis of axial cracks, the damage value cloud maps of circumferential cracks at the injection times of 2 s, 5 s and 10 s were simulated respectively, as shown in Figure 12. With the continuous injection of liquid, the initial body microcrack of the cement sheath generated by the perforating operation was continuously expanded in the circumferential direction of the wellbore, driven by the liquid pressure.



We decided to take half of the circumferential crack in the cement sheath body for research. The relationship between the circumferential crack width and azimuth angle at different injection times is as shown in Figure 13. It can be seen from Figure 13 that the circumferential crack width was gradually narrowed from the perforation hole to both sides, and the crack width was about 2 mm. The common proppant particle size is in the range of 0.2–1.2 mm [32]; in the actual fracturing condition, therefore, if the circumferential expansion of the body microcracks occurs, the proppant will enter the cracks with the fracturing fluid and remain in them after the fracturing fluid returns. This will cause partial loss of the cement sheath, increasing the risk of the casing yielding deformation.




3.3. Analysis of Body Microcrack Propagation Law and its Influencing Factors


This section takes axial microcracks as an example to analyze the influence of different factors on the propagation law.



(1) The effect of the size of initial axial microcracks on the crack propagation



The thickness of the common cement sheath is in the range of several tens of millimeters. The strong impact force of the perforating operation causes the initial body microcracks to be generally penetrated in the radial direction. Therefore, this section does not consider the influence of the depth of initial body cracks. The effect of the length of initial axial microcracks on the crack propagation was studied.



The crack propagation under different conditions of initial axial microcrack length was simulated, and the expanded crack length corresponding to different injection times was obtained, as shown in Figure 14.



As shown in Figure 14, When the injection time was short (2 s and 5 s), the expanded crack length increased slowly with the increase of initial microcrack length. As the injection time increased, the initial microcrack length had little effect on the expanded crack length.



(2) The effect of ground stress on the crack propagation



We kept the other parameters unchanged, and simulated the expansion of cracks after 200 s of injection under different ground stress conditions, as shown in Figure 15. It can be seen from Figure 15 that the expanded crack length after 200 s of injection decreased linearly with the increase of ground stress.



Meanwhile, the pressure of the crack opening after 200 s of injection under different ground stress conditions was calculated, as is shown in Figure 16. It can be seen from Figure 16 that the pressure of the crack opening increased significantly with the increase of ground stress. This is because, as the ground stress increases, the cement sheath body is subjected to greater compression, and the crack initiation and expansion of the axial microcrack needs to overcome more resistance.



(3) The effect of mechanical parameters of cement sheath on the crack propagation



We kept the other parameters unchanged, and simulated the expansion of cracks after 200 s of injection under different conditions of elastic modulus and tensile strength of cement sheath, as shown in Figure 17.



As shown in Figure 16, when elastic modulus of the cement sheath was less than 40 GPa, the expanded crack length increased exponentially with the increase of the elastic modulus of the cement sheath. As the modulus of elasticity continues to increase, the growth rate of the expanded crack length slowed down. On the other hand, the expanded crack length increased with the increase of the tensile strength of cement sheath. It can be seen that the elastic modulus of the cement sheath had a greater influence on the expansion of axial crack of the cement sheath. Therefore, in the on-site construction, under the premise of maintaining the strength of the cement sheath, appropriately reducing the elastic modulus of the cement sheath can suppress the expansion of the axial crack of the cement sheath body.



(4) The effect of mechanical parameters of formation on the crack propagation



We kept the other parameters unchanged, and simulated the expansion of cracks after 200 s of injection under different conditions of elastic modulus of the formation, as shown in Figure 18.



As shown in Figure 18, the expanded crack length increased linearly and slowly with the increase of the elastic modulus of the formation. The formation elastic modulus had a less influence on the expansion of axial crack of the cement sheath than the elastic modulus of cement sheath.



(5) The effect of casing internal pressure on the crack propagation



We kept the other parameters unchanged, and simulated the expansion of cracks after 200 s of injection under different conditions of casing internal pressure, as shown in Figure 19. The pressure of the crack opening after 200 s of injection under different casing internal pressure conditions was calculated, as is shown in Figure 20.



As shown in Figure 19, the expanded crack length increased slowly and the expansion pressure of crack decreased slightly with the increase of the casing internal pressure. The casing internal pressure had slight influence on the expansion of axial crack of the cement sheath.



(6) The effect of fracturing construction parameters on the crack propagation



We kept the other parameters unchanged, and simulated the expansion of cracks under different conditions of fracture fluid viscosity, as shown in Figure 21.



In can be seen from Figure 21 that the effect of fracturing fluid viscosity on the crack expansion was negligible.



We kept the other parameters unchanged, and simulated the expansion of cracks after 200 s of injection under different conditions of injection rate of fracture fluid was simulated, as shown in Figure 22.



As shown in Figure 22, the expanded crack length increased with the increase of the flow rate of fracturing fluid. This is because, as the displacement increased, the volume of the fracturing fluid entering the crack per unit time increased, and the increase in the internal pressure of the fracturing fluid made the crack more likely to expand.





4. Conclusions


	(1)

	
Based on the combination of the coupling method of fluid–solid in porous media and the Cohesive Zone Method, a three-dimensional finite element model for the propagation of cement sheath body initial microcracks along the axial and circumferential directions during the hydraulic fracturing process was established. The model was verified by the Brice experiment.




	(2)

	
The influence of reservoir geological conditions, mechanical properties of the casing-cement sheath-formation system, and fracturing constructions on the propagation of initial axial microcracks of the cement sheath body were quantitatively analyzed.




	(3)

	
The axial extension length of the microcracks increased from about 1.5 m to 6 m with the increase of the elastic modulus of the cement sheath (from 10 GPa to 50 GPa), and decreased for around 0.5 m–1 m with the increase of the tensile strength of the cement sheath (from 2 MPa to 4 MPa). Therefore, under the premise of ensuring sufficient strength of the cement sheath, some means for enhancing the toughness of the cement sheath can be used to appropriately reduce the elastic modulus, thereby effectively slowing the expansion of the crack of the cement sheath body.




	(4)

	
The axial extension length of the microcracks increased from about 2.3 m to 3.5 m with the increase of elastic modulus of the formation (from 10 GPa to 50 GPa), and grew from about 2.3 m to 3.5 m with the increase of the flow rate of fracturing fluid (from 10 GPa to 50 GPa). It increased from about 2.8 m to 3.4 m with the rise of the casing internal pressure (from 10 MPa to 80 MPa), and decreased from about 4 m to 1.7 m with the growth of the ground stress (from 10 GPa to 50 GPa). The elastic modulus of cement sheath had a greater influence on the expansion of axial cracks than the formation elastic modulus and casing internal pressure. The effect of fracturing fluid viscosity on the crack expansion was negligible.
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Figure 1. Schematic diagram of cracks close to the perforation hole in cement sheath. 
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Figure 2. Schematic diagram of fluid flow in crack micro-element. 
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Figure 3. Circumferential crack propagation model of cement sheath body. 
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Figure 4. Axial crack propagation model of cement sheath body. 
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Figure 5. The solving steps of the numerical model. 
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Figure 6. The comparation of numerical simulation and the Brice experiment. 






Figure 6. The comparation of numerical simulation and the Brice experiment.



[image: Energies 13 01260 g006]







[image: Energies 13 01260 g007 550] 





Figure 7. The relationship between the pressure at the injection point and the injection time. 
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Figure 8. The distribution of fluid pressure along the axial crack of the cement sheath. 
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Figure 9. The distribution of damage value along the axial extension path with the distance from the injection point at different times. 
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Figure 10. The damage value cloud maps of axial crack at different injection times. 
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Figure 11. The relationship between crack length and injection time under different injection rates. 
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Figure 12. The damage value cloud maps of circumferential crack at different injection times. 
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Figure 13. The relationship between the circumferential crack width and azimuth angles at different injection times. 
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Figure 14. The effect of the initial microcrack length on expanded crack length at different injection times. 
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Figure 15. The effect of ground stress on expanded crack length after 200 s of injection. 
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Figure 16. The effect of ground stress on the pressure of crack opening after 200 s of injection. 
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Figure 17. The effect of mechanical parameters of cement sheath on the crack propagation. 
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Figure 18. The effect of mechanical parameters of formation on the crack propagation. 
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Figure 19. The effect of casing internal pressure on the crack propagation. 
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Figure 20. The effect of casing internal pressure on the pressure of the crack opening. 
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Figure 21. The effect of fracturing fluid viscosity on the crack propagation. 
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Figure 22. The effect of flow rate of fracturing fluid on the crack propagation. 
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Table 1. The dimensions of each parts in the models.
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	Name
	Value
	Name
	Value





	Casing outer diameter/mm
	139.7
	Formation x, y direction/m
	10



	Casing wall thickness/mm
	12.7
	Initial microcrack length/mm
	20



	Cement sheath outer diameter/mm
	215.9
	Initial microcrack width/mm
	2



	Formation z direction/m
	50
	Well depth/m
	2000
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Table 2. Material parameters of each parts in the models.
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	Name
	Value
	Name
	Value





	Casing modulus/GPa
	210
	Formation rock internal friction angle
	26



	Casing Poisson’s ratio
	0.27
	Formation rock cohesion/MPa
	12



	Cement sheath elastic modulus/GPa
	30
	Cement sheath permeability/md
	0.01



	Cement sheath Poisson’s ratio
	0.26
	Cement sheath porosity
	0.2



	Formation rock elastic modulus/GPa
	30
	Formation rock permeability
	1



	Formation rock Poisson’s ratio
	0.26
	Formation rock porosity
	0.2



	Cement sheath internal friction angle
	30
	Cement sheath tensile strength/MPa
	2



	Cement sheath cohesion/MPa
	10
	Cement sheath fracture toughness/MPa·m1/2
	1.5
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Table 3. The load data.
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	Name
	Value
	Name
	Value





	Ground stress in the x direction/MPa
	30
	Initial pore pressure/MPa
	18



	Ground stress in the y direction/MPa
	30
	Casing internal pressure/MPa
	30



	Ground stress in the z direction/MPa
	30
	Fluid injection rate/m3/s
	1 × 10−4
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Table 4. Main parameters of the Brice experiment.
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	Name
	Value
	Name
	Value





	PMMA block size/mm
	175×155×140
	Cement Poisson’s ratio
	0.35



	Casing inner diameter/mm
	14
	PMMA block Young’s modulus/GPa
	3.3



	Casing thickness/mm
	3
	PMMA block Poisson’s ratio
	0.35



	Cement thickness/mm
	3
	Interface fracture toughness MPa·m1/2
	0.28



	Casing Young’s Modulus/GPa
	69
	Injected liquid viscosity/Pa · s
	11



	Casing Poisson’s ratio
	0.33
	Injection liquid pressure/MPa
	10



	Cement Young’s modulus/GPa
	2.5
	Casing internal pressure/MPa
	5
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