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Abstract: Generally, the so-called expansion agent is very effective in eliminating all the micro-annuli that exist between the casing and the cement sheath or between the cement sheath and the formation. However, this approach can detrimentally affect the sealing ability of cement sheath if the expansion agent is used in an unreasonable way. For these reasons, in the present work, numerical simulations have been conducted to analyze the effect of elasticity modulus of cement sheath, the elasticity modulus of formation, the expansion rate of cement, the geo-stress on the micro-annulus caused by cement expansion, and the cement sheath expansion on the integrity of cement sheath and formation. The micro-annulus between the casing and the cement sheath has been found to decrease according to the ratio between the elasticity modulus of formation and the elasticity modulus of cement sheath. A positive correlation has been observed between the micro-annulus and the cement expansion ratio. The micro-annulus decreases as the geo-stress increases, but the effect of the geo-stress on the micro-annulus is much smaller. In conclusion, the expansion agent is suitable for the formation in which the elasticity modulus is higher than the cement sheath.
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Nomenclature



	
σr,

	Radial stress



	
σθ,

	Tangential stress



	
σz,

	Axial stress



	
τrz,

	Shear stress



	
T, 

	Temperature



	
εr,

	Radial strain



	
εθ,

	Tangential strain



	
εz,

	Axial strain



	
γrz,

	Shear strain



	
E,

	Elasticity modulus



	
μ,

	Poisson ratio



	Er/Ec,
	Elastic modulus ratio between formation and cement stone




1  Introduction

With the development of drilling and completion technologies, the wellbore integrity of oil and gas wells has attracted increasing attention from both academia and the industry itself. Since the loss of wellbore integrity seriously threatens the service life of oil wells and the environment, numerous research studies have so far been carried out in this field to solve these issues [1–8]. The results have suggested that features like micro-annuli existed between the casing and the cement sheath or between the cement sheath and the formation due to poor performance of cement slurry, low displacement efficiency, or change in density of the fluid in the wells during cement operations are reasons of which can induce unqualified cementing quality and annular channeling [9]. In general, the introduction of cement expansion agents in oil wells can eliminate micro-annulus, thereby improving cementing quality and preventing annular channeling [10–12]. In general, the ring-shaped objects will expand under the action of thermal force, and the inner and outer diameters of it will increase simultaneously during the expansion process [13]. Similarly, both the inner and outer diameters of cement sheath will increase when the expansion occurred in the presence of expansion agent, which is beneficial to improving the sealing ability of the cement sheath-formation interface (the second cementing interface). However, this may damage the integrity of the casing-cement sheath interface (the first cementing interface). Fortunately, Beirute et al. [7,14] have demonstrated the phenomena mentioned above. Beirute et al. [14] observed that the expansion of cement sheath formed interfacial micro- annulus at the first interface with the logging tool. Bu et al. [7] studied the effect of expansion agents on the bonding strength of the casing-cement sheath interface and found that the introduction of expansion agents reduced the bonding strength. Both studies indicated that the improper use of expansion agents would harm the sealing quality of the first cementing interface. Yang et al. [15] combined experiments with theory to investigate the changes in radial stress at the annular interface as the expansion of cement sheath. Since the elastic modulus of the simulated formation was larger than that of the cement sheath, micro-annulus forming at the first interface was not observed.

Although the inner and outer diameters of cement sheath are both enhanced upon expansion of cement sheath under in-lab conditions, the elasticity modulus of the formation under downhole conditions are different. This makes it difficult to determine the actual expansion/contraction direction of the cement sheath.

To gain a better understanding of the effect of oil-well cement expansion agent on the integrity of cement sheath, and for the correct use of an oil-well cement expansion agent, Abaqus finite element software was used to investigate the effects of elastic modulus of cement sheath, formation’s elastic modulus, the expansion ratio of cement sheath, and the geo-stress on the micro-annulus at the cementing interface caused by the expansion of cement sheath. Additionally, the impacts of the cement sheath expansion on the integrity of both cement sheath and formation were studied. To this end, measures were proposed for the proper use of the expansion agent to ensure the cementing sealing integrity. This study would shed light on the practical significance of expansion agents for enhancing the sealing integrity of oil wells.

2  Casing-Cement Sheath-Formation Finite Element Model

2.1 Mechanical Model and Assumptions

To investigate this problem, the equivalent thermal expansion was employed to simulate the expansion of the cement sheath caused by the cement expansion agent.

Several model assumptions were considered. First, all casing, cement sheath, and formation were isotropic, linearly-elastic materials. Secondly, the casing and cement sheath were ideal cylinders and concentric with the wellbore. Third is that tight contact existed between the casing and cement sheath. And fourth, the tensile failure of the cement stone was examined by the tensile failure criterion for rock.

In this model, the cylindrical coordinate was used with the axis of symmetry being the wellbore axis. Thermo-elasticity provides a linear relationship between the strains and stresses, and temperature, as shown in Eq. (1).


εr−αT=σrE−μE(σθ+σz)


εθ−αT=σθE−μE(σr+σz)
(1)


εz−αT=σθE−μE(σr+σz)

and 
γrz=1Gτrz

In this paper, Abaqus finite element software was used to simulate the effects of cement expansion agent on the integrity of cement sheath under the casing-cement sheath-formation interaction. The selected model was based on a 3-D stress model.

The validation of the model could be demonstrated by comparing the simulation result based on this model and the experiment result obtained by Belrate et al. qualitatively [7,14]. Based on this model, the bonding between the casing and cement sheath maybe weaken when the expansion of the cement sheath occurred, which is consistent with the experiment result obtained by Belrate et al. [7,14].

2.2 Initial and Boundary Conditions of Model

Several boundary conditions were considered. First, no initial displacements existed in the casing, cement sheath, and formation. Second, the initial stress state of cement sheath in the wellbore’s annulus was not clear after cementing [16]. Here, no initial stress-induced interactions among the cement sheath, casing, and formation were considered. Third, no pressure load on the casing’s inner boundary existed. Forth, the top, bottom, and two vertical planes of the model adopted symmetrical boundary conditions. When investigating the effect of geo-stress on the integrity of the cement sheath, the remote end face of the formation adopted the pressure load boundary condition. In other cases, the remote end face of the formation adopted the boundary condition for the fixed end face. Fifth, a hard contact model was utilized to describe the contact between the casing and cement sheath, as well as between cement sheath and formation. This did not allow penetration between materials.

2.3 Geometric Parameters and Meshing of the Established Model

The outer diameter of the casing was set to 193.675 mm, the diameter of the wellbore was 240 mm, the diameter of the formation was 2.54 m, and the height of the model was 125 mm. The schematic diagram of the model is shown in Fig. 1. A quarter of the model was taken for finite element simulation due to the model’s axial symmetry. The mesh of the model adopted the linear hexahedral element C3D8R, with 3750 casing meshes, 5984 cement sheath meshes, and 3000 formation meshes. The meshing of the model is provided in Fig. 2.
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Figure 1: Schematic diagram for casing-cement sheath-formation
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Figure 2: Finite element model for casing-cement sheath-formation

2.4 Material Parameters of the Model

The main material parameters used in this paper were density of casing of 7.8 g/cm3, density of cement stone of 2.0 g/cm3, density of formation rock of 2.3 g/cm3, thermal expansion coefficient of cement stone of 1.2 × 10−5 K−1, elastic modulus of casing of 210 GPa, Poisson’s ratio of casing of 0.3, Poisson’s ratio of cement stone of 0.15, Poisson’s ratio of formation of 0.2, and initial temperature of the model of 313 K. The relationship between the expansion rate of cement stone k and the final temperature of the equivalent cement stone 
Te
can be expressed by Eq. (2). By assuming expansion rates of cement stone at 0.0%, 0.05%, 0.1%, 0.15%, and 0.2%, the final temperatures of the equivalent cement stone can be calculated according to Eq. (2). The results are listed in Table 1.
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k=(Te−Ti)∙α
(2)

where k denotes the expansion rate of cement stone (dimensionless), 
Te
is the final temperature of cement stone (K), 
Ti
represents the initial temperature of cement stone (K), and 
α
refers to the thermal expansion coefficient of cement stone (K−1).

3  Effects of Cement Sheath Expansion on Micro-Annulus at First Cementing Interface

Since the expansion of cement sheath tended to increase the inner and outer diameters of cement sheath, cement sheath would contact formation more closely to improve the sealing effect of the second cementing interface. However, this may cause debonding between casing and cement sheath, leading to the formation of micro-annulus at the first cementing interface. Therefore, the effects of various influencing factors on the micro-annulus at the first cementing interface were studied.

3.1 Effect of Formation Elastic Modulus on Micro-Annulus at First Cementing Interface

The impacts of different formation elastic moduli (3.0, 4.5, 6.0, 7.5, and 9.0 GPa) on the micro-annulus formed at the first cementing interface were investigated. To this end, the elastic modulus of cement sheath was 6 GPa and the expansion rate of cement stone was set to 0.2%. Fig. 3 shows the micro-annulus conditions of the first cementing interface under different elastic moduli of formation.
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Figure 3: Micro-gaps at the first interface with different elastic modulus of formation

As shown in Fig. 3, the micro-annulus at the first cementing interface decreases gradually as the increase in the elastic modulus of the formation. When the formation elastic modulus exceeded the elastic modulus of cement sheath (6 GPa), the micro-annulus at the first interface reduced significantly. When the formation elastic modulus exceeded 7.5 GPa, the number of micro-annulus at the first interface reduced to zero. These variations indicated the expansion agent suitable for the “hard formation” environment, where the elastic modulus of formation was greater than that of the cement stone.

3.2 Influences of Elastic Modulus of Cement Stone on Micro-Gaps at the First Interface

The effects of different elastic moduli of cement stone (3.0, 4.5, 6.0, 7.5, 9.0, and 12 GPa) on the micro-gaps first cementing interface were also investigated. The elastic modulus of formation was set to 6 GPa, and the expansion rate of cement stone was 0.2%. Fig. 4 displays the micro-gaps at the first cementing interface, and how it formed under different elastic moduli of cement stone.
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Figure 4: Micro-gaps at the first interface with different elastic modulus of cement sheath

In Fig. 4, the number of micro-gaps at the first cementing interface increased gradually as the rise in the elastic modulus of the cement stone. When the elastic modulus of the cement stone exceeded 4.5 GPa, micro-gap appeared at the first interface. When the elastic modulus of the cement stone exceeded the elastic modulus of the formation (6 GPa), micro-gap at the first interface increased significantly. Thus, the expansion agent was suitable for application upon cement slurry with a low elastic modulus whose elastic modulus of cement stone was less than that of formation.

3.3 Impacts of Er/Ec on Micro-Gaps at the First Cementing Interface

Based on the data shown in Sections 3.1 and 3.2, a series of Er/Ec under the fixed elastic modulus of the stratum was obtained by fixing the elastic modulus of the cement stone and adjusting the elastic modulus of the formation. Correspondingly, a series of Er/Ec under the fixed elastic modulus of the formation was obtained by fixing the elastic modulus of the formation and adjusting the elastic modulus of the cement stone. The effects of two different types of Er/Ec on the micro-gap at the first cementing interface were explored by simulation at the expansion rate of the cement stone set to 0.2%. Fig. 5 shows the effects of different Er/Ec on micro-gaps at the first cementing interface.
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Figure 5: Micro-gaps at the first interface with different Er/Ec

As depicted in Fig. 5, the curves looked completely identical under Er/Ec obtained by two different methods, revealing a good correlation between micro-gaps at the first cementing interface and Er/Ec. Moreover, the increase in Er/Ec led to a gradual decline in the micro-gaps at the first cementing interface. According to the actual wellbore conditions, Er/Ec preventing the generation of micro-gaps at the first interface was determined as Er/Ec > 1.25 under the conditions of this paper. During cementing operations in the field, the reasonable elastic modulus of cement stone can be determined according to the elastic modulus of the formation.

3.4 Effects of Cement Stone’s Expansion Rates on Micro-Gaps at the First Interface under High Formation Elastic Modulus

The high formation elastic modulus refers to the elastic modulus of formation greater than that of cement sheath. Here, the effects of different cement stones’ expansion rates (0.0%, 0.05%, 0.1%, 0.15%, and 0.2%) on micro-gaps at the first cementing interface were examined with the elastic modulus of the formation of 9 GPa and elastic modulus of the cement stone of 6 GPa. Fig. 6 gathers the micro-gap conditions of the first interface under different expansion rates of cement stone.
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Figure 6: Effect of cement expansion rate on micro-gaps under high formation elastic modulus

As displayed in Fig. 6, the increase in the expansion rate of cement stone under high formation elastic modulus generated no micro-gaps at the first cementing interface. Therefore, the expansion agent was suitable for cement slurry with a low elastic modulus whose elastic modulus of cement stone was lower than that of formation.

3.5 Impacts of Cement Stone’s Expansion Rates on Micro-Gaps at the First Cementing Interface under low Formation Elastic Modulus

The low formation elastic modulus refers to the elastic modulus of formation less than that of cement sheath. Here, the influences of different cement stone expansion rates (0.0%, 0.05%, 0.1%, 0.15%, and 0.2%) on the micro-gaps at the first cementing interface were evaluated with the elastic modulus of formation of 3 GPa and elastic modulus of cement stone of 9 GPa. Fig. 7 gathers the micro-gap conditions at the first cementing interface under different expansion rates of cement stone.
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Figure 7: Effect of cement expansion rate on micro-gaps under low formation elastic modulus

In Fig. 7, the increase in the expansion rate of cement stone under the low elastic modulus of the formation led to an enhanced number of micro-gaps at the first cementing interface. Also, a good linear correlation was noticed between the number of micro-gaps at the first interface and the expansion rate of cement stone. Thus, greater expansion rates of cement stone in cementing operation in the circumstance of soft formation would yield a greater possibility of micro-gaps forming at the first cementing interface, which is adverse to the prevention of gas and water channeling in the well.

3.6 Influences of Geo-Stress on Micro-Gaps at First Cementing Interface

In Section 3.4, no micro-gaps were seen at the interface under the high elastic modulus of the formation. Therefore, the effects of the initial geo-stress field on micro-gaps at the first cementing interface were studied under a low elastic modulus of formation. The geo-stress was applied accordingly to the reported ODB import method [17]. Here, the geo-stress field in formation was first calculated according to the far-field geo-stress, and then applied to the casing-cement sheath-formation model to obtain the model with the initial in-situ geo-stress field, while ensuring no initial interaction force between the formation and the cement sheath ocurred. In the study, the far-field geo-stresses were set to 2, 5, 10, 20, 30, and 40 MPa. The expansion rate of cement stone was 0.2%, the elastic modulus of cement stone was 6 GPa, and the elastic modulus of the formation was 3 GPa. The geo-stress field distributions under different far-field geo-stresses are presented in Fig. 8, and the micro-gaps at the first cementing interface under different geo-stress fields are shown in Fig. 9.
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Figure 8: Geo-stress distribution under different remote site stresses
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Figure 9: Micro-gaps at the first interface with different remote site stresses

As depicted in Fig. 9, the increase in geo-stress led to the gradual decline in the micro-gap at the first cementing interface. However, the effects of geo-stress on the micro-gaps at the first cementing interface were indistinctive.

4  Conclusions

The expansion of the cement sheath caused by the oil-well cement expansion agent could form micro-gaps at the first cementing interface, and the ratio between formation elastic modulus and cement stone elastic modulus showed a more significant effect on the number of micro-gaps. The gradual increase in ratio led to the gradual reduction in the numbers of micro-gaps at the first cementing interface to zero, indicating the oil-well cement expansion agent was more suitable for “hard formation” environment where the elastic modulus of formation was greater than the elastic modulus of cement sheath.

The expansion rate of cement stone greatly impacted the micro-gaps at the first cementing interface under low formation elastic modulus. The increase in the expansion rate of cement stone rose the number of micro-gaps at the first cementing interface in a linear manner. At high formation elastic modulus, the expansion rate of cement stone showed an insignificant effect on micro-gaps at the first cementing interface. With the increase in geo-stress, the number of micro-gaps at the first cementing interface gradually decreased under low formation elastic modulus. However, the geo-stress displayed an insignificant effect on micro-gaps at the first cementing interface.
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Table 1: Expansion rate of cement stone and equivalent temperature

No. Expansion rate/% Equivalent temperature/K

1 0.0 313
2 0.05 355
3 0.1 396
4 0.15 438
5 0.2 480
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