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A microannulus (MA) is the primary reason for sustained casing pressure in multi-stage fractured-shale
gas wells. However, the effect of the casing eccentricity on the long horizontal section has not been
considered. In this study, a full-scale integrity tester for cement sheaths is adopted to measure the cu-
mulative plastic deformation. Numerical models are applied to evaluate the development of the cu-
mulative plastic deformation and quantify the MA width considering casing centralization and
eccentricity in the context of multiple loading and unloading cycles. Subsequently, the influences of the
eccentricity distance and angle, cement-sheath mechanical variables, and different well depths on the
cumulative sheath plastic deformation and sheath MA development are explored. The research results
demonstrate that casing eccentricity significantly increases the cumulative sheath plastic deformation
compared with that of the casing-centered condition. Consequently, the risk of sealing integrity failure
increases. The accumulated plastic deformation increases when the eccentricity distance increases. In
contrast, the initial plastic deformation increases as the eccentricity angle increases. However, the cu-
mulative plastic deformation decreases after a specific loading and unloading cycle count. Affected by the
coupled influence of the internal casing pressure and fracturing stages, the width of the MA in the
horizontal section increased from the toe to the heel, and the casing eccentricity significantly increased
the MA width at each stage, thus increasing the risk of gas channeling. Finally, an engineering case is
considered to study the influence of casing eccentricity. The results show that cement slurries that form
low and high elastic moduli can be applied to form a cement sheath when the fracturing stage is lower or
higher than a specific value, respectively. The results of this study offer theoretical references and en-
gineering support for the integrity control of cement sheath sealing.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

A cement sheath is positioned into an annular gap between a
formation and casing, and plays an essential role in providing zonal
isolation and blocking fluid from entering the wellbore in the for-
mation throughout a well lifecycle (Goodwin and Crook, 1992;
Wang and Dahi Taleghani, 2014; Zeng et al., 2019; Wei et al., 2022;
Yan et al., 2023). However, failure of its sealing integrity frequently
occurs in the multi-stage hydraulic fracturing process of horizontal
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shale gas wells. A range of corresponding experimental research
and numerical simulation analyses have been performed to
demonstrate the failure mechanism for sheath sealing integrity.
The research results have shown that failure was mainly attribut-
able to the multiple loadings and unloadings of the internal casing
pressure caused by fracturing in different stages (Shadravan et al.,
2015; Wang and Dahi Taleghani, 2017; Li et al., 2020; Xi et al,,
2022; Han et al., 2023). However, most studies have focused on
casing centralization in the horizontal section as a prerequisite for
the research process. In practical engineering, the casing in the
horizontal section sinks to the bottom of the horizontal section
owing to the long horizontal section in shale gas wells and
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relatively large self-weight of the casing strings. This results in
casing eccentricity during cementing operations. Indoor experi-
ments and engineering practices have proven that the sheath
sealing integrity is more likely to fail once the casing becomes
eccentric (Obando Palacio et al., 2020; Huang et al., 2022). However,
current research in this area is insufficient. Therefore, analyzing the
sheath sealing integrity in a casing-eccentricity scenario is vital for
preventing and controlling sustained casing pressure problems.

In previous research, indoor experiments and numerical simu-
lation methods have been adopted to explore the causes of cement-
sheath sealing-integrity failure with the casing centered, mainly
focusing on two aspects: the stress state analysis of the cement
sheath (Andrade et al., 2016; Guo et al., 2018; Bu et al., 2020; Deng
et al., 2023) and microannulus (MA) generation and development
at the casing-cement sheath interface (Carter and Evans, 1964; Chu
et al., 2015; Liu et al., 2016; Deng et al., 2021; Yan et al., 2021; Xi
et al., 2022). First, researchers established mathematical models
for casing/cement sheath/formation using techniques such as
theoretical derivation and numerical simulation, calculated the
tangential and radial stresses on the cement sheath by considering
the coupling between the internal casing pressure, in situ stress,
and reservoir temperature, and evaluated whether cracks would
appear on the cement sheath with the stress exceeding the set
tensile or compressive strength of the cement (Andrade et al., 2016;
Arjomand et al., 2018; Jafariesfad et al., 2020; Wang et al., 2021; Li
etal,, 2023). As indicated in the study performed by Liu et al. (2021),
a lower modulus of elasticity is beneficial for reducing the stress
borne by the cement sheath and ensuring its safety. Second, pre-
vious studies have investigated MA generation and evolution
considering the cyclic loading and unloading impacts of the inter-
nal casing pressure in hydraulic fracturing (Zeng et al., 2019; Xi
et al., 2020, 2022; Meng et al., 2021). Zeng et al. (2019) conducted
full-scale wellbore loading and unloading tests and observed that
an MA occurred at the casing and cement sheath interface. Xi et al.
(2022) reached similar conclusions through numerical simulations
and calculated the distribution pattern of an MA along the entire
wellbore. However, all of the above studies were based on the
premise that the casing was centered in the horizontal section of
the shale gas wells during cementing operations, which was
inconsistent with the actual engineering situation.

However, casing eccentricity is actually a necessary consider-
ation in practical engineering. In horizontal shale gas wells, the
horizontal section often has a length of over 2000 m. Consequently,
the casing may cling to the bottom of the borehole under the action
of its weight and the buoyancy generated by the completion fluid,
leading to apparent casing eccentricity (Xu et al., 2022; Zeng et al.,
2022; Gu et al., 2022). Casing eccentricity can significantly influ-
ence cement sheath sealing integrity, as indicated by extant indoor
experiments and engineering practice results. Schlumberger's en-
gineering practices in multiple regions, such as the North Sea, have
shown that casing eccentricity significantly affected sheath sealing
integrity, exacerbating the risk of failure owing to the loss of
wellbore sealing integrity (Obando Palacio et al., 2020). Huang et al.
(2022) subjected a full-size cement sheath to indoor sealing
integrity experiments in a cyclic-load scenario and claimed that
casing eccentricity could easily result in MA emergence, thereby
deteriorating the sheath sealing integrity. Therefore, evaluating the
effect of casing eccentricity on the sheath-sealing integrity during
multi-stage fracturing is essential.

However, conducting sealing integrity research for cement
sheaths in the context of casing eccentricity faces significant chal-
lenges, which are mainly reflected in the following three aspects.
First, the degradation process at the sheath interface needs to be
considered in the process of analyzing and evaluating the cement
sheath sealing integrity, requiring a full-scale experimental tester
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for verification. However, using such experimental devices to
reflect the actual underground situation is very difficult, especially
the cyclic internal casing pressure loading and unloading during
the multi-stage fracturing process. Second, it is imperative to
explore the risk of cement sheath sealing integrity failure over the
entire horizontal section, and the influence of the long horizontal
shale gas well section should be considered. Nevertheless, differ-
ences have been noted regarding the internal casing pressure at
varous horizontal section locations and fracturing cycle counts
(loading and unloading frequencies), which can affect MA genera-
tion and evolution. Third, the eccentricity of the casing can be
characterized by the eccentricity distance and angle. During the
analysis process, it is necessary to specifically explore the influence
of the eccentricity distance and angle on the MA formation and
evolution to investigate the sensitivity of the influence of eccen-
tricity parameters.

In this study, a full-scale integrity tester for a cement sheath was
adopted to measure the accumulated plastic deformation under the
condition of casing centralization. Numerical models were estab-
lished to investigate the accumulated plastic deformation and
calculate the MA width, considering casing centralization and ec-
centricity. Then, the influences of the eccentricity distance and
angle, cement sheath mechanical variables, and different well
depths on the accumulated sheath plastic deformation and sheath
MA development were investigated. Finally, engineering and
geological data of an actual shale gas well were applied to explore
the distribution of the MA in the horizontal section under casing-
centering and eccentricity conditions. In addition, a correspond-
ing method for using composite cement slurry column structures
was proposed. The findings of this study can offer theoretical ref-
erences and engineering support for ensuring the sealing integrity
of cement sheaths.

2. Laboratory experiments

Multi-stage fracturing leads to cyclic internal pressure loading
and unloading of casings. Consequently, the cement sheath will
exhibit significant plastic deformation. There is a persistent in-
crease in the accumulated plastic deformation as the number of
loading and unloading cycles increase. In response, several indoor
experiments have been conducted and the law of cumulative
plastic deformation has been verified (Liu et al., 2016; Xi et al,,
2020). Nevertheless, there are still some differences between
triaxial mechanic and full-size cement sheath experiments.
Therefore, a full-scale cement sheath integrity measurement
experiment was conducted to address this issue based on cyclic
loading and unloading conditions.

2.1. Experimental equipment and procedures

A full-scale integrity tester for cement sheaths was adopted to
measure and analyze cumulative plastic deformation (Chen et al.,
2023). The experimental device included wellbore simulation,
control, data collection, and gas-channeling measurement systems,
as shown in Fig. 1. The wellbore simulation system was comprised
of an outer cylinder and casing with thicknesses of 50 and 7.15 mm
and inner diameters of 163.70 and 135.40 mm, respectively, with a
height of 1000 mm and steel grade of P110. The cement slurry was
poured between the outer cylinder and casing for curing, forming a
cement sheath with a wall that was 12-mm thick. The outer and
inner sheath diameters were 163.70 and 139.70 mm, respectively.

The interior and exterior walls were arranged with sensors to
further analyze the plastic deformation of the cement sheath by
measuring the plastic strains imposed on the sheath interior and
exterior walls, respectively, as displayed in Fig. 1. In addition, an
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Fig. 1. Full-scale integrity tester for cement sheath.

internal pressure was applied to the casing interior wall during the
cyclic loading and unloading. The highest and lowest critical
pressures were set as 50 and 6 MPa, respectively, as shown in Fig. 2.

2.2. Experimental results

The strain generated during cyclic loading and unloading was
recorded and the strain variation patterns at the interior and
exterior walls of the cement sheath during the loading and
unloading cycles are shown in Fig. 3. The deformation after
unloading was used to characterize the cumulative plastic
deformation.

The post-unloading deformation was selected for analysis to
further quantify and explore the growth pattern of the accumulated
plastic deformation, as shown in Fig. 4. Here, an obvious plastic
deformation (Phase I) was observed following the first cycle of
loading and unloading. The law of plastic deformation growth
exhibited a linear variation (Phase II) with an increasing number of
cycles.
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Fig. 3. Accumulated plastic deformations in the course of cyclic loading and unloading.
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Fig. 4. Deformation under different loading and unloading cycles.

3. Numerical simulations
3.1. Physical and numerical models

Considering that the parameters set by the experimental
equipment could not directly reflect the actual underground me-
chanical environment, it was necessary to establish corresponding
numerical models based on the actual geometric dimensions, ma-
terial parameters, and mechanical environment of a wellbore. Two
physical models were considered in this study, as shown in Fig. 5(a)
and (b).

The numerical model that was established according to the
experimental setup is shown in Fig. 5(a). The geometric di-
mensions, material parameters, and loading and unloading condi-
tions of the physical model were considered in the establishment
process.

The numerical model that was established based on the com-
bination of casing-cement sheath-formation in engineering prac-
tice is shown in Fig. 5(b). The casing centralization and eccentricity
conditions were considered during the model establishment pro-
cess, and the casing eccentricity was mainly quantified by the ec-
centricity distance and angle. All the models were primarily used to
calculate the accumulated plastic deformation of the cement
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sheath in the context of cyclic loading and unloading at different
positions on the horizontal section.

The horizontal section is often segmented into 20 stages or more
when calculating the horizontal section of an actual well, and the
depth of each stage is different. There was also a significant dif-
ference in the casing internal pressure of the research object at each
stage considering the high frictional resistance of casing fracturing.
The calculation method for the internal pressure is expressed as:

Pin = Pyellhead + pgh — f(1) (1)

f)y=al (2)
where Pj, indicates the casing inner pressure (MPa), Pyellhead iN-
dicates the fracturing pressure (MPa), pgh denotes the hydrostatic
fluid column pressure of the intra-wellbore fracturing fluid (MPa),
¢ denotes the friction coefficient (MPa/m), and I represents the well
depth (m).

3.2. Material parameters and boundary conditions

Regarding the experimental setup-based numerical model, the
elastic modulus was 210 GPa for the outer cylinder and casing, and
6.5 GPa for the cement sheath. The Poisson's coefficient setting was
0.21. In terms of input load, the internal casing pressure loading
curve during the test process was used as the input parameter to
ensure consistency during cyclic loading and unloading.

All parameters in the numerical model for the horizontal section
were obtained from actual engineering wells in Luzhou, Sichuan
Basin, China. The geometric and material indicators were consistent
with those of actual engineering, as listed in Table 1. The casing was
made of P110 steel with a yield strength of 758 MPa.

Based on the geological data, the horizontal principal stress
ranged from 90 to 110 MPa, whereas the vertical principal stress
was 100 MPa. The in situ stress was used for the casing-cement
sheath-formation assembly during the numerical simulation pro-
cess using the predefined field function method.

The treating pressure at the wellhead was 69 MPa and the
fracturing fluid had a density and displacement of 1.05 g/cm® and
12 m®/min, respectively. The frictional resistance along the casing
during fracturing was 0.0058 MPa/m, as obtained from onsite en-
gineering measurement data. Based on these data, the internal
casing pressure could be computed at any position in the horizontal
section during the fracturing process and intervals.
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Fig. 5. Numerical models for: (a) the experimental device and (b) the casing-cement sheath-formation assembly.

Table 1
Geometric and material indicators for casing-cement sheath-formation.

Elastic modulus, GPa Poisson's coefficient

Name Inner diameter, mm
Wellbore (formation) 215.9

Cement sheath 139.7

Casing 121.36

27 0.22
5.5 0.17
206 03

The cyclic internal loading and unloading pressure in the casing
resulted in cumulative plastic deformation at the cement sheath
interface during the numerical simulation. The casing-sheath
interface was set as a cohesive element to simulate the cumula-
tive plastic deformation generated after each unloading. In addi-
tion, the interface followed the traction-separation law, which
directly reflected the process of MA emergence and evolution.

The model establishment process was based on prior findings
considering the difficulty in obtaining cohesive mechanical pa-
rameters (Carter and Evans, 1964; Benzeggagh and Kenane, 1996;
Wang and Dahi Taleghani, 2014). Additionally, the relevant pa-
rameters were obtained from mechanical experiments, as listed in
Table 2. When the yield strength is exceeded, the cement stone
begins to enter the plastic range.
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3.3. Failure criteria

The cohesive model of the traction-separation law includes
cohesive elements and surface interactions, as shown in Fig. 6.

The constitutive model used by the traction-separation law was
the bilinear constitutive model displayed in Fig. 6. In addition to
describing the linear elastic phase before the material strength
reaches the limit value, it represents the linear stiffness decline and
softening stage after the limit value has been reached (Feng et al.,
2017; Lian et al., 2020). The slope of the linear elastic phase rep-
resents the stiffness, and the area under the triangle represents the
energy discharge during the fracture process of the material. Hence,
the ultimate strength, stiffness, and critical energy discharge were
determined based on the cohesion model (or the displacement at
failure).
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Table 2
Interface bonding indices for the cohesive elements.
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Name Normal stiffness, MPa Shear stiffness, MPa Critical energy, Cohesive strength, MPa Yield strength, MPa
Jjm?
Interface 4.5 0.2 100 8.5 79
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Fig. 6. Cohesive force and bilinear constitutive model.

The early stage of linear elastic traction separation in the entire
bilinear structural model is represented as an elastic constitutive
matrix, which is expressed as:

Tn I(rm I(n S I(nt 5n
TS - Ksn I<SS KS[ 65 (Zb)
T¢ Kin  Kis Kt Ot

where T; (i = n, s, t) denotes the nominal vector of traction stress,
including one normal and two shear tractions. ¢; (i = n, s, t) rep-
resents the nominal vector of separation and Kj; (i, j = n, s, t) denotes
the stiffness matrix.

The beginning of damage is observed when the value of the
interaction function is one, and the contact stress ratio is expressed

as:
2 2 2
where Ty, Ts, and T; are the normal, first, and second shear direction
tractions at the interface and T¢, T2, and T? indicate their corre-
sponding peak nominal stress values, respectively.
Stiffness degradation can be used for characterizing damage

evolution. The scalar damage parameter represents the damage
level, which is expressed as:

(1)
T

(T
L

(Tw)
TR

(3)

ot (om = )
i (5 18

2, 2 2
Om =1/ {0n)" + 05 + 0f (5)
where 0y, denotes the effective displacement and d;,, d;, and o,
represent the normal, first, and second shear direction displace-

. 0 f C s
ments, respectively. 0;,, and 0, represent initial damage and com-
plete failure, respectively, and 0m** represents the maximal
effective displacement achieved during loading.
Interfacial traction post-damage can be expressed as:
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Th =
Tn7ﬁ<0
- (6)
Ts = (1 — D)T;
T: = (1 -D)T¢

where T,, Ts, and T; represent optimal elastic tractions in the
normal, first, and second shear directions, respectively.

The damage evolution process can be governed using the
Benzeggagh-Kenane fracture energy failure mode, which is
expressed as:

G§+’Gt

—_— 7
Gn + Gs + Gt 7)

g
G5+ (65 - 69) ) GGG

where Gp, G, and G; indicate deformation-induced energy dissi-
pation in the normal, first, and second shear directions, and G, G,
and Gf indicate their individual corresponding critical energies
essential for triggering failure, respectively. 6 denotes a power
factor.

3.4. Simulation procedure

The simulation of the numerical model for the experimental
device contained two steps. First, the inner surface of the produc-
tion casing was subjected to an internal pressure. The fluctuation in
the internal casing pressure conformed to the loading and
unloading laws throughout the experiment. Second, the cement
sheath was compressed by the casing under the condition that the
internal pressure was loaded and unloaded onto the casing, and the
inner surface of the sheath became elastically and plastically
deformed because of the radial stress imposed on the inner sheath
wall. However, plastic deformation cannot return to its original
state after internal pressure unloading; therefore, it contributed to
the strain. The cumulative plastic deformation also tended to in-
crease with an increase in the number of loading and unloading
cycles.

The simulation of the numerical model for the actual well
involved three steps. In the first step, multiple positions in the
horizontal section were chosen as research objects, and the
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frictional resistance in the fracturing process and internal pressure
of the casing at different positions were calculated based on the
above formulas. In the second step, the internal pressure of the
casing was applied to the inner wall of the casing, and its loading
and unloading changes were consistent with those of the engi-
neering construction. In the third step, cumulative plastic defor-
mation developed under the action of three-dimensional geostatic
stress (geo-stress), casing internal pressure, and cyclic loading and
unloading with a continuous increase in cyclic loading and
unloading times, ultimately forming the corresponding MA.

4. Results and discussion
4.1. Verification of numerical simulations

Previous studies have analyzed cumulative plastic deformation
using numerical simulations (Xi et al., 2018, 2022). Based on the

numerical model established with the experimental parameters,
there was significant plastic deformation on the cement sheath

Direction of vertical
principal stress

Direction of minimum
principal stress

+1 Case 1

Selected location (3500 m)

Fig. 9. Selected location and direction of in-situ stress.
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Fig. 10. Accumulated plastic deformations undergone by cement sheath under variation law for: (a) casing centering and (b) casing eccentricity.

interior wall that led to its separation from the outer wall of the
casing, forming an MA for gas channeling (Fig. 7). This was similar
to the findings of previous studies and consistent with the exper-
imental results, demonstrating the correctness of this model.

In addition, the plastic deformation of the interior wall of the
cement sheath was selected for testing. The variation pattern of the
accumulated plastic deformation with increasing loading and
unloading cycles was analyzed, as presented in Fig. 8. It is worth
noting that the numerical simulations and measurement results
were consistent.
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4.2. Comparative analysis of casing centering and eccentricity

The casing internal pressure (105.4 MPa) and fracturing stage
(20 stages) conditions at a well depth of 3500 m were selected as
the basic parameters to compare and study the differences in MA
emergence and development under casing centralization and ec-
centricity scenarios during multi-stage fracturing. The casing ec-
centricity angle was set to 0° and the eccentricity distance was set
to 10 mm. The generation and development processes of the
accumulated plastic deformation and MA were calculated and
analyzed under casing centering and eccentricity conditions based
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(Xietal, 2021). The development law of the PEEQ when the casing
was centered and eccentric during multistage fracturing is shown
in Fig. 10.

The following observations were made based on this figure.
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Fig. 13. Cumulative plastic deformation distributions under different eccentricity distances.

appearing in the upper and lower segments of the cement
sheath perpendicular to the vertical principle.

(b) Plastic deformation emerged on the inner cement sheath

wall when the casing was eccentric as the loading and
unloading cycle counts constantly increased, showing
persistent development. Plastic deformation occurred pri-
marily on both sides of the inner sheath wall during the early
phase of cyclic loading and unloading (cycle counts <4). The
top part of the inner sheath wall became the primary site of
plastic deformation with an increase in the number of
loading and unloading cycles, which was perpendicular to
the vertical ground stress.

(c) The generated cumulative plastic deformation was greater

when the casing was eccentric, under the condition that the
cycle count for loading was identical to that for unloading.
This was determined by comparing the PEEQ values under
the casing centralization and eccentricity scenarios. The
maximum cumulative plastic deformations for the 4th and
12th cycles under the casing centralization and eccentricity
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scenarios were 2.58%o0 and 3.54%o, and 4.45%o, and 5.12%o,
respectively. Under the eccentricity condition, the PEEQ
increased by 72.5% and 44.6%, respectively, compared to
those of the centralization condition.

The accumulated plastic deformation distributions along the
sheath interior wall were compared to further quantify the differ-
ence in the cumulative plastic deformations caused by the cement
sheath in the casing centralization and eccentricity scenarios after
cyclic loading and unloading, as shown in Fig. 11.

The loading and unloading cycle counts were 10 and 20,
respectively. The following observations were made based on this
figure.

(a) The positions of the wellbore center were different when the
casings were centered and eccentric, and the distance be-
tween the wellbore centers under both conditions repre-
sented the eccentricity distance. The distribution of the
accumulated plastic deformation on the sheath interior wall
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did not significantly change when there was eccentricity in
the casing, as shown in Fig. 11(a). This was primarily owing to
the significant cumulative plastic deformation occurring at
the upper and lower sheath ends. The increase in the cu-
mulative plastic deformation at these ends was more sig-
nificant with an increase in the cycle count (from the 10th to
20th cycles). The accumulated plastic deformation on both
sides scarcely changed.

(b) The wellbore center was normalized to the same position
under centered and eccentric casing conditions to further
quantify and explore the distribution of cumulative plastic
deformation, as shown in Fig. 11(b). When the number of
cycles was 10, the accumulated plastic deformations borne
by the cement sheath were 3.18%c and 4.83% when the
casing was centered and eccentric, respectively. The corre-
sponding cumulative plastic deformations increased to
5.38%0 and 6.56%0 and the growth rates were 69.2% and
35.8%, respectively, with a further increase in the cyclic

Width of micro-annulus, pm

—— Casing centralization, « = 0 mm
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Fig. 15. Generation and development of MA under different eccentricity distances.
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loading and unloading frequency (20 cycles). Overall, the
eccentricity of the casing significantly increased the accu-
mulated plastic deformation of the cement sheath interior
wall, increasing the failure risk of the sheath sealing
integrity.

The width of the resulting MA was calculated based on the cu-
mulative plastic deformation of the inner wall of the cement sheath
(Xi et al.,, 2021, 2022), as presented in Fig. 12. Here, the variation
pattern of the MA width is shown as the number of cycles increases.
According to previous research, it is easy to cause gas leakage when
the width of the MA is 40 pm (Xi et al., 2021). Therefore, this value
was used as the critical value for gas channeling. Under the con-
dition that the number of loading and unloading cycles reached 17,
the widths of the MA were 31.2 and 40.1 um when the casing was
centered and eccentric, respectively. The last width exceeded the
critical value of gas channeling.

4.3. Sensitivity analysis

4.3.1. Influence of eccentricity distance

The eccentricity distance of the casing was mainly used to
characterize the distance between the centers of the casing and
wellbore. As previously mentioned, the casing's self-weight was
relatively high when the casing in the horizontal section was
extended. The casing may experience varying degrees of sinking
under the combined action of cement slurry buoyancy and stabi-
lizer support, resulting in different eccentricities. In this case,
different eccentricity distances were used to characterize the de-
gree of eccentricity.

The location at a well depth of 3500 m was selected as the
analysis object, there were 20 fracturing stages, and the eccentricity
angle was set to 0°. The cumulative plastic deformation changes of
the cement sheath inner wall and the generation and development
of the MA were analyzed at eccentricity distances of 0, 5, 10, and
15 mm.

Cumulative plastic deformations under varying eccentricity
distance conditions considering loading and unloading cycles of 0,
10, and 20 are shown in Fig. 13.

The following observations were ascertained based on this
figure.

(a) The cumulative plastic deformation tended to increase
continuously under the same mechanical environment and
cyclic loading and unloading times as the eccentricity dis-
tance increased. The cumulative plastic deformations when
there was no casing eccentricity were 3.18%o0 and 5.38%o after
10 and 20 loading and unloading cycles, respectively. The
cumulative plastic deformations for eccentricity distances of
5 and 15 mm under the same cycling conditions were 4.58%o
and 6.21%o, and 5.06%0 and 6.93%o, respectively. Compared
with the casing-centered condition, these were increases of
44.02% and 15.43%, and 59.12% and 28.81%, respectively. This
indicated that the eccentricity distance of the casing further
exacerbated the risk of cement sheath sealing integrity
failure.

(b) The eccentricity distance of the casing changed the distri-
bution of the cumulative plastic deformation on the inner
wall of the cement sheath compared to that where the casing
was centered. The eccentricity of the casing changed the
shape of the cement sheath under the combined action of the
minimum horizontal and vertical geo-stresses, affecting the
distribution area of the cumulative plastic deformation. The
maximum position of the cumulative plastic deformation
gradually approached the top of the inner wall of the cement
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Fig. 16. Cumulative plastic deformation distribution changes under different eccentric angles.

sheath as the eccentricity continued to increase when the
number of loading and unloading cycles was 10 and the ec-
centricities were 5, 10, and 15 mm.

Nodes on the inner wall of the cement sheath were used to
extract the cumulative plastic deformation values along the
circumference to further analyze the cumulative plastic deforma-
tion area and corresponding changes in values under different ec-
centricity distances. In addition, the casing centers under different
eccentricity conditions were subjected to a concentric treatment to
express the cumulative plastic deformation more accurately, as
shown in Fig. 14.

The risk area of cumulative plastic deformation mainly appeared
at the top of the casing when there was casing eccentricity owing to
the combined influence of the in situ stress and eccentricity state.
The maximum cumulative plastic deformation was 5.38%0 when
the casing was centered. The maximum cumulative plastic defor-
mation values were 6.21%o, 6.56%o, and 6.93%0 when the eccen-
tricities were 5, 10, and 15 mm, respectively. The corresponding
cumulative plastic deformations for the centered condition
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increased by 15.4%, 21.9%, and 28.8%, respectively.

The generation and development of MA under different eccen-
tricity distance conditions are shown in Fig. 15.

The following observations were ascertained based on this
figure.

(a) The generation and development of the MA exhibited similar
variation patterns under centering and eccentricity casing
conditions. The initial plastic deformation increased signifi-
cantly when there was casing eccentricity. In addition, the
width of the initial MA increased as the eccentricity distance
continued to increase. The width of the MA under casing
eccentricity and the same number of loading and unloading
cycles was significantly wider than that under the centered-
casing condition.

(b) As previously mentioned, gas channeling occurs when the
width of an MA reaches 40 pm (Xi et al., 2022). The width of
the MA was 35. 8 um after 20 cycles of loading and unloading
when the casing was in the center, and there was no evi-
dence of gas channeling. However, the width of the MA
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Generation and development of the MA gap under different eccentricity

exceeded 40 um (40.2 um) when the casing underwent ec-
centricity at a distance of 5 mm for the 19th loading and
unloading cycle, causing failure of the sealing integrity at this
depth. Similarly, the critical value of gas channeling was
exceeded when the eccentricity distances were 10 and
15 mm for the 17th and 16th loading and unloading cycles,
respectively. Therefore, the more significant the eccentricity
distance, the lower the durability of the cement sheath under
the same conditions.

4.3.2. Influence of eccentricity angle

The eccentricity distance was set to 10 mm to further analyze
the influence of the eccentricity angle on cumulative plastic
deformation. The eccentricity angles were set to 0°, 30°, 60°, and
90°, as shown in Fig. 16.

The existence of an eccentricity angle changed the distribution
of the cumulative plastic deformation owing to the impact of
nonuniform ground stress. This effect was more significant when
the number of loading and unloading cycles was 10. The position of
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the maximum cumulative plastic deformation changed with the
increasing eccentricity angle, as shown in Fig. 16. This situation
made the location of the accumulated plastic deformation on the
inner wall of the cement sheath more complex, thus increasing the
implementation difficulty for later treatment measures. However,
the maximum cumulative plastic deformation position remained at
the top of the inner wall of the cement sheath when the number of
loading and unloading cycles was 20.

The cumulative plastic deformation under different eccentric
angles was analyzed to quantify its distribution on the inner wall of
the cement sheath, as shown in Fig. 17. The effect of the casing
eccentricity angle on the cumulative plastic deformation value was
not significant. However, it had a more substantial impact on the
cumulative plastic deformation area. The maximum cumulative
plastic deformation areas mainly appeared at the top and bottom of
the inner wall of the cement sheath and on the left side when the
loading and unloading cycles were repeated ten times. However,
the maximum cumulative plastic deformation areas mainly
appeared at the top and bottom as the number of loading and
unloading cycles continued to increase. This affected the sealing
integrity of many areas above the cement ring, thereby increasing
the difficulty of governance.

The generation and development of the MA at different eccen-
tricity angles were calculated based on the above results, as shown
in Fig. 18.

The eccentricity angle exhibited a relatively small degree of
influence on the initial plastic deformation. This indicated that the
more significant the eccentricity angle, the greater the initial plastic
deformation. However, the eccentricity angle increased and the
cumulative plastic deformation decreased as the number of loading
and unloading cycles increased past 12.

4.3.3. Influence of mechanical properties of the cement sheath

It was previously established that the mechanical properties of
set cement included the elastic modulus, Poisson's ratio, internal
friction angle, and cohesion, which have an impact on the cumu-
lative plastic deformation during cyclic loading and unloading (Xi
et al,, 2020). The elastic modulus has the most significant influ-
ence. However, previous research did not analyze the influence of
the elastic modulus on the cumulative plastic deformation under
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Fig. 19. Accumulated plastic deformations of cement sheaths under different elastic modulus conditions.

eccentric casing conditions or conduct corresponding numerical
simulations and analyses. The eccentricity angle was 0° and the
eccentricity distance was maintained at 10 mm in this study to
change the elastic modulus of the cement sheath during the nu-
merical simulation. The area with more significant cumulative
plastic deformation continued to grow in the distribution area of
the cumulative plastic deformation as the elastic modulus
increased, as shown in Fig. 19.

The cumulative plasticity increased with continuous growth of
the elastic modulus when the number of loading and unloading
cycles was 10. Conversely, the cumulative plastic deformation
decreased as the number of loading and unloading cycles increased
to 20. This suggested that the cumulative deformation value was
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influenced by the elastic modulus and number of loading and
unloading cycles. Therefore, it is necessary to simultaneously
consider both factors when evaluating the sealing integrity of
cement sheaths. The generation and development of the MA under
different elastic moduli were calculated, as shown in Fig. 20.

The initial plastic deformation significantly decreased as the
elastic modulus decreased. However, at the same time, a smaller
elastic modulus corresponded to a more significant growth slope.
This caused the cumulative plastic deformation to be influenced by
the elastic modulus and number of loading and unloading cycles. A
lower elastic modulus was beneficial for reducing the final cumu-
lative plastic deformation when the number of loading and
unloading cycles was low but exceeded a specific value.
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4.3.4. Influence of well depth in the horizontal section

The frictional resistance of the entire horizontal section
continued to increase as the well depth increased owing to the
influence of the static fluid column pressure, wellhead pressure,
and frictional resistance on the internal pressure of the casing. This
caused a continuous reduction in the internal pressure of the cas-
ing, as shown in Fig. 21.

The eccentricity angle and distance were set to 0° and 15 mm,
respectively. Simultaneously, the development law of cumulative
plastic deformation was compared under the condition of casing
centering, as shown in Fig. 22. The cumulative plastic deformation
increased as the well depth decreased from the toe to heel end in
the horizontal section. This was owing to the influence of the cyclic
loading and unloading times and changes in the internal pressure
of the casing. At the same position, the amount of cumulative
plastic deformation for casing eccentricity was higher than that for
casing centering. Additionally, casing eccentricity further increased
the risk of cement sheath sealing integrity failure.

The change in the generation and development of the cement
annulus in the horizontal section is shown in Fig. 23. The closer the
heel, the greater the risk of sealing integrity failure owing to the
high internal pressure of the casing and the frequent loading and
unloading cycles.

There were 16 fracturing stages at a well depth of 4000 m. The
width of the MA was approximately 28.9 um when the casing was
in the middle after 16 cycles of internal pressure loading and
unloading in the casing. This was lower than the critical value of gas
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channeling for the width of the MA. However, the width of the MA
reached 39.5 pm when there was eccentricity in the casing,
approaching the critical value of gas channeling. In addition, the
sealing integrity of the cement sheath in the current section did not
fail for locations with well depths ranging from 3500 to 4000 m
when the casing was centered. In contrast, the sealing integrity in
this section had already failed when the casing was eccentric.

5. Engineering application cases

As previously mentioned, the results of this study can guide the
selection of cement slurry types in horizontal sections. Therefore,
an analysis was conducted at an engineering site based on the
actual situation of the project.

A shale gas well in Luzhou, Sichuan Basin, China, was selected
for analysis. The well had measured and acutal vertical depths of
5285 and 3654 mm, repsectively. The horizontal section was
segmented into 20 equal subsections of 80 m. The wellbore was
215.9 mm in diameter. The production casing was made of P110
steel with a 139.7 mm outer diameter and thickness of 9.17 mm. Its
elastic modulus and Poisson's ratio were 206 GPa and 0.3, respec-
tively. The fracturing fluid density was 1.06 g/cm® and the treating
pressure was 74 MPa. The displacement of the fracturing fluid was
18 m>?/min and the frictional resistance along the casing during the
fracturing process was 0.008 MPa/m, as obtained from onsite en-
gineering measurement data. The maximum and minimum hori-
zontal principal stresses were 108 and 87 MPa, respectively, and the
vertical principal stress was 98 MPa.

The distribution of the MA width along the horizontal section
under the condition of casing centering is shown in Fig. 24. The
width of the micro-annular gap in the horizontal section decreased
as the well depth increased when the casing was in the center
under the combined action of internal pressure and cyclic loading
and unloading. The closer to the heel, the wider the width of the
micro-ring gap and the greater the risk of cement-ring sealing
integrity failure. However, even at the heel, the maximum width
was only 32.1 um, which was below the critical value of gas
channeling.

The MA width along the horizontal section under the condition
of casing eccentricity considering different elastic moduli is shown
in Fig. 25.

The following observations were ascertained from the figure.

(a) The width of the micro-annular gap generated after the ec-
centricity of the casing was notably higher than that when
the casing was centered. The width of the MA after the 20th
fracturing stage reached 40.6 pm when the elastic modulus
was 5.5 GPa. In addition, the width of the MA was 26.5%
higher than that when the casing was centered under the
same conditions.

(b) The micro-annular gap width was affected more intricately
by various elastic moduli for the entire horizontal section
because it was influenced by the internal casing pressure and
loading and unloading cycle counts. A lower modulus of
elasticity indicated a narrower width of the formed MA at the
site close to the toe end. However, the closer the heel end, the
greater the growth rate of the low elastic modulus cement
sheath MA width. The more relative to the heel, the higher
the elastic modulus and the lower the width of the resulting
MA.

(c) The cement sheath with low and high elastic moduli formed
an MA that was equal under cyclic loading and unloading
when the fracturing stage was 16. However, the MA formed
by the cement sheath with high elastic modulus was lower as
the heel continued to approach. Based on this, cement slurry
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Fig. 22. Accumulated plastic deformations at different well depths.
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with low elastic modulus should be used to form a cement
sheath when the fracturing stage is from 1 to stage 16.
Cement slurry that can form a high elastic modulus cement
sheath can be applied after the 16th fracturing stage.

It can be seen from this that controlling the eccentricity of the
casing in the horizontal section is of great significance for pro-
tecting the integrity of the cement sheath. Therefore, in the process
of cementing operations, it is of great significance to design the
position of the stabilizer reasonably or use the floating casing
process to ensure that the casing is centered.

6. Conclusions

This study established a numerical model considering casing
eccentricity, three-dimensional geo-stress, and cyclic loading and
unloading that was used to analyze the law of cumulative plastic
deformation and the emergence and development of micro-
annulus. The conclusions are summarized as follows:

(1) A full-scale cement sheath integrity measurement device
was used to measure the cumulative plastic deformation
under the condition of casing centering. A numerical model
for calculating the cumulative plastic deformation was
established considering the casing eccentricity, three-
dimensional geo-stress, and cyclic loading and unloading.
The results of the numerical model calculations and experi-
mental findings showed a relatively similar pattern, fully
verifying the accuracy of the numerical simulation results.

(2) The eccentricity of the casing significantly increased the
cumulative plastic deformation at the inner wall of the
cement sheath, increasing the risk of sealing integrity failure.
The cumulative plastic deformation at the inner wall of the
cement sheath increased with a continuous increase of ec-
centricity when the eccentricity angle was 0°. The initial
plastic deformation continuously increased as the eccen-
tricity angle increased when the eccentricity was constant.
However, the cumulative plastic deformation constantly
decreased after a specific number of loading and unloading
cycles.

(3) The distribution of the MA on the horizontal section
continuously increased from the toe to the heel under the
combined influence of internal pressure, internal friction,
and cyclic loading and unloading times. The width of the MA
near the toe end decreased as the elastic modulus of the
cement sheath decreased. However, the width of the MA
near the heel end increased.

(4) The cement sheaths with low and high elastic moduli formed
an equal MA under cyclic loading and unloading when the
fracturing stage reached a specific value. Cement slurries
with low and high elastic moduli can be used to form cement
sheaths when the fracturing stages are below or above spe-
cific values, respectively.
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