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ABSTRACT



CO, geological storage is widely regarded as one of the most technically mature and large-scale
options for emissions reduction within CCUS (Carbon Capture, Utilization and Storage)
technologies. However, CO; corrosion and long-term injection/storage operations pose significant
threats to the sealing integrity of cement sheaths in wellbores. Existing studies predominantly rely
on numerical simulations to analyze the mechanical response on cement sheath under temperature-
pressure conditions, neglecting the corrosion of cement sheath. However, there is a notable lack
of theoretical computation models specifically for cement sheaths containing the coupled effects
of corrosion and stress. This study establishes a mechanical model of the casing-CCS (corroded
cement sheath)-formation assembly based on elastoplastic theory, incorporating thick-walled
cylinder theory and the Mohr-Coulomb criterion. The model is solved using MATLAB to quantify
the stress-displacement response of CCS during injection and storage. Results indicate that CO»
corrosion significantly increases the complexity of the stress state in the cement sheath and the
risk of sealing failure. For a representative injection pressure of 60 MPa, introducing a 5 mm
corroded layer increases the predicted micro-annulus aperture at the primary casing-cement
interface from 0.0238 mm to 0.0519 mm after unloading (an increase of 118%). When the injection
pressure varies from 40 to 100 MPa, the micro-aanulus aperture grows from 0.0211 mm to 0.1113
mm, whereas increasing the CSCL thickness from 5 to 30 mm only enlarges it from 0.0519 mm to
0.0579 mm (11.5%). In contrast, increasing casing wall thickness from 7.5 mm to 17.5 mm reduces
the maximum radial stress in the cement sheath from -28.88 MPa to -18.68 MPa and decreases the
micro-annulus aperture irom 0.1829 mm to 0.0413 mm. This study provides a theoretical

foundation for optimizing wellbore design in CCUS projects.

1.Introduction

CO> geological storage, a pivotal component of CCUS (Carbon Capture, Utilization, and
Storage), is widely considered one of the most mature and economically viable pathways for
achieving large-scale CO2 emission reductions.! CO, geological storage typically involves
injecting CO: into subsurface geological formations, such as deep saline aquifers, depleted
hydrocarbon reservoirs, or unmineable coal seams.*® These formations exhibit effective sealing
properties. Specifically, utilizing depleted hydrocarbon reservoirs for CO; storage is currently a
widely adopted approach. However, it poses significant challenges to the sealing integrity of

cement sheaths in existing wellbores.”!? Ensuring cement sheath integrity in storage wells is



critical to achieving long-term effective CO» storage, and accurate elucidation of the seal failure
mechanisms under long-term CO> injection and storage is imperative.

Under CO: injection and storage conditions in storage wells, cyclic loading and unloading of
wellbore pressure may induce zonal isolation failure of the cement sheath.!*!> Primary failure
modes include debonding at the first and second bonding interfaces and structural damage to the
cement matrix. Addressing the prominent issue of zonal isolation integrity failure in cement
sheaths, domestic and international scholars have conducted extensive investigations into failure
mechanisms of both the cement matrix and bonding interfaces through integrated approaches
including theoretical analysis, laboratory physical simulations, and numerical modeling. Current
research on stress and displacement calculations for conventional casing-cement sheath-formation
assemblies based on elastoplastic mechanics theory is well-established, particularly regarding the
cement sheath where extensive prior research exists. Deng et al. derived analytical solutions for
stress distribution in the casing-cement sheath-formation assembly under both linearly elastic and
fully plastic states based on multi-layered thick-walled cylinder theory, and further analyzed the
compatibility between cement mechanical parameters and sheath integrity under cyclic internal
pressure loading.!® Chu et al. established a cement sheath assembly model based on the Mohr-
Coulomb criterion. Their study revealed that micro-annulus formation is jointly determined by
both loading and unloading processes, concluding that the primary cementing interface is more
susceptible to micro-annulus generation. Furthermore, they quantitatively calculated the
magnitude of the micro-annulus.!”!® Scholars have further investigated cement sheath failure
under cyclic internal pressure conditions, concluding that the accumulation of residual strain
within the cement sheath is the critical factor triggering micro-annulus generation.?%?!
Additionally, scholars have developed specialized evaluation apparatus to assess cement sheath
sealing integrity under varying wellbore conditions and formation disturbances. For example, shale
gas simulation devices with alternating load capabilities are employed to evaluate interface sealing
performance across different geological formations. Through integrated theoretical modeling,
these studies propose specific mechanical property requirements (elastic modulus and Poisson’s
ratio) for cement sheaths under diverse operational scenarios.??>

In CO2 long-term storage wells, the cement sheath is subjected not only to cyclic casing internal
pressure loads but also to prolonged CO» erosion. During the initial stage of CO; intrusion, the

formation of calcium carbonate reduces the porosity and permeability of the cement while



increasing its mechanical strength. However, as the corrosion period extends, the dissolution of
calcium carbonate leads to increased porosity and permeability, accompanied by a significant
degradation in mechanical strength.>>*® Wu et al. conducted mechanical performance experiments
on CCS (corroded cement sheath), demonstrating that short-term corrosion enhances cement
strength, whereas prolonged exposure gradually deteriorates its mechanical properties.?’” Gu et al.
experimentally investigated the corrosion damage evolution of cement under CO»> geological
storage conditions, analyzing the progression of microstructural changes and macroscopic
mechanical properties over corrosion time. Their study established a correlation between cement
corrosion depth and exposure duration.?8-3

In CO2 long-term storage wells, the cement sheath is subjected not only to cyclic casing internal
pressure and temperature but also to prolonged CO; attack. A number of recent studies have
employed numerical simulations to investigate the mechanical response of cement and cement-
formation systems under CO; exposure or carbonation, often incorporating damage evolution,
permeability changes, and interface failure. However, these works predominantly rely on finite-
element or finite-difference discretization and seldom provide closed-form elastoplastic solutions
for the casing-cement-formation assembly that explicitly include a corroded cement layer. There
is still a notable lack of analytical computation models that couple corrosion-induced changes in
cement properties with internal pressure loading/unloading and directly quantify micro-annulus
formation at the casing-cement interface.’!*? The present work fills this gap by developing a
casing-CCS-formation mechanical model based on thick-walled cylinder theory and the Mohr-
Coulomb criterion, in which a CO;-corroded cement layer is explicitly represented; deriving
closed-form solutions for stress and displacement during injection and subsequent pressure
unloading, including the micro-annulus aperture at the primary casing-cement interface; and
applying the model to systematically evaluate how injection pressure, corrosion layer thickness,
and casing wall thickness influence plastic yielding and the sealing integrity of the cement sheath
in CO2 storage wells. It further analyzes the integrity failure and plastic deformation behavior of
CCS under the coupled influence of CO;> corrosion and internal pressure.

2.Development of an Elastoplastic Model for Casing-CCS-Formation Assembly

Upon completion of cementing operations, the annular space between the casing and formation
is filled with a cement sheath, creating a tightly bonded assembly. With negligible axial slippage

at both the casing-cement and cement-formation interfaces, this configuration can be analyzed



using thick-walled cylinder theory.>® Assuming the casing and formation behave as perfectly
elastic bodies, while the corrosion-affected cement sheath exhibits ideal elastoplastic behavior, a
mechanical model of the casing-CCS-formation assembly under uniform in-situ stress is
established.!” The schematic diagram of the model structure is shown in Figure 1.

Under long-term CO> injection and geological storage conditions, CO» progressively corrodes
the cement sheath, resulting in distinct corroded and intact zones. The mechanical properties of
cement sheaths with corroded layers significantly differ from those of uncorroded layers. To
analyze the mechanical behavior of CO> storage well cement sheaths containing corroded layers
under downhole complex loading, a reconstructed mechanical model is essential. The Mohr-
Coulomb criterion is adopted to determine whether the cement sheath enters a plastic state,

expressed as: !
1 1 |
5(01 - 0-3) + 5(01 + G3)Sln¢ ES C (1)

where is the material cohesion , MPa; ¢ is the material internal friction angle,” ; is the maximum

principal stress, MPa; is the minimum principal stress, MPa
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Figure 1. Diagram of the mechanical model structure



2.1 Stress and Displacement of casing during CO: Injection

Derivation of stress distribution at any point in casing based on Lame's Formula:
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Derivation of radial displacement at any point in casing based on relevant displacement

equations:
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where o, is the radial stress of casing, MPa; og. is the circumferential stress of casing, MPa; P,
is the internal pressure during COz injection, MPa; P, is the interfacial contact stress at the casing
outer boundary, MPa; r; is the inner diameter of casing, mni; r, 1s the outer diameter of casing,
mm; U, is the radial displacement of casing, mm; E, is the elastic modulus of casing, GPa; v, is
the Poisson's ratio of casing, dimensionless; S; and S, are coefficients in the radial displacement
equation, dimensionless.

2.2 Stress and Displacement of the CSCL (Cement Sheath Corroded Layer) during CO2

Injection

Under prolonged CO: corrosion, the mechanical strength of the cement sheath significantly
degrades, resulting in substantially weaker strength in the corroded zone compared to the
uncorroded zone. Therefore, during CO» injection, when subjected to casing internal pressure, the
cement sheath corroded zone enters the elastoplastic stage prior to the uncorroded zone. Only when
the corroded zone reaches the fully plastic stage will the uncorroded zone transition into the
elastoplastic stage under higher casing internal pressure. Here, taking two working conditions as
examples—Condition 1: the CSCL enters the elastoplastic stage while the CSIL(cement sheath
intact layer) remains fully elastic, and Condition 2: the CSCL enters the fully plastic stage while
the CSIL remains fully elastic—the stress and displacement responses of each assembly in the
mechanical model during the CO; injection phase are introduced. The structural behaviors under

these two working conditions are illustrated in Figure 2: (a) represents the structural mechanical



characteristics of the CSCL in the elastoplastic stage, and (b) represents the structural mechanical
characteristics of the CSIL in the elastoplastic stage.
For the fully elastic stage of the CSCL, the stress and displacement derivation formulas are

identical to those of the casing.

Figure 2. (a) Structural behavior of CSCL in elastoplastic stage; (b)Structural behavior of CSIL
layer in elastoplastic stage
2.2.1 Elastoplastic stage of the CSCL

(1) Plastic zone in the CSCL

Stress distribution in the plastic zone of CSCL can be obtained by equation (4), When r = rg,

Orscp = —Psc.
Orsep = Ceot[1 — (1 + B )(L)N_l]
rsep Ccotg” 'y @
P I N-1
|Oes = Ceote[1 —N(1 + Ccot(p)(rz) ]
The displacement in the plastic zone of the CSCL can be obtained by equation (5).
(1 +v,)(1 —2v,)Ccote < P r\B-1 K
Hsc E, Ccotg/ \r, Y ®)

When r = rg, the displacement at the outer boundary of the plastic zone in the CSCL can be
determined by equation (6).
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where O, 18 the radial stress in plastic zone of CSCL, MPa; 0gsp, is the circumferential stress
in plastic zone of CSCL, MPa; C is the cohesion of CSCL, GPa; Py is the interface contact stress
at elastoplastic boundary, MPa; ¢ is the internal friction angle of CSCL, ° ; rg. is the radius of
elastoplastic boundary, mm; E, is the elastic modulus of CSCL, GPa; v, is the poisson's ratio of
CSCL, dimensionless; ug, is the displacement of CSCL, mm; ugcp, is the displacement at outer

boundary of plastic zone, mm; K is the integration constant, dimensionless; N is the coefficient,

__ 1-sing@
1+sing’

(2) Elastic zone in the CSCL
According to the Lamé formula, the stresses in the CSCL at the elastoplastic boundary can be

obtained by equation (7) .
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When r = rg., Simultaneously solving the Mohr-Coulomb criterion and Equation (8) yields.
1

P=—
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The displacements at the inner and outer walls of the elastic zone in the CSCL can be determined

by equation (9) and equation (10).
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By utilizing the displacement continuity condition at the elastoplastic boundary of the CSCL

Uscei = Uscpo» SOlving equation (11) yields the solution.

2(1 — v3)rz.sing
= P, + Ccot 11

When the displacement at the inner wall of the plastic zone in the CSCL region can be
determined by equation (12).
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where o,¢ce 1 the radial stress in elastic zone of CSCL, MPa; 0ggc. is the circumferential stress in
elastic zone of CSCL, MPa; P, is the interface contact stress at outer boundary of elastic zone in
CSCL, MPa; r; is the outer boundary radius of elastic zone in CSCL, mm; Uz, 1S the
displacement at outer boundary of elastic zone in CSCL, mm; ug.e; is the displacement at inner
boundary of elastic zone in CSCL, mm; ugp,; is the displacement at inner boundary of plastic zone
in CSCL, mm.

2.2.2 Fully plastic state of the CSCL

When the CSCL enters the fully plastic state (i.e., no elastic zone remains), the elastoplastic
boundary radius of the CSCL is rg.>r3.
The displacement at the inner boundary of the CSCL in the fully plastic state can be determined
by equation (13).
(14 vy)(1—2vy) K
Uscpi = — E Pyr; A - (13)
2

12

Under internal pressure loading, the displacement of the inner wall of the CSCL equals the
displacement of the outer boundary of the casing according to the displacement boundary condition,
K can be determined.

Uscpi = Uco (14)

A+vy)(A-2vy)
E;

K = 4 \‘1["1V2 + [ rz - Sz] P1r2 (15)

Substituting equation {15) into equation (16) yields the displacement expression for the plastic

zone of the fully plastic CSCL.
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The stress expression for the CSCL in the fully plastic stage differs from that in the elastoplastic

stage. When r = r3, 0=y, = —P,, P, can be determined.

P, = Ccot (1+ ! )<r3)N_1 1 17
2 = Leote Ccotp/ \ry a7

where ug, is the displacement in the Fully Plastic Zone of CSCL, mm.

2.3 Stress and Displacement of the CSIL during CO:2 Injection



This study focuses on the sealing integrity of the cement sheath in long-term CO» storage wells.
During the initial stage of CO; intrusion, the formation of calcium carbonate leads to a reduction
in porosity and permeability of the cement, along with an increase in mechanical strength.
However, over time, the dissolution of calcium carbonate results in an increase in porosity and
permeability, accompanied by a significant decrease in mechanical strength. During the internal
pressure loading phase in the later stage of storage, the CSIL exhibits superior mechanical strength
and properties compared to the CSCL. Specifically, the CSCL enters the elastoplastic stage earlier
than the CSIL. While the CSCL is in the elastoplastic stage, the CSIL remains in the elastic stage.
Only after the CSCL enters the fully plastic stage does the CSIL have the potential to undergo
plastic deformation.

Taking the fully elastic state of the CSIL during the CO> injection and internal pressure loading
phase as an example, its displacement and stress responses are analyzed. The analytical methods
for stress and displacement in the elastoplastic and fully plastic stages of the CSIL are consistent
with those applied to the CSCL.

The stress distribution at each point of the CSIL can be determined by Equation (18).

{ I‘%I‘Z(P3 _P;' 1 I‘%Pz —I‘ZP3
Opsn =————5— = +——5—
r;—r7 r? rZ —r?
2y2(P . P,) 1 2P 2p. (18)
l oo = r31i(P; — Py) I3hy = Tah3
Osn T T T 32 2 2 2 2
k ry—ri5 r ry —r3

where o, is the radial stress of CSIL, MPa; ogg, 1s the circumferential stress of CSIL, MPa; P,
is the interface contact stress at outer boundary of CSIL, MPa; r, is the outer radius of elastic zone
in CSIL, mm.

The radial displacement of the inner wall of the CSIL can be determined by Equation (19).

_ 1 + V3 1‘31'2 + (1 - 2V3)r§ P 1 + V3 2(1 - V3)r3r2
Honi = T r2 —r? 2 E; r2 —r2 3 (19)
= S3P, — §,P;

where ug,; is the radial displacement at the inner boundary of CSIL, mm; v; is the poisson's ratio
of formation, dimensionless; E; is the elastic modulus of formation, GPa; S; and S, are
coefficients in formation radial displacement formula, dimensionless.

The radial displacement of the outer wall of the CSIL can be determined by Equation (20).

10



_ 1 +V3 2(1_V3)r§r4p 1 +V3 r§r4 + (1 _2V3)r2
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where ug, is the radial displacement at the outer boundary of CSIL, mm; Ss and Sg are
coefficients in formation radial displacement formula, dimensionless.

2.4 Stress and Displacement of the Formation during CO: Injection

The stress distribution at any point in the surrounding rock formation can be derived from Lame's
equations, as given by Equation (21).

( rir2(P,—P;) 1 r?P; —rZP,
Orf = Z_2 r2 Z_ 2
rZ—rz r ré —r:
2.2 2 2
l e = ryrs(Po—P) 1 ryPy —13h,
| Oor =~ )

(21)

réd—ri r? ré —r2
The radial displacement of the inner wall in the surrounding rock formation can be determined
by equation (22).

1+ vyruré + (1 —2v,)r3 14+ vy 2(1 — vy)r,r
ug = —
fi E, ré —r2 A ri—r2 °° (22)

= S11P3 — 512P,

where o, is the radial stress of surrounding rock formation, MPa; og¢ is the circumferential
stress of surrounding rock formation, MPa; P, is the formation confinement stress, MPa; rs is the
radius of surrounding rock formation, mm; ug is the radial displacement of surrounding rock
formation, mm; v, is the poisson's ratio of formation, dimensionless; E, is the elastic modulus of
formation, GPa ; S;and Sgare coefficients in formation radial displacement formula, dimensionless.

During the CO; injection and internal pressure loading phase, the mechanical model of the
casing-CSCL-CSIL-formation assembly satisfies the continuous radial displacement condition.
Based on Working Condition 1, where the CSCL enters the elastoplastic stage while the CSIL
remains fully elastic, a system of equations (23) can be derived by combining these conditions.
The above equations form a system of six equations with unknowns P;+ P,. P;. P rg. and K.
Given the CO; injection internal pressure and the formation confining pressure, this system of

equations can be solved.

11



( Uco = Uscpi
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Based on Working Condition 2, where the CSCL enters the fully plastic stage while the CSIL
remains fully elastic, a system of equations (24) can be derived by combining these conditions.
The above equations form a system of five equations with unknowns P;+ P,. P;. rg. and K.

Given the COs: injection internal pressure and the formation confining pressure, this system of

equations can be solved.

( Uco = Uscpi
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2.5 Stress and Displacement of the CSCL During CO:2 Storage

(Psc + Ccote)

At the initial storage stage, the casing internal pressure at this stage equals the pressure at the
end of the loading phase; the subscript b denotes the initial storage stage (i.e., the final stage of the
loading state), and j denotes the final storage stage (i.e., the initial stage of the unloading state).
During the casing internal pressure unloading phase, the cement sheath is treated as an ideal plastic
material. This implies that the elastic strain component recovers upon unloading, with stress
variations obeying Hooke's law. Conversely, the plastic strain component manifests as permanent
deformation after unloading.

2.5.1 Plastic Zone of the CSCL

For the plastic zone in the CSCL, the radial displacement at the inner wall of the plastic zone is
the sum of the displacement induced during the CO: injection phase and the deformation at the
inner wall during unloading.

Uscpij = Uscpib + Uscpin (25)

12



where Ugcp; is the radial displacement at the inner wall of the plastic zone in the CSCL, mm; ugcpip,
is the displacement at the inner wall induced during the CO: injection phase, mm; Ugcp; is the
displacement at the inner wall generated during the unloading phase, mm.

In this equation, the displacement at the inner wall of the plastic zone in the CSCL during the
COgz injection phase can be derived from the mechanical model of the loading phase. Specifically,
it corresponds to the displacement when the casing internal pressure is loaded to the design
pressure for CO; injection. Based on the assumption that the cement sheath exhibits ideal
elastoplastic behavior during the unloading phase, the displacement variation at the inner wall of
the plastic zone induced by unloading can be determined.

1+ vyrri + (1 = 2vy)rs 1+v,2(1 —vy)r,ré
Uscpi = AP, —
E;

AP (26)

1
I'szc - I‘% E; I'szc - I'%
where AP; is the stress variation at the inner wall of the plastic zone in the CSCL, MPa; AP, is the
stress variation at the outer boundary of the plastic zone (i.e., the interface between the plastic and

elastic regions) in the CSCL, MPa.

{ Apl = Pl] - P]J (27)
AP, = D‘fc, — Fsep

Similarly, the radial displacement at the outer wall of the plastic zone in the CSCL during the
final stage of unloading is
Uscpoj = Uscpob T Usc (28)
where Ugcp,j 18 the radial displacement at the outer wall of the plastic zone in the CSCL, mm;
Uscpob 18 the displacement at the outer wall induced during the CO: injection phase, mm; ugcpo

is the displacement at the outer wall generated during the unloading phase, mm.

The deformation at the outer wall of the CSCL during the unloading phase can be determined

by equation (29).
1+ v, 2(1 —vy)rir 1+ v,rirg. + (1 —2vy)rs
Uscpoh = E 2 _ 2 = (Plj —Pip) — E = (2 _ 2 = (Pse —Psen)  (29)
2 sc 2 2 sc 2

2.5.2 Elastic Zone of the CSCL
During the final stage of unloading, the radial displacement at the inner wall of the elastic zone

in the CSCL can be determined by equation (30).
1+ vy rgers + (1 — 2vy)rd. C1+4vp2(1— Vy)TgcI3

Ugceij = sc
) EZ I‘% - r52c EZ I‘%

Py (30)

—r2
rSC

13



where Ugcej; is the radial displacement at the inner wall of the elastic zone in the CSCL, mm; Pg;
is the stress at the inner wall of the elastic zone in the CSCL, MPa; P,; is the stress at the outer
wall of the elastic zone in the CSCL, MPa.
The radial displacement at the outer wall of the elastic zone in the CSCL during the final stage
of unloading can be determined by equation (31).
1+ v, 2(1 — vy)rérs 1+vyrir; + (1 —2v,)rs

Ugceoi = - P, (31)
sceo) EZ I'% - I'szc > EZ I‘% - I'szc )

where Ugceo; 18 the radial displacement at the outer wall of the elastic zone in the CSCL, mm.

During the unloading phase under this working condition, the casing, CSIL, and formation
surrounding rock remain elastic throughout. The analysis of their stress and displacement follows
a method similar to that used during the injection phase and will not be reiterated here.

During the unloading process, since the casing remains elastic while the CSCL undergoes plastic
deformation, a micro-annulus will form at the primary cementing interface when the interfacial
contact force at the inner wall of the CSCL exceeds the interfacial bonding capacity. Prior to the
appearance of the micro-annulus, the mechanical model still satisfies the continuous radial
displacement condition, and a system of equations (32) can be derived by combining these

conditions.

7 Ucoj = Uscpi

Uscpoj = Usceij (32)
Usceoj = Usnij
Usnoj = Ufij

where u,; is radial displacement of casing outer wall during unloading phase, mm; ugy;; is the
radial displacement of inner wall of CSIL during unloading phase, mm; ugy,e; is the radial
displacement of outer wall of CSIL during unloading phase, mm; ug; is the radial displacement of
formation inner wall during unloading phase, mm.

The above expression represents a system of four equations with unknowns Py;. Psc « Pyj and
P3;. By solving for the interfacial contact forces Pyj~ Ps¢j~ Pyj and Pyj, the stress and displacement
values at each point of the casing-CSCL-CSIL-formation assembly can be determined.

2.6 Micro-annulus Calculation at the Primary Cementing Interface

During CO: injection and storage, when the casing internal pressure is unloaded, the interfacial

contact force at the boundary between the inner wall of the CSCL and the outer wall of the casing
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transitions into tensile stress. When this tensile stress exceeds the cementing bond strength of the
primary interface, separation occurs between the inner wall of the CSCL and the outer wall of the
casing, resulting in the formation of a micro-annulus at the primary cementing interface. Once the
micro-annulus is generated, no contact force exists between the inner wall of the CSCL and the
outer wall of the casing. At this point, the entire model can be divided into two parts: the casing,
and the cement sheath-formation system containing the corroded layer.

Depending on the casing internal pressure during CO> injection, the cement sheath may exhibit
either an elastoplastic stage or a fully plastic stage during pressure unloading, and the mechanical
models for these two scenarios differ. Here, taking the working condition where the CSCL enters
the elastoplastic stage while the CSIL remains fully elastic as an example, the calculation method
for the micro-annulus at the primary cementing interface is introduced.

2.6.1 Radial Displacement of the Casing

After the micro-annulus is generated at the primary cementing interface, the casing internal
pressure during injection and storage cannot be transmitted to the cement sheath and formation.
At this point, the casing is only subjected to the unloaded internal pressure, and the radial
displacement at the outer wall of the casing can be determined by Equation (33).

1+ v, 2(1 —vyrir,

Ucoj = ~
21 I‘% - I'%

B;j (33)

where u; is the radial displacement at the outer wall of the casing, mm; P; is the unloaded
internal pressure, MPa.
2.6.2 Radial Displacement of the Plastic Zone in the CSCL

After the interface between the inner wall of the CSCL and the outer wall of the casing becomes
detached, the plastic zone of the CSCL is subjected to the interfacial contact force at the outer
boundary of the plastic zone. The radial displacement at the inner wall of the plastic zone in the
CSCL is equal to the displacement generated during the internal pressure loading phase plus the
deformation at the inner wall of the plastic zone during unloading. This can be determined by
Equation (34).

Uscpij = Uscpib + Uscpih (34)

The displacement generated during the internal pressure loading phase in this equation can be

derived from the mechanical model of the loading phase, specifically corresponding to the

displacement at the inner wall of the plastic zone in the CSCL when the casing internal pressure is
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loaded to the design injection pressure for CO». Based on the assumption that the cement sheath
exhibits ideal elastoplastic behavior during the unloading phase, the variation at the inner wall
induced by unloading can be determined using Equation (35).

1 + Vz I‘ZI‘SZC + (1 - ZVZ)FS 1 + V2 2(1 - Vz)rzrszc
Ugep = 5 AP, —
2

AP, 35
r52c - I‘% ! EZ r52c - I‘% > ( )

The solutions for AP; and AP are determined by Equation (27). In the equation (29), P; = 0.

Therefore, Equation (35) can be rewritten as Equation (36).

1 + Vz I'ZI'SZC + (1 - ZVZ)I'% ( ) 1 + Vz 2(1 - VZ)I‘ZI‘SZC

Uscpih = —Pyp) —
2 2 2 2
E, ré. —r; E, ré. —r;

(Pscj - lDscb) (36)
Similarly, after the micro-annulus appears at the primary interface, the radial displacement at
the outer wall of the plastic zone in the CSCL can be determined by Equation (37).

1+ v, 2(1 — vy)rarg, 1+ v, rirg. + (1 — 2vy)rd.
Uscpoj = Uscpob T E (=Pwp) —
2

Ez r?;c —_ I‘% (Pscj - Pscb)(37)

réc —r3
2.6.3 Radial Displacement of the Elastic Zone in the CSCL

During the final stage of internal pressure unloading, both the inner and outer walls of the elastic
zone in the CSCL are subjected to forces. The radial displacement of the inner wall of the elastic
zone in the CSCL can be determined by Equation (38).

1+ vy rgers + (1 — 2vy)rd. 1+ v, 2(1 — vy)rg.r3
Usceij = E v -
2

Py (38)

r2 —rZ, scj E, rZ —rz
The radial displacement of the outer wall of the elastic zone in the CSCL can be determined by
Equation (39).

1+, 2(1 = vp)réers 1+vyrir; + (1 —2v,)rs

Ugceoi = P — P,: (39)
seedl EZ I'% - I'szc > EZ I‘% - I'szc :

2.6.4 Radial Displacement of the CSIL

During the final stage of internal pressure unloading, both the inner and outer walls of the CSIL
are subjected to forces. The radial displacement of the inner wall of the CSIL can be determined
by Equation (40).

1 + V3 I‘3I‘Z + (1 - 2V3)I‘3 1 + V3 2(1 - V3)I‘3I‘Z
Usnij = E =Py — Ps; (40)
3

rZ —r? 2 Es rZ —r?
where Ugyj; is radial displacement of the inner wall of the CSIL, mm.

The radial displacement of the outer wall of the CSIL can be determined by Equation (41).
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_ 14v32(1 = v3)rir, 1+ vyrir, + (1 —2vy)rs

Usnoj = 2j
) E; rZ —r3 J E; rZ —ri

Ps; (41)

where Ugy,,; is radial displacement of the outer wall of the CSIL, mm.

2.6.5 Radial Displacement of the Formation
After the micro-annulus appears at the primary cementing interface, both the inner and outer
walls of the formation surrounding rock are subjected to forces. The radial displacement of the

inner wall of the formation can be determined by Equation (42).

1+ vyruri + (1 —2vy)rs 1+ v, 2(1 — vy)r,re
Uf = E 2 2 3j 2 2 Po(42)
4 rs — Iy E, re —rj

After the micro-annulus appears at the primary interface, the CCS remains tightly bonded to the
formation, satisfying the continuous displacement condition. By combining the above equations,
a system of equations (43) can be derived. This system consists of three equations, and solving it
yields the three interfacial contact pressures Ps. and P, and Ps;. Substituting these solved
interfacial contact forces into the equations allows for the determination of the radial displacement

at the inner wall of the CSCL.

Uscpoj = Usceij
Usceoj = Usnij (43)
\ Usnoj = Ugij

The aperture size of the micro-annulus at the primary cementing interface can be calculated from
the displacement of the casing outer wall and the displacement of the inner wall of the CSCL, as
determined by Equation (44).

{VV] =(r; + Uscpi )= (rz + uCOi) (44)

Wi = Usepi — Ucoj

3.Results
The geometric dimensions of the theoretical solution model were referenced to the wellbore
structure of a CO; injection well in a Chinese oilfield, with specific parameters detailed in Table
1. The outer diameter of the stratum surrounding rock was set to ten times that of the cement sheath
based on Saint-Venant's principle, which effectively eliminates boundary effects on stress field
distribution. The mechanical property parameters of the cement sheath before and after CO»
corrosion refer to the data in Ref. 27. The solution of this mechanical model is implemented

through MATLAB software.

17



The mechanical parameters of the intact cement sheath and the CSCL listed in Table 1 are taken
from Ref. 27, who performed triaxial tests on Class G cement specimens before and after CO»
exposure under geological storage conditions. Specifically, the intact cement properties
correspond to uncorroded specimens after standard curing, whereas the CSCL parameters are
obtained from specimens with an approximately 5 mm CO»-corroded layer after exposure for 60
days at 20 MPa and 60 °C. Formation and casing mechanical parameters are adopted from typical
field data of the studied CO; injection well.

Table 1. Materials and Dimensional Parameters of CCUS Wellbore Assembly Components

Parameters Value
Outer diameter of casing/mm 139.7
Wall thickness of casing/mm 15.44
Outer diameter of cement sheath/mm 251.5
Thickness of CSCL/mm 5
Outer diameter of formation/mm 2515
Elastic modulus of casing/GPa 206
Poisson's ratio of casing 0.29
Elastic modulus of cement sheath/GPa 5.8256
Poisson's ratio of cement sheath 0.159
Cohesion of cement sheath/MPa 11.2
Friction angle of cement sheath/” 27.4
Elastic modulus of CSCL/GPa 9.2487
Poisson's ratio of CSCL 0.167
Cohesion of CSCL/MPa 12.390
Friction angle of CSCL/® 4.27
Elastic modulus of formation/GPa 26.133
Poisson's ratio of formation 0.224
Cohesion of formation/MPa 16
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Friction angle of formation/° 36

Bonding strength at casing-cement interface/MPa 0

3.1 Model verification

To verify the correctness of the proposed elastoplastic analytical model and its numerical
implementation, the thickness of the CSCL was first set to zero. Under this condition, the casing-
CSCL-CSIL-formation assembly degenerates into the conventional three-layer casing—cement
sheath—formation system, and the governing equations reduce to the classical elastoplastic
formulations for wellbore assemblies reported in the literature.

For this degenerated configuration, we adopted the same geometric dimensions, mechanical
parameters and in-situ stress conditions as those used by Chu et al.!” The radial contact stresses at
the primary interface (between casing and cement sheath) and the secondary interface (between
cement sheath and formation) were calculated for different internal casing pressures. The results
were then compared with the interface stresses reported in Ref. 17

As shown in Figure 3, the radial contact stresses at both the primary and secondary interfaces
predicted by the present model exhibit an excellent agrcement with the results of Ref. 17 over the
entire internal pressure range. The two sets of curves almost coincide, and the maximum relative
deviation is less than 2.4%. This demonstrates that, in the absence of a corroded layer, the proposed
model correctly degenerates to the conventional casing—cement sheath—formation elastoplastic
solutions, thereby validating both the analytical derivation and the MATLAB implementation. On
this basis, the extended casing-CCS-formation model incorporating a corroded cement sheath layer
can be regarded as reliable for subsequent analyses of CO» corrosion—stress coupling effects on

cement sheath integrity.
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Figure 3. Comparison of radial contact stresses at the primary and secondary interfaces between

the present model and Ref. 17.

3.2 Integrity Analysis of Cement Sheath

Taking the base case in Table 1 as an example, this study analyzes the stress and displacement
responses of both corroded and uncorroded cement sheaths under 60 MPa injection pressure
loading and unloading conditions. The radial stress nephograms of both cement sheaths at the end
of the loading phase are shown in figure 4, while the comparative radial stress distributions along
the radius are presented in figure. 5. As observed in figure 4, when the injection pressure reaches
60 MPa, both the uncorroded and corroded cement sheaths experience compressive radial stresses,
with the maximum compressive stress occurring at the primary cementing interface, indicating
that this interface is the critical zone during injection. Due to the presence of a 5 mm corroded
region with weakened mechanical properties, the CCS exhibits significantly higher radial stress
values at the same radial distance from the wellbore center compared to the uncorroded cement
sheath. This demonstrates that under CO: injection conditions, the CCS is more prone to
irreversible plastic deformation under higher radial compressive stresses. During the unloading
phase, the interfacial contact stress at the primary cementing interface transitions from
compressive to tensile. When this tensile stress exceeds the interfacial bonding strength, a micro-
annulus forms. Calculations reveal that after unloading from 60 MPa, the CCS with a 5 mm
corroded layer develops a micro-annulus with an aperture of 0.0519 mm, while the uncorroded

cement sheath exhibits a smaller aperture of 0.0238 mm. This confirms that CO»-induced corrosion
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causes significant mechanical degradation in the cement sheath, leading to greater plastic
deformation under the same injection pressure compared to uncorroded cement. Furthermore,
these results emphasize that under long-term storage conditions, CCS are more susceptible to
sealing integrity failure.

As can be seen in Figure 4, for both the intact sheath and the CCS, the region adjacent to the
casing is subjected to the highest compressive radial stress and preferentially enters the plastic
state, while the outer part of the sheath remains elastic. The plastic zone in the CCS extends over
a larger radial distance than in the intact cement, reflecting the weaker mechanical resistance of
the corroded layer. Correspondingly, Figure 5 shows that the radial stress in the CCS decays more
steeply from the casing side towards the formation, and the contact stress at the primary interface
is significantly more compressive than in the intact case under the same injection pressure. This
broader plastic zone and higher compressive stress explain why the CCS undergoes larger residual

deformation and develops a wider micro-annulus upon unloading.

Figure 4. (a) Radial stress nephogram of the uncorroded cement sheath when the injection pressure
is loaded to 60 MPa; (b)Radial stress nephogram of the CCS when the injection pressure is loaded

to 60 MPa.
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Figure 5. Radial stress distribution along the radius of the cement sheath.

3.3 Effects of Injection Pressures on Corroded Cement Sheath

Different injection pressures were set to 40, 50, 60, 70, &0, and 100 MPa, with CSCL thickness
of 5 mm in the cement sheath. Other calculation parameters were configured according to the base
case in Table 1. The radial stress of the cement sheath at the end of loading and the micro-annulus
aperture after unloading under different injection pressures were calculated. Figure 6 shows the
nephogram of radial stress in the cemient sheath at the end of loading under different injection
pressures, and the specific calculation results are presented in Figures 7 and 8. As shown in Figure
7, higher injection pressures result in greater radial stress in the corroded cement sheath at the end
of loading, with the maximum stress occurring at the primary cementing interface. Figure 8
indicates that the micro-annulus aperture at the primary interface of the CCS also increases with
rising injection pressure. At an injection pressure of 40 MPa, the micro-annulus aperture is 0.0211
mm, while it increases to 0.1113 mm when the injection pressure reaches 100 MPa. Under such
conditions, CO> is highly prone to leakage through the micro-annulus at the primary interface,
leading to failure in CO; injection and storage. This demonstrates that higher injection pressures
cause increased plastic deformation in the cement sheath. Therefore, during field operations for
CO; injection into wellbores, appropriate injection pressures should be rationally selected to ensure

the sealing integrity of the cement sheath.
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Figure 6. (a) Radial stress nephogram of CCS under 40 MPa injection pressure; (b) Radial stress
nephogram of CCS under 50 MPa injection pressure; (c) Radial stress nephogram of CCS under
60 MPa injection pressure; (d) Radial stress nephogram of CCS under 70 MPa injection pressure;
(e) Radial stress nephogram of CCS under 80 MPa injection pressure; (b) Radial stress nephogram

of CCS under 100 MPa injection pressure.
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Figure 7. Effects of differential injection pressures on cement sheath radial stress.
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Figure 8. Micro-annulus at primary cementing interface under differential injection pressures

3.4 Effect of CSCL Thickness on Corroded Cement Sheath

Different CSCL thicknesses of the cement sheath were set to 5, 10, 15, 20, 25, and 30 mm, with
an injection pressure of 60 MPa. Other calculation parameters were configured according to the
base case in Table 1. The radial stress of the cement sheath at the end of loading and the micro-
annulus aperture after unloading under different CSCL thicknesses were calculated. Figure 9

shows the nephogram of radial stress in the cement sheath at the end of loading under different
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CSCL thicknesses, and the specific calculation results are presented in Figures 10 and 11. As
shown in Figure 10, as the CSCL thickness increases, the radial stress experienced by the cement
sheath at the end of internal pressure loading increases, raising the risk of plastic deformation in
the cement sheath. As illustrated in Figure 11, when the CSCL thickness increases from 5 mm to
30 mm, the micro-annulus aperture at the primary cementing interface increases from 0.0519 mm
to 0.0579 mm, representing a growth of 11.5%. This indicates that the influence of CSCL thickness
on the micro-annulus aperture is relatively limited. Although an increase in CSCL thickness leads
to a larger micro-annulus aperture at the primary interface, its impact is less significant compared

to the changes induced by higher injection pressures.

Figure 9. (a) Radial stress nephogram of cement sheath with 5 mm CSCL thickness; (b) radial

stress nephogram of cement sheath with 10 mm CSCL thickness; (c¢) radial stress nephogram of
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cement sheath with 15 mm CSCL thickness; (d) radial stress nephogram of cement sheath with 20
mm CSCL thickness; (e) radial stress nephogram of cement sheath with 25 mm CSCL thickness;

(f) radial stress nephogram of cement sheath with 30 mm CSCL thickness.
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Figure 10. Effects of differential CSCL thickness on cement sheath radial stress
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Figure 11. Micro-annulus at primary cementing interface under differential CSCL thickness

3.5 Effect of Casing Wall Thickness on Corroded Cement Sheath

26



Different casing wall thicknesses were set to 5, 7.5, 10, 12.5, 15, and 17.5 mm, with an injection
pressure of 60 MPa and a corrosion layer thickness of 5 mm. Other calculation parameters were
configured according to the base case in Table 1. The radial stress of the cement sheath at the end
of loading and the micro-annulus aperture after unloading under different casing wall thicknesses
were calculated. Figure 12 shows the nephogram of radial stress in the cement sheath at the end of
loading under different corrosion layer thicknesses, and the specific calculation results are
presented in Figures 13 and 14. As shown in Figure 13, as the casing wall thickness increases, the
radial stress in the cement sheath at the end of internal pressure loading decreases. When the casing
wall thickness is 5 mm, the maximum radial stress in the cement sheath is -28.88 MPa. When the
casing wall thickness increases to 17.5 mm, the maximum radial stress reduces to -18.68 MPa.
Furthermore, as illustrated in Figure 14, as the casing wall thickness increases from 7.5 mm to
17.5 mm, the micro-annulus aperture decreases, with the aperture at the primary cementing
interface reducing from 0.1829 mm to 0.0413 mm. This indicates that increasing the casing wall
thickness significantly reduces the maximum radial stress in the cement sheath and decreases the
extent of plastic deformation. Under feasible CQO; storage conditions, to minimize plastic
deformation in the cement sheath, ensure its sealing integrity, and reduce the risk of CO» leakage

through the cement sheath interface, it is advisable to select casings with larger wall thicknesses.
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Figure 12. (a) Radial stress nephogram of CCS with 5 mm casing wall thickness; (b) radial stress

nephogram of CCS with 7.5 mm casing wall thickness; (¢) radial stress nephogram of CCS with

10 mm casing wall thickness; (d) radial stress nephogram of CCS with 12.5 mm casing wall

thickness; (e) radial stress nephogram of CCS with 15 mm casing wall thickness; (f) radial stress

nephogram of CCS with 17.5 mm casing wall thickness.

Figure 13. Effects of differential casing wall thickness on cement sheath radial stress
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4. Discussion

This study established an analytical model based on elastoplastic mechanics to analyze the
stress-displacement response and sealing integrity of cement sheaths containing a CO> corroded
layer under injection-storage loading. The results indicate that CO> corrosion leads to significant
degradation of the mechanical properties ot the cement sheath, forming a weakened corroded layer.
This corroded layer preferentially enters a plastic state under casing internal pressure loading,
exhibiting significant differences in stress distribution and radial displacement compared to an
intact cement sheath. Through model solving, we quantified the influence of key operational
parameters and material parameters on cement sheath integrity. The results show that as the
corrosion layer thickness and the injection pressure difference increase, the risk of plastic yielding
in the cement sheath increases significantly, making interfacial micro-annulus more likely to form,
thereby exacerbating the risk of sealing failure.

Prior research has primarily focused on revealing the influence of CO» corrosion on the
mechanical properties of cement stone itself, providing a critical foundation for determining the
mechanical parameters of the CSCL this study. However, as noted in the introduction of this paper,
most existing studies rely on numerical simulations to analyze the coupled effects of corrosion and
mechanical loading, lacking a theoretical model capable of clearly elucidating the physical
mechanisms underlying failure. In contrast to purely numerical simulations, the elastoplastic

analytical model established in this study based on thick-walled cylinder theory and the Mohr-
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Coulomb criterion enables quantitative characterization of stress and displacement evolution in
cement sheath during CO; storage processes. Utilizing this model, we can precisely identify the
critical locations, where yielding first occurs within the cement sheath, thereby revealing the
origins of sealing failure more profoundly, rather than merely presenting the final failure outcomes.

Although this study has made significant advancements in theoretical modeling, several
limitations remain. The model treats the material as an ideal elastoplastic body and assumes the
corrosion layer is uniform and continuous. It should be noted that the present model uses an ideal
elastoplastic constitutive law based on the Mohr-Coulomb criterion, characterized by a small set
of parameters for both intact and corroded cement. This choice enables closed-form analytical
solutions, but it cannot fully describe the complex behavior of corroed cement during long-term
service, such as stiffness degradation, damage evolution, microcrack propagation and residual
strain accumulation under cyclic loading. In reality, CO2 corrosion of cement often exhibits non-
uniform characteristics, resulting in a porous, discontinuous gradient damage structure.
Representing the CSCL as a homogeneous concentric ring sinooths out these local heterogeneities
and tends to underestimate stress and strain concentrations near weak spots. As a consequence, the
predicted radial tensile stress and micro-annulus aperture should be interpreted as spatially
averaged values and may represent a lower bound compared with wells that exhibit strongly
localized corrosion paths. Secondiy, the model primarily focuses on the coupling between
mechanical loading and changes in material properties after corrosion, without comprehensively
accounting for thermal stresses during injection/storage or the dynamic evolution of material
properties caused by ongoing CO; corrosion chemical reactions. Furthermore, while the study
provides theoretical solutions and numerical case studies with parameters sourced from Reference
26, the model predictions still require validation through targeted full-scale physical experiments.

To overcome the aforementioned limitations, future research could consider the following
solutions:

(1) The corrosion layer could be further discretized into multiple concentric rings with distinct
mechanical parameters to simulate gradient variations in mechanical properties, thereby more
accurately capturing non-uniform corrosion effects.

(2) A fluid-solid-thermal-chemical multi-field coupling model should be established to integrate

multi-physics solutions for wellbores during long-term CO; storage. This would predict the time-
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dependent degradation of cement sheath performance and its impact on sealing integrity under
prolonged service conditions.

(3) Full-scale CO; corrosion physical simulation experiments should be designed to measure the
strain field and interfacial sealing pressure of cement sheaths with corrosion defects under cyclic
internal pressure. Measured data should be compared with model predictions to calibrate and
validate model accuracy.

The core future objective should be developing a life prediction methodology based on reliable
models. By integrating corrosion kinetics models with this mechanical model and incorporating
reliability engineering theory, it becomes possible to predict the reliability of the cement sheath's
sealing function at various corrosion stages under specific schemes. This provides a direct
scientific basis for risk management and maintenance decision-making in CCUS wells.

5. Conclusion

This research aims to analyze the sealing integrity of cement sheaths subjected to CO2 corrosion
under long-term conditions during CO> geological storage. The foliowing conclusions are drawn:

(1) Based on the fundamental theory of elastoplastic mechanics, a mechanical model of the
casing-CCS (corroded cement sheath)-formation assembly was established. This model integrates
thick-walled cylinder theory and the Mohr-Coulomb criterion to quantitatively characterize the
stress-displacement responses of the assenibly under CO» injection and storage conditions.

(2) COz-induced corrosion causes significant degradation in the mechanical properties of the
cement sheath, increasing its susceptibility to sealing integrity failure. Compared to an uncorroded
cement sheath, a CCS with a 5 mm corroded layer subjected to 60 MPa injection pressure exhibits
higher radial compressive stress and larger plastic deformation, and the micro-annulus aperture at
the primary interface after unloading increases from 0.0238 mm to 0.0519 mm (an increase of
118%).

(3) Using the developed mechanical model, the effects of varying injection pressures, corrosion
layer thicknesses, and casing wall thicknesses on cement sheath integrity were evaluated. As the
injection pressure increases from 40 to 100 MPa, the micro-annulus aperture grows from 0.0211
mm to 0.1113 mm. In contrast, increasing the CSCL thickness from 5 to 30 mm only enlarges the
aperture from 0.0519 mm to 0.0579 mm (11.5%), while increasing casing wall thickness from 7.5
mm to 17.5 mm reduces it from 0.1829 mm to 0.0413 mm. This highlights the importance of

injection pressure management and the use of thicker casings for long-term integrity assurance.
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These findings provide a theoretical foundation for optimizing wellbore design in CCUS (carbon
capture, utilization and storage) projects, emphasizing operational controls (pressure management)
and mechanical reinforcements (thicker casing) to ensure long-term sealing performance against

COz-induced degradation.
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