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ABSTRACT

Wellbore integrity is crucial for the safe and effective
long-term geological storage of CO,. Over time,
downhole loading and corrosion by acidic fluids can
cause the mechanical strength of the cement sheath to
decrease and permeability to increase, which can lead to
COO; leakage. This paper presents a corrosion test of
cement under supercritical carbon dioxide with varying
times. The corrosion depth and mechanical properties of
cement specimens before and after corrosion are
determined through SEM tests and uniaxial and triaxial
tests. A 3D numerical FEM model for cement sheath
integrity is developed, which considers the coupled
effects of mechanical deformation and chemical
corrosion. The model is innovative and represents a new
approach to analyzing cement sheath integrity. The
leakage mechanism of cement sheaths under the
combined effects of complex loads and chemical
corrosion is analyzed by the proposed model. The results
show that the corrosion depth of the cement specimens
gradually increased, and the mechanical properties
progressively weakened after corrosion. The radial
tensile stress, micro-annulus size and equivalent plastic
strain of the cement sheath increase with increasing
corrosion time, indicating that the cement sheath is
more susceptible to damage and debonding after
corrosion. This study provides a theoretical foundation
for designing new wells and assessing the suitability of
existing wells for CO; storage.
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1. INTRODUCTION

Carbon capture, utilization, and storage (CCUS) is a
vital technology for reducing carbon emissions. It
involves injecting the captured CO, as a displacement
fluid into production wells to enhance the recovery of
energy such as oil, natural gas, shale gas and geothermal
energy, and realize the geological storage of CO; . This
technology has significant benefits such as direct and
rapid emission reduction and large carbon storage. It has
been widely wused worldwide with excellent
environmental and social value %3. However, during CO,
geological storage, CO, leakage remains a significant
concern. In particular, the leakage problem caused by
the sealing integrity failure of the cement sheath is the
most prominent *®. CO, leakage can exacerbate the
greenhouse effect, lead to soil acidification, groundwater
contamination, and even result in induced earthquakes
and other accidents 72, Therefore, maintaining wellbore
sealing integrity is crucial for successful carbon dioxide
geological storage.

The cement sheath is a critical component of the
wellbore barrier. The typical failure modes of the cement
sheath include radial and circumferential microcracks,
and interface debonding between the cement sheath
and the formation or casing . These failure modes can
result in severe consequences such as CO; leakage and
storage failure. During well construction and service, the
stresses and strains in the cement sheath are constantly
changing due to complex loading conditions, such as
casing pressure, in-situ stress, and temperature changes,
which can easily lead to damage and failure of the
cement sheath %33, During the geological storage of
carbon dioxide, the cement sheath is also affected by the
corrosion of acidic solution **. CO, dissolves in water to
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form carbonic acid, which decreases the pH of the
solution. Calcium oxide and calcium hydroxide in the
cement sheath react with carbonic acid, which changes
the distribution and morphology of the cement pore
structure, decreasing the cement sheath strength and
durability 18,

In this paper, the cement corrosion experiments are
firstly carried out, and the corrosion depth and
mechanical property evolution of the cement sample
under CO; corrosion are measured. Secondly, a
numerical model of cement sheath sealing integrity
under mechanical-chemical coupling is established. The
model takes into account the wellbore loading history
and the dynamic evolution of cement sheath corrosion.
Finally, the stress, deformation, and failure
characteristics of the cement sheath under different
corrosion times were analyzed. The sealing failure
mechanism of cement sheath under complex loading and
CO;, corrosion is revealed. The method proposed in this
paper provides valuable theoretical and technical
support for the study of cement sheath integrity in CO,
storage wells.

2. CEMENT CORROSION EXPERIMENTS
2.1 Materials and methods

Class G cement was used to make cement slurry
samples in accordance with APl specifications. The
cement slurry was prepared according to a 0.44 water-
cement ratio, and it was cured for 72 hours at 60 °C
under atmospheric pressure. After curing, standard
cement samples with a diameter of 25 mm and a length
of 50 mm were produced by coring and grinding.

The cement sample was positioned in a high-
temperature and high-pressure (HTHP) corrosion
reaction kettle, and a 0.4mol/L NaCl solution was
injected to simulate reservoir brine composition. Then,
pass high-purity N2 into the kettle for two hours for
deoxidation treatment. The reaction kettle was
subsequently heated to 90°C, and the pressure in the
kettle was maintained at 15 MPa with a continuous flow
of CO,, as shown in Fig.1. The samples were taken out
after 14 days and 28 days of corrosion, respectively, and
the corrosion depth and mechanical parameters of the
cement samples were evaluated. Note that while this
section primarily presents the corrosion depth and
mechanical properties of the cement samples, those
interested in the microstructure, porosity, and
permeability characteristics of cement after CO;
corrosion could refer to Garnier et al., (2012), Gu et al.,
(2017) and Yan et al., (2023).

!!M

Pressure gauge 3%
. . |

Cement samples

Fig. 1. HTHP corrosion curing device.
2.2 Experimental results and discussion

The SEM micrographs of the corroded cement
sample were obtained by conducting SEM analysis, and
the results are shown in Fig. 2. The outer zones of the
cement sample become more porous and looser. This is
due to the loss of calcium ions induced by supercritical
CO, corrosion, which breaks the dense structure of the
cement matrix. The inner zones of the cement sample
are still relatively dense, with only a small amount of
dissolved micropores. The thickness of the external
corrosion layer of the sample grows with increasing
corrosion time. After 14 days of corrosion, the cement
corrosion depth reached 821 um, which grew to 1.04 mm
after 28 days.
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Fig. 2. SEM micrograph images of inner and outer

layers.

The corrosion of the cement sheath is a long-term
dynamic process during CO, storage. Determining the
evolution of the corrosion depth of the cement sheath
over a long period of time is crucial to the research of
cement sheath integrity. Due to the limitation of
experimental conditions and available time, the research
only measured the corrosion depth of the cement
sample corroded for 28 days. Barlet-Gouédard et al.,
(2009, 2006) conducted a corrosion test of G grade oil
well cement in supercritical CO, using a static reactor at



90°C and 28 MPa. The results revealed that the corrosion
depth varies with time is as follows:

L =0.26t"2
where L is the corrosion depth, mm; t is the corrosion
time, h.

Fig. 3 and Fig. 4 illustrates the changes in uniaxial and
triaxial compressive strengths of the cement samples
under various corrosion times. The results show that the
uniaxial compressive strength of the cement samples
was 19.208 MPa, 16.74 MPa, and 13.764 MPa when the
corrosion times were 0, 14th day, and 28th day,
respectively, with a -28.34% decrease in uniaxial
compressive strength. Similarly, the triaxial compressive
strengths of the cement specimens were 77.68 MPa,
61.75 MPa, and 40.34 MPa when the corrosion times
were 0, 14th day, and 28th day, respectively, indicating a
-48.06% decline in triaxial compressive strength.
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Fig. 3. Variation of uniaxial compressive strength of
cement samples with time.
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Fig. 4. Variation of triaxial compressive strength of
cement samples with time.

3. MECHANICAL-CHEMICAL
INTEGRITY MODEL

COUPLED  CEMENT

3.1 Model geometry

Assuming a symmetrical geometric model of casing-
cement-formation, with no issues of casing eccentricity
or cement sheath missing, and the properties of
formation and cement sheath are isotropic. The
established 3D casing-cement-formation numerical
model is shown in Fig. 5. The inner diameter of the casing
is 0.2168 m, and the outer diameter of the casing is
0.2508 m. The cement sheath has an outer diameter of
0.3112 m. To eliminate the influence of boundary effects,
the length of the formation exceeds 10 times the radius
of the cement sheath, and the overall model size is
2x2x0.1 m. To characterize the bonding and debonding
of the cement sheath interface more accurately, the
casing-cement and cement-formation interface are
defined by the cohesive contact based on the traction-
separation law.
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Fig. 5. Casing-cement -formation geometry model.

3.2 Material properties

The casing is an ideal elastoplastic material, the
elastic properties are defined by elastic modulus and
Poisson's ratio, and the yield strength is 758MPa. The
formation is defined as a porosity elastoplastic material,
and the plastic yielding of the rock is described using the
Mohr-Coulomb criterion. The mechanical properties of
the cement sheath before and after corrosion are
obtained from the experiments in Section 2.2. Table 1
lists the material properties of the casing, cement before
and after corrosion and formation.

Table 1 Material properties for the casing, cement, and
formation

Material Casing Rock Uncorroded  Corroded

Cement Cement
Modulus, 4, 50 10.62 7.81
GPa
Poisson’s 0.3 0.3 0.166 0.175
Perm, mD - 0.1 0.001 0.1




Friction

angle, - 30 45.06 27.03
degree

Cohesion,

MPa - 20 3.94 4.19

The casing-cement interface (CCl) and the cement-
formation interface (CFI) are modeled using zero-
thickness cohesive contacts. The properties of the
cohesive interface include tensile bond strength, shear
bond strength, cohesive stiffness and fracture energy,
and Table 2 lists the required parameters.

Table 2 Material properties for casing/cement and
cement/formation interfaces

Interface  Tensile Shear Cohesive Fracture
bond bond stiffness, energy,
strength, strength, MPa J/m?
MPa MPa

CCl 0.50 2.00 3e5 100

CFI 0.42 0.42 3e5 100

3.3 Boundary and load conditions

Fig. 6 illustrates the wellbore whole life cycle
process, including the initial state, drilling, casing,
cementing, hardening/shrinkage, completion,
production, and injection. The geometry and loading of
the model at each stage may change, and the specific
implementation process can refer to the author's
previous papers 1%?°, The corrosion of the cement sheath
after CO; injection is a dynamic process. The corrosion
depth of the cement sheath varies for different injection
times, while at the same time the mechanical strength of
the corroded cement is also weakened. This dynamic
evolution is realized by the USDFLD subroutine.
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Fig. 6. Casing-cement-formation geometry model

4. RESULTS AND DISCUSSIONS
4.1 Radial stress analysis

Fig. 7 illustrates the radial stress distribution of the
cement sheath under various CO; injection times, where
the radial stress can indicate the extent of bonding and
debonding at the cement sheath interface. Positive
values in this study correspond to tensile stresses, and
negative values represent compressive stresses. The

results show that the casing-cement interface inside the
cement sheath is under compressive stress, indicating
that the interface is well cemented and no micro-annulus
will occur. The cement-formation interface outside the
cement sheath is in tensile stress, implying that interface
debonding may occur at the interface. Although the
loading and boundary conditions of the model remained
unchanged during the CO; injection, the corrosion depth
of the cement sheath continued to increase, and the
mechanical properties of the cement sheath decreased
after corrosion. Thus, the radial stress of the cement
sheath changes continuously with the injection time.
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Fig. 7. Cloud maps of radial stress under different

corrosion times.

Fig. 8 shows the change of radial stress along the
normalized radial distance of the cement sheath at
various injection times. The compressive stress at the
casing-cement interface decreases gradually with the
increase of injection time, and the tensile stress at the
cement-formation interface increases with increasing
injection time. When the injection time is 0 day, 140th
day and 560th day, respectively, the compressive radial
stresses inside the cement sheath are 2.01MPa, 1.31MPa
and 0.62MPa, respectively. Moreover, the tensile radial
stresses outside the cement sheath are 0.23MPa,
0.28MPa and 0.3 MPa, respectively. This indicates that
with the increase of corrosion time, the extent of
debonding at the cement-formation interface will also
increase.

0.4 4

o
o
|

<o
~
1

Radial stress (MPa)
. PR .
N [e-]
1 1

=
o
1

n
o
1

0.0 02 04 06 08 1.0
r/Ly



Fig. 8. The radial stress distribution of the cement along
the normalized radial distance at different times.

4.2 Hoop stress analysis

Fig. 9 shows the hoop stress distribution of the
cement sheath at different injection times, and the hoop
stress can predict the radial tensile cracking risk of the
cement sheath. The results indicate that the cement
sheath is always subjected to the tensile stress in the
hoop direction. The inside of the cement sheath has a
higher tensile stress, with a maximum of 9.38 MPa,
making it at a higher risk for radial cracking. Conversely,
the outside experienced lower tensile stress, with a
minimum of 3.64MPa, indicating that radial cracking is
less likely to occur.
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Fig. 9. Cloud maps of hoop stress under different

corrosion times.

Fig. 10 illustrates the variation of hoop stress along
the normalized radial distance of the cement sheath at
different injection times. The results show that, except
for two stages (i.e., no corrosion and complete
corrosion), the hoop tensile stress gradually decreases as
the normalized radial distance increases, indicating that
the possibility of radial cracking of the cement sheath
gradually decreases. When the CO; injection time was 0
day and 560th day, the hoop tensile stresses on the
inside of the cement sheath were 8.89MPa and 3.64MPa,
respectively, and the hoop tensile stresses on the outside
of the cement sheath were 9.37MPa and 3.89MPa,
respectively. The main reason is that the mechanical
properties of the cement sheath are weakened after CO,
corrosion, and the hoop stress in the corroded area is
correspondingly reduced while subjected to constant
external loading.
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Fig. 10. The hoop stress distribution of the cement
along the normalized radial distance at different times.

4.3 Interface debonding analysis

Fig. 11 shows the evolution of the micro-annulus size
of the cement-formation interface along the
circumference angle at different CO; injection times,
where 0° is the direction of maximum horizontal in-situ
stress, and 90° represents the direction of minimum
horizontal in-situ stress. The results show that the micro-
annulus size increases gradually with the increase of the
circumference angle. At the start of CO; injection (0
days), the interfacial micro-annulus sizes at 0° and 90°
directions were 91.4 um and 103.9 um, respectively.
When CO; was injected for 560 days, the interfacial
micro-annulus sizes at 0° and 90° directions were 102.8
um and 115.7 um, respectively. The interface micro-
annulus size in the direction of the minimum horizontal
in-situ stress is larger. This is because the in-situ stress in
this direction is smaller, resulting in less pressure on the
cement sheath, and the resistance to interface
debonding is also smaller.
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Fig. 11. The size of the micro-annulus around the well at
different corrosion times

4.4 Plastic strain analysis



Fig. 12 shows the distribution of equivalent plastic
strain (PEEQ) of the cement sheath at different times.
PEEQ represents the accumulation of plastic strain
during the entire deformation process, which can be
used to indicate the plastic damage of the cement
sheath. The results show that the PEEQ is smaller outside
the cement sheath and larger inside the cement sheath.
Meanwhile, the PEEQ is larger in the direction of the
horizontal maximum in-situ stress, which is due to the
higher shear stress on the inside of the cement sheath in
the SH direction.
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Fig. 12. Cloud maps of equivalent plastic strain under
different corrosion times.

Fig. 13 shows the variation of the equivalent plastic
strain of the cement sheath with corrosion time. The
PEEQ of the cement sheath increases rapidly in the initial
moments, followed by a gradual decline, and ultimately
converges to a constant value. The observed behavior
implies that the dynamic corrosion process aggravates
the shear damage of the cement sheath. Nevertheless,
the magnitude of PEEQ remains within a narrow range,
indicating that the impact of corrosion on the shear
damage is limited.
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Fig. 13. The relationship between the PEEQ and
corrosion time.

5. CONCLUSIONS

This paper investigates the sealing integrity of the
cement sheath during the CCUS process. The cement
corrosion experiments were carried out, and the

corrosion depth and mechanical parameters of the
cement sheath under different corrosion times were
determined. A mechanical-chemical coupled cement
sheath integrity numerical model was established, and
the variation of stress, deformation and damage of the
cement sheath with corrosion time was discussed. The
conclusions are as follows:

(1) The outer layer of the corroded cement manifests
as a loosely porous feature, and the corrosion depth
gradually increases with time at a gradually decreasing
rate.

(2) The compressive strength, elastic modulus and
friction angle of corroded cement samples gradually
decreased, while Poisson's ratio and cohesion increased.

(3) The radial tensile stress, micro-annulus size and
equivalent plastic strain of the cement sheath increase
with corrosion time, indicating that corrosion aggravates
the failure of the cement sheath.
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