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ARTICLE INFO ABSTRACT

Keywords:

Wells drilled in carbon storage sites could be converted to potential leakage pathways in the presence of CO»-
bearing fluids and under the impact of the changes occurring in underground stress. To test this hypothesis, in
this study, the behavior of Class G oil well cement in contact with supercritical CO5 has been investigated. The
cement cores were cured under lime-saturated water for 28 days at a temperature of 20 °C and under atmospheric
pressure. Subsequently, they were exposed to supercritical CO5 under a pressure of 20 MPa and at a temperature
of 90 °C for 30 days. The penetration depth of the carbonation front and the change in the poromechanical
properties of the cement core were measured against time. A numerical modeling exercise has also been con-
ducted to simulate the alteration within the cement cores. The results presented in this study show that the
precipitation of calcium carbonates reduces the porosity within the outermost layers of the cement cores. This
phenomenon shifts the main pore size class towards smaller sizes. In contrast to expectations, the reduction in
porosity does not improve the overall strength of the cement specimens. The observed reduction in the strength
of the cement specimens might be associated with either the amorphous structure of the precipitated carbonates
or the weak bonding between them and the solid walls of the pores and the high degradation of calcium silicate

Supercritical carbonation
Class G cement
Poromechanical behavior
Numerical modeling

hydrates.

1. Introduction

Reducing fossil fuel consumption and replacing it with nuclear or
renewable energy is the next step in decreasing greenhouse gas emis-
sions. In the meantime, carbon capture and storage (CCS) has become
one of the most important solutions to reduce these emissions (Lokhorst
and Wildenborg, 2005). This technology can be applied to former oil
reservoirs to take advantage of the drillings and pipes already installed
and benefit from the extensive data available. The ways to reach new
reservoirs in the context of CCS are similar to the oil industry practice. It
consists of drilling to the reservoir and assuring the integrity of the well
by placing a steel casing inside the wellbore and cementing the annular
section between them.

The hardened cement paste aims at maintaining the integrity of the
casing-cement-wellbore system by filling the gaps between the casing
and the geological formations. It improves the mechanical performance
of the well and also protects the casing from corrosive formations fluids.
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Moreover, the cement sheath must assure zonal isolation to prevent fluid
migration (Gasda et al., 2004).

The reservoir capacity to store carbon dioxide (CO2) substantially
improves if the temperature and pressure conditions maintain CO; in a
supercritical state (Ringrose, 2020). Under these conditions, the density
of the fluid increases and has a viscosity such as a gas. Cement is a
multiphase material mainly composed of Portlandite (CH), calcium sil-
icate hydrates (C-S-H), and aluminates in the form of ettringite (AF,) and
monosulphoaluminate (AFy,). C-S-H is the most influential material in
cement mechanical behavior. Cement strength can be affected by several
factors during the carbonation process. Once C-S-H starts degrading, the
cementitious matrix also begins dissociating which results in modifying
the stress distribution and strength. This phenomenon occurs because
the hydrated compounds in the cement matrix are replaced by other
phases which are less strong, such as amorphous silica (AS), and less
cohesive.

The dissolution of CO; in brine as a ubiquitous phase within the
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pores of the cement matrix reduces its pH from around 13 to less than 4
(Duan and Sun, 2003; Taylor, 1997). CH easily dissolves in COy-bearing
fluids prior to C-S-H (Glasser and Matschei, 2007; Kutchko et al., 2011).
However, it has been observed that the carbonation of CH and C-S-H
decalcification can occur simultaneously (Kutchko et al., 2011; Liaudat
et al., 2018). The products of the stoichiometric balances are calcium
carbonates (CC) and water for the CH reagent, while for the C-S-H+ CO
balance, CC and AS are the generated products (Fernandez Bertos et al.,
2004). The dissolution of C-S-H generally leads to a decrease in the Ca/Si
ratio from 2.0 to around 0.8 (Carey, 2013; Liaudat et al., 2018; Trapo-
te-Barreira et al., 2014). The dissolution of C-S-H is not proportional to
the stoichiometric coefficients. This implies that the composition of
C-S-H changes during the dissolution process. It was shown that C-S-H
incongruently dissolves at high Ca/Si ratios (preferential Ca release
compared to Si) and congruently by decreasing the Ca/Si ratio (this ratio
reaches a steady state) (Trapote-Barreira et al., 2014). The carbonation
of CH begins once it is exposed to COs-bearing fluids, while C-S-H
carbonation gradually increases with a drop in the pH value.

Four main zones are expected to be formed due to the invasion of
COq-bearing fluids into a cement matrix, including the intact zone, CH
dissolution zone, CC precipitation zone, and the silica gel zone, from the
inner parts of the cement matrix towards its outermost layers, respec-
tively (Carey et al., 2010; Choi et al., 2016; Corvisier et al., 2013, 2010;
Iyer et al., 2017; Kutchko et al., 2007; Kutchko et al., 2008; Liaudat
et al., 2018; Omosebi et al., 2016; Rimmelé et al., 2008b).

Carbonate anions react with calcium cations diffusing towards the
outermost layers of the matrix. This reaction leads to the precipitation of
CC. This area is referred to as the CC precipitation zone (Carey, 2013;
Corvisier et al., 2010; Wigand et al., 2009). The alteration of C-S-H and
the depletion of CH, particularly within the areas adjacent to the
cement-brine interface leave behind the AS gel (Duguid and Scherer,
2010; Walsh et al., 2013). It was observed that the carbonation
shrinkage of C-S-H produces cracks (Auroy et al., 2015). Furthermore,
the growth of CC crystals within a pore can generate volumetric tensile
stresses, which can exacerbate the damage to the cement matrix (Man-
zanal and Pereira, 2013). Two studies showed severely damaged sam-
ples where a detachment of layers around the sample was observed
(Rimmelé et al., 2008a) .

The term degradation is generally used for describing the re-
dissolution of CC and AS gel (Bagheri et al., 2018; Zhang and Bachu,
2011). CC and the remaining C-S-H re-dissolve in the presence of more
COq-bearing fluids invading the outer face of the cement matrix. This
process is sometimes referred to as bicarbonation (Zhang and Bachu,
2011).

The physical changes during carbonation lead to a variation in
porosity due to the difference between the molar volumes of the prod-
ucts and those of the reactants. Initially, the porosity within the calcium
precipitation zone decreases because the molar volume of CC is higher
than CH (Barlet-Gouédard et al., 2007). As the carbonation reaction
progresses inwards in the cement core, the degradation of C-S-H con-
tinues, and gel pores consequently start growing due to C-S-H decalci-
fication. Shen et al. (Shen et al., 2016) quantified that C-S-H degradation
contributes up to 70% in the total variation in porosity.

Potential clogging due to precipitated CC is a function of the initial
porosity, CH fraction, and the residence time of the carbon species on the
surface of the cement matrix (Asahara et al., 2013; Brunet et al., 2016,
2013; Cao et al., 2013; Huerta et al., 2016; Iyer et al., 2017). A study by
Brunet et al. (Brunet et al., 2013) showed that for a diffusion-controlled
process, no clogging is expected to occur within low-Portlandite and
high-porosity cement matrices. Conversely, the clogging tendency in-
creases for high-Portlandite and low-porosity cement matrices. With
increasing residence time, the degradation intensity decreases due to the
consumption of carbon species in the reactions. This process can result in
the self-healing of the cracks. Cao et al. (Cao et al., 2013) introduced a
threshold in their model to discriminate between the self-healing and
the self-opening behavior of the cracks. They showed that with
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increasing the residence time, the chance of clogging increases due to
the precipitation of CC. With decreasing residence time, CC will not
precipitate within the cement cracks.

The permeability of a cement matrix is linked to its porosity, how the
pores are interconnected, and the direction of the corresponding flow
(Bagheri et al., 2018). Lesti et al. (Lesti et al., 2013) observed this effect
on samples carbonated six months under wet supercritical CO,. Porosity
was reduced from 22% to 14%, while the gas permeability increased
from 0.1 nD to 1.54 pD. This increase in permeability is attributed to the
crack formation in the cement matrix due to C-S-H shrinkage caused by
its decalcification and the pore expansion caused by the crystallization
of CaCO3 during carbonation (Auroy et al., 2015; Lesti et al., 2013;
Manzanal and Pereira, 2013). On the other hand, Bachu et al. (Bachu
and Bennion, 2009) saw a reduction in the permeability to brine from
0.25 pD to 10 nD, suggesting that there is a threshold for the pressure
drop that should be considered when using gas or brine permeabilities.
This difference in permeabilities is related to the mode of fluid transport
within the pores. The gas molecules can pass through smaller pores,
which can be generated by the decalcification of C-S-H and leads to an
increase in its gas permeability. This increase in smaller pores quantity
was observed by Barria et al. (Barria et al., 2022), where the capillary
porosity (allows the passage of fluids, d>10 nm) of the cement
decreased while the gel porosity (the pores within the structure of the
hydration product, d<10 nm) showed an increase after 120 days of
carbonation. However, more studies are required to confirm this
conclusion. Furthermore, the increase in permeability can also be
influenced by the re-dissolution of the carbonation front, which may
lead to an increased porosity (Zhang and Bachu, 2011).

In many experiments, the static conditions are preferred to the flow-
through conditions (Corvisier et al., 2013, 2010; Kutchko et al., 2009;
Rimmelé et al., 2008b; Zhang et al., 2013). This is due to the low velocity
of CO9-bearing fluids in the vicinity of abandoned wells. In this case, the
kinetics of the reactions are faster than the diffusion process (Huet et al.,
2006). Thereby, the evolution of the cement matrix will be dominated
by the diffusion process, which justifies the application of batch exper-
iments (Kutchko et al., 2009; Rimmelé et al., 2008b). Indeed, it is the
pressure conditions and the geometry of the leakage pathway which
dictate whether static or dynamic conditions are relevant in a given
application. The use of batch experiments limits to conditions when the
time scale of advection is longer than the diffusion time scale.

The duration of experiments imitating the exposure of the cement to
COaq-bearing fluids is not comparable to the real-life of oil well cement.
Numerical modeling provides this opportunity to extrapolate the
experimental data for predicting the performance of the oil well cements
in COy-rich environments (Zhang et al., 2013). Such a numerical study
emphasizes diffusion-based modeling because the static condition
dominates the experiment. The depth of the carbonation front, d, is

modeled as a linear diffusion, d = k\/ t, where t is time, and k is a
constant which depends on the relative humidity, water saturation,
cement type, COy concentration, and other surrounding conditions
(Ashraf, 2016; Phung et al., 2016; Rezagholilou et al., 2017; Savija and
Lukovi¢, 2016; Silva et al., 2014; Ta et al., 2016). However, more
complicated models were also developed for predicting the depth of
carbonation front (Corvisier et al., 2013; Huet et al., 2006).

A sequential iterative approach was used by Huet et al. (Huet et al.,
2010) to couple the geochemical alteration with the transport process to
model the aqueous phase speciation, the porosity-dependent transport
properties, and mineral precipitation/dissolution. Their model was able
to qualitatively reproduce the experimental results reported by Duguid
(Duguid et al., 2005). However, they modified the relationship between
the porosity and the effective diffusivity to obtain a match between the
modeling results and the experimental data. A modeling study was
conducted by Brunet et al. (Brunet et al., 2013) in which the cementa-
tion factor (it describes the relationship between the porosity and
effective diffusion coefficient) was identified as the most critical
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parameter controlling the cement alteration in CO»-rich environments.
In this study, the same as (Huet et al., 2010), the effective diffusion
coefficient was recognized as the limiting part of the simulation. The
experimental data in (Duguid and Scherer, 2010) were regenerated by
Liaudat et al. (Liaudat et al., 2018). They indicated that the penetration
depth can be quantitatively modeled if the change in the effective
diffusivity due to the degradation process is accounted for.

The behavior of the cracked cement matrices exposed to COs-bearing
fluids is examined in the presence of a confining pressure in (Walsh
et al., 2014). It was shown that the hydraulic fracture aperture decreases
due to the synergy between the weakening effect of geochemical re-
actions and the confining pressure. The AS gel layer was shown to be the
most compressible zone. It was observed that the precipitation of CC
leads to an increase in the cement strength within this zone to equal or
just above that for the intact zone (Walsh et al., 2014). The CH disso-
lution provides more pore space for the solid phase expansion during the
plastic dilation, which results in the failure delay (Ulm et al., 2003). On
the other hand, the dissolution of C-S-H leads to chemo-mechanical
softening, which can be modeled using chemoplasticity (Coussy and
Ulm, 1996). Fabbri et al. (Fabbri et al., 2009) reported that the cores
with annular carbonation are more sensitive to stress compared to the
cement cores, which are homogeneously carbonated. In their study, it
was observed that the cement cores with the annular carbonation were
damaged more than the homogeneously carbonated cement ones. They
interpreted this issue as a result of the extension of microcracks around
the carbonation fronts. In their experiments, this phenomenon led to a
decrease in mechanical strength.

Fabbri et al. (Fabbri et al., 2009) measured the dynamic and static
elastic constants and permeability of the Portland cement samples
carbonated under wet supercritical CO» at 90 °C and 28 MPa. They
observed an increase in the pressure sensitivity of samples with a
developed carbonation front. They attributed this observation to the
mechanical degradation and, consequently increased permeability
within zones near the front. Wolterbeek et al. (Wolterbeek et al., 2016)
undertook triaxial compression tests on Class G Portland cement at a
temperature of 80 °C and the effective confining pressure in the range of
1-25 MPa. After that, the samples with localized shear fractures were
exposed to CO,-H20. Then their mechanical properties were measured
again. It was observed that the reaction with CO, has no further
degrading effect. Instead, they reported a recovery up to 83% in the peak
strength. They also a 10-40% recovery for the frictional strength in the
post-failure regime. It was represented that this recovery is attributed to
the carbonated precipitation. Therefore, they claimed that self-healing
could be the governing phenomenon for fractured cement. Mason
et al. (Mason et al., 2013) ran an experiment in which COy-rich brine
flowed through a small gap between the caprock and cement at a tem-
perature of 60 °C and 3 MPa. They showed that the average Young
modulus of depleted, carbonate, and amorphous zone decreased to
about 75, 65, and 34% of that for intact zones. It was concluded by
Mason et al. (Mason et al., 2013) that mineral dissolution and a conse-
quent increase in porosity lead to a reduction in elastic modulus. To
reveal the alteration of the mechanical properties of Class G Portland
cement, scratch-hardness tests were conducted on cement samples
before and after being exposed to CO. It was found that the brittle
strength of each zone is approximately dependent on the exposure time
and differences in each zone. An increase in the UCS of the carbonated
zone was observed while this value reduces in porous silica zone
compared to unreacted cement zones. Mason et al. (Mason et al., 2013)
observed that the UCS increases by 1.5-3. Li et al. (Li et al., 2015)
demonstrated that the hardness and indentation modulus in the
carbonated layer increase by a factor of 2-3. This value is approximately
halved within the Portlandite dissolution zones. They represented that
the overall strength and the elastic modulus of the cement matrix
decrease to 84% and 93% of their initial values, respectively. Investi-
gating the alteration of the well cements exposed to COz-rich fluids is a
crucial prerequisite for performing a safe CCS project. This is of great
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importance to predict the simultaneous effects of the geochemical re-
actions and the burdened stresses on the behavior of the cement matrix.
It is an almost intact field of study in CCS which requires more attention.
Thereby, this paper also tries to help widen the perspective to the
complicated nature of the cement matrices in CO,-rich environments.

In this paper, the behavior of Class G oil well cement is investigated
in a COg-rich environment. The cement cores are exposed to supercrit-
ical COy fluids in a high-pressure and high-temperature (HPHT) vessel.
This work aims to contribute to the knowledge about the cement
behavior at the macroscale when it is purely subjected to a supercritical
carbonation process, focusing on its poromechanical behavior. This is
particularly important in the context of CO2 storage because the failure
of the cement sheath could provide high leakage pathways. The pene-
tration depth of the carbonation front and the mechanical properties of
the cement cores are measured prior to and after exposure to super-
critical COq fluids. The cement matrix’s pore size distribution (PSD) is
measured using Mercury Intrusion Porosimetry (MIP), and the me-
chanical strength is measured by the uniaxial compressive strength
apparatus. X-ray diffraction analysis (XRD) was performed on carbon-
ated samples. Numerical modeling has also been conducted to explore
the alteration in the geochemical and mechanical properties of the
cement matrix. The results of this study help to develop the compre-
hension of the cement alteration in CO»-rich environments.

2. Materials and methods
2.1. Experimental procedures

Cylindrical specimens of Class G cement were considered for the
experiments. The samples were carbonated at 20 MPa and 90°C for 30
days. Mercury intrusion porosimetry, compressive strength tests, and X-
ray diffraction analysis were performed on these specimens.

2.1.1. Specimens preparation

Eight cylindrical specimens of 38 x 76 mm (diameter x length) of
Class G oil well cement were made with a water to cement ratio (w/c) of
0.44. The slurry was poured into cylindrical molds in two layers, each
layer being compacted with a puddling rod 27 times (API Specification
10A, 2019). Samples were cured for 24 h in a 20°C batch and unmolded.
After removing them from the mold, they were kept under
lime-saturated water for 28 days at room conditions (Barria et al., 2020,
2021a, 2021b). A long curing time was considered to reduce the impact
of the hydration process that would otherwise occur during the
carbonation stage. Indeed, these conditions were selected to charac-
terize the sole effects of carbonation on a Class G cement.

2.1.2. Carbonation

The carbonation tests were performed in a 16 x 20 cm cylindrical
reactor under wet supercritical CO, at 20 MPa and 90°C for 30 days
(Barria et al., 2021a, 2022). After sealing the cell, the pressure of carbon
dioxide in the vessel was increased to 8 MPa. Then, the temperature was
increased to 90°C. Following this, the CO pressure was increased to 20
MPa by employing a pump. Samples were fully saturated before placing
them in the reactor and water was poured at the bottom of the vessel to
maintain humidity. With these conditions, the penetration of CO3 in
cement can be considered to occur through diffusion. The final
pressure-temperature conditions and the path followed assured that the
water remained in a liquid state. Additionally, the path followed assured
that CO2 passed from a liquid state to the supercritical state without
passing through the gas state. Following the carbonation process, the
heating was turned off, and the cell was allowed to reach room tem-
perature. Afterward, the pressure was decreased until it reached
ambient pressure. The weight of the specimens was measured before and
after carbonation to obtain the mass uptake and the variation in their
density.



J.C. Barria et al.

2.1.3. Characterization tests

The porosity and pore size distribution of the samples were measured
employing a Mercury Intrusion Porosimeter (MIP). The equipment used
was a Micromeritics AutoPore IV 9500. This instrument is capable of
detecting pore sizes from 5 nm to 300 pm. The cylindrical specimens
were crushed to obtain 0.5-0.6 g pieces and dried using freeze-drying
prior to the measurement. The device measures the volume of mer-
cury intruded into the sample per unit of mass with each step of pressure
applied up to 230 MPa. Mercury intrudes interconnected porosity, so the
isolated pores are not observable. To obtain the MIP porosity, the
following expression is applied:

Vi

¢ = v, ™ @

where V] is the volume of intruded mercury per unit of mass of cement,
m is the mass of the sample, and V7 is the total volume of the sample,
which is obtained from the apparent density and the sample mass.

A hydraulic press with electronic vertical displacement and applied
force measurement was used to perform the compression strength tests.
Three specimens were tested to determine their mechanical perfor-
mance before and after carbonation. The test speed was set at 0.5 mm/
min.

XRD analysis was performed on a Philips 3020 diffractometer using
CuKa radiation with a Ni-filter (35 kV, 40 mA). The method described by
Moore and Reynolds [34] was followed for identification, while quan-
tification was calculated based on the work of Biscaye [35]. Scanning
was performed for angles between 3° and 70°, with a step of 0.04° and a
count time of 2 s/step. No monochromator was used, and the openings
were 1° for divergence, 0.2° for the reception, and 1° for dispersion. The
samples analyzed were taken from non-carbonated specimens (Non-
carbonated) and after 30 days of carbonation and near the exposed edge
(Carbonated).

2.2. Numerical modeling

This section provides a review of the numerical modeling of the
cement alteration.

2.2.1. Geochemical modeling

The geochemical alteration of the cement matrix can be modeled by
coupling the momentum, mass, and energy balance equations governing
the reactive transport of fluids within their pores. The exposure of the
cement matrix to COy-bearing fluids is accompanied by the advection
process, the diffusion process, and geochemical reactions that govern
the mass balance. By considering the dominant phenomena in a fluid
phase g, the following equation can be derived for the mass conservation
of the component j in an arbitrary cell within a CO4 storage site (Ajayi
and Gupta, 2019; Steefel et al., 2015):

@ = V. (¢SﬂD;}VCj,‘> - V.(qﬁCjﬂ) Ry, + &

+8,. (=1,2,3,..n) )

where j refers to the components in the phase f, ¢ is the porosity, Sy is
the saturation of phase g, Cj, (mol/m3) is the concentration of the
component j, gs (m/s) is the velocity of the phase f, D; (m? /s) is the
diffusion coefficient of the component j in the porous medium, R;, (mol
/(m3.s)) is the summation of the produced and the consumed concen-
tration over time for the component j. The term on the left-hand side of
Eq. (2) shows the mass accumulation of the component j. The first,
second, and third terms on the right-hand side of Eq. (2) represent the
mass balance due to the diffusion-dispersion process, the advection
process, and the geochemical reactions, respectively. The fourth term on
the right-hand side of Eq. (2) shows the interphase mass transfer of the
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component j in mol/(m>.s). S;, shows the mass transfer of the component
j between the phase 8 and an external source in mol/(m?.s). In this paper,
qp is equal to zero because the system is a batch experiment. There is no
external source and the system is considered to be a single-phase fluid.
Therefore, j; and Sj, are equal zero.

Dj’; is a tensor which is a function of the type of the porous medium
and the fluid velocity as follows (Benjamin and Lawler, 2013):
D; =D,

s s + €5, 3)
where Dj, and ¢;, are the effective diffusion and dispersion coefficients of
component j in phase f, respectively. Eq. (3) represents the diffusion
model which has been used in modeling. For a porous medium, the value
of the effective diffusion coefficient, D;,, is between 0.6 and 0.7 of the

molecular diffusion coefficient, D](-’ﬁ, which is measured in the absence of
the porous medium (Perkins and Johnston, 1963). The following
equation shows the relationship between the molecular diffusion coef-
ficient and the effective diffusion coefficient (Perkins and Johnston,
1963):

o i @

Jp

where F is the formation electrical resistivity and ¢ is the porosity. The
value of F is also a function of porosity (Lyons and Plisga, 2011).
Thereby, it changes within a porous medium. In this study, based on
Archie’s Law (F = ¢~™, m is the cementation factor) F is equal to 14.26
for a porosity of 0.19 with a cementation factor of 1.6 for the considered
cement (Matyka et al., 2008). Although, the diffusion coefficient in Eq.
(4) can also be represented in terms of tortuosity as follows (Promentilla
et al., 2009):

D _

)

1

s — -
Dj,, T
where 7 is the tortuosity. It can be deduced from F¢ that 7 should be
equal to 2.70 for a porosity of 0.19. The diffusion coefficient Dj; of a

molecule in a liquid is a function of temperature and viscosity which can
be calculated based on the Stokes-Einstein equation as:

kT
"~ 6apr

Djg O]
D is the diffusion coefficient of a molecule in liquids, u is the solvent
viscosity, T is the temperature, r is the radius of the diffusing particle,
and k is the Boltzmann constant. This equation is usually considered as a
standard to which other methods are compared (Cussler, 1997; Kuhn
etal., 2009). ¢j, shows the dispersion coefficient of component j in phase
S which can be calculated as follows:

€, = ajqz )]

Where, ¢; is dispersivity of component j, which can be different for
the longitudinal and the transverse directions, and n is a constant which
depends on the porous media (Delgado, 2007).

The reactions that considerably rapidly progress are thermodynam-
ically controlled; in this case, they can be accounted for based on their
equilibrium constants. The slow reactions are kinetically controlled.
Indeed, they follow a form of rate law depending on the type of reaction
(Steefel et al., 2015; Xu et al., 2004). This assumption simplifies the
application of numerical simulations. The reaction rate between the
solid and the liquid phase can be characterized using the transition state
theory as follows (Aagaard and Helgeson, 1982):

Ny—r N M2
nt): n; IAP;
R =AY kg (1) (1 - <K—> ) ®)
Jj=1

eqj
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Table 1

The properties of the species involved in the reactions. The accuracy and the associated uncertainty for each value can be found in their corresponding references. For
example, the density of calcium carbonate is in the range of 2.7-2.9 gr/cm® National Center for Biotechnology Information, 2022). Although their value may differ in
various literature, it is not significant. Albeit, the difference between them and the values in Table 1 should be negligible. Their effect on the simulation results would
not be remarkable in this case. It implies that the predicted trend is almost correct and reliable for cement, with values very close to those in this table. In this paper,
their effect on the simulation results is negligible. It implies that the predicted trend is almost correct and reliable. The rate constants and equilibrium constants listed in
this table are for the reactions described in Eqgs. (9)—((13).

Property CH calcium carbonate C-S-H(1.6) Si05(am) Ettringite Inert
Mineral density (p) in g/cm® 2.241 2.710 2.052 2.072 1.775 3.3101
Young’s modulus (E) in GPa 38.502 70.00® 25.55@ 159.00© 20.07© 117.607
Poisson’s ratio (1)® 0.25 0.25 0.25 0.25 0.25 0.25
Bulk modulus (K) 25.67 46.67 17.03 106.00 13.38 78.40
Shear modulus (G) 15.40 28.00 10.22 63.60 8.03 47.04
Specific surface area® (SSA) in m?/g 16.5 1.0 45.0 1.0 9.0 -

Log(k [mol/m?2s])*? 5.4 5.1 7.5 -10.0 8.0 -
Log(Keg) at 25°C'V 22.812 1.847 28.002 -2.714 62.536 -

Initial composition in volume fraction 0.2000 0.0001 0.4500 0.0199 0.0700 0.0700

(1) The inert solid part is the component that remains intact during reactions and is assumed to be a mixture of the unhydrated clinker; an average value is derived from
it (Balonis and Glasser, 2009).

(2) An average value is derived from (Chamrova, 2010; Constantinides and Ulm, 2004).

(3) An average value is derived from Merkel et al. (2009). The value of the Young’s modulus will change due to the degradation and the precipitation processes within
the pores of calcium carbonate during the invasion of CO,-bearing fluids. For example, a 30% porosity in CC reduces its UCS from 70.00 to 15.00 MPa (please, refer to
Eq. (17)).

4)

(5) An average value is derived from Chamrova (2010), Constantinides and Ulm (2007), Jennings et al. (2007).

(6) The silica gel zone is assumed to be composed of silicon; the average value is derived from (Hopcroft et al. (2010), Moner-Girona et al. (1999).

(7) An average value is derived from Yang and Guo (2014).

(8) It was assumed to be similar to tricalcium silicate (Haecker et al., 2005).

(9) A representative Poisson’s ratio is extracted from Chamrova (2010), Constantinides and Ulm (2004), Harsh et al. (1990), Velez et al. (2001), Wang and Sub-
ramaniam (2011) and considered equal for the solid components. This value changes in different studies for each solid part of the cement matrix, but an average value
can be considered.

(9), (10), and (11) are the geochemical properties extracted from the CrunchFlow database (Steefel et al., 2015). (12), (13), and (14) It should be noted that the values
for CSH and ettringite (they were uncertain) were manipulated to obtain a match between the results of the mechanical model and data in Table 4.

where Ry, is the rate of the dissolution (R,, < 0) or the precipitation (R,
> 0) of the mineral component, m, in the solid phase in mol /s, A, is the
reactive surface of the mineral, in m2, Ny, is the number of the re-
actions involving the component, m, k; is the rate constant of the reac-

Table 2

Diffusion coefficient (please, refer to either Eqs. (4) or
(5)) of the aqueous species in water at 25 °C (Cussler,
1997; Kestin et al,, 1981; Li and Gregory, 1974;

tion, j, in mol/(m?.s), ay- is the activity of Hydrogen ions, and the term Rebreanu et al., 2008).

al(:i” Vs applied to show the rate dependency of reaction, j, on the pH, a; Species Do (1076 ﬁ)
is the activity of the species, i, in the liquid phase, Haﬁni)’ is applied to HY 93.1
consider the catalytic/inhibitory effect of species in the liquid phase on Ca2t 7.93
the reaction j (Davila et al., 2016), IAP; is the ionic activity product of OH™ 52.7
the reaction, j. K, is the equilibrium constant for the reaction, j. Keq is Sllco* f(l)‘:
also referred to as either the solubility product or the thermodynamic co%g .55
solubility product corresponding to the dissolution or the precipitation CO,(aq) 19.2
of minerals. m;; and my; are parameters characterising the dependency SiO+z(aq) 11.7

. . L Lo Na 13.3
of the reaction, j, on the saturation index (SI) which is equal to Other species 10.00

log(IAP; /Kqu ).
In this study, the cement cores are assumed to be fully saturated. The

following reactions are extracted from the CrunchFlow (Steefel et al.,
2015) database as the reactions occurring within the cement matrix due
to the invasion of COg-bearing fluids (Ca(OH),, CSH(1.6), CaCOs,
SiO,(am), Ettringite are solid species and the remaining are aqueous):

Ca(OH), +2H" & + Ca* + 2H,0 ©)
CSH(1.6) +3.2H" < + 1.6Ca*" + Si0s(aq) + 2.18H,0 10)
CaCO; + H' & + HCO; + Ca** 1
SiO,(am) < SiO,(aq) 12)
Entringite + 12H" < + 2AP" + 3803 + 6Ca*" + 38H,0 13

Egs. (9), (10), and (13) show the dissolution of CH, C-S-H, and
Ettringite, respectively. The AS gel is shown by SiO;(m), which is in

equilibrium with SiOs(qq in Eq. (12). The mechanical, thermodynamical,
and kinetic properties of the solid species are outlined in Table 1.

In this study, the CrunchFlow code, developed by Steefel et al.
(2015), has been used to simulate the geochemical alteration of the
cement matrix due to exposure to supercritical COs. In these simula-
tions, it has been assumed that the outer face of the cement cores is
constantly in contact with the supercritical CO,. Therefore, the Dirichlet
boundary condition, considering a constant concentration of COs, is
assumed to dominate the cement-fluid interface. The cement matrix is
initially assumed to be saturated with brine which only contains dis-
solved NaCl with a concentration of 0.5 mol/L.

The diffusion coefficients for each of the aqueous phases in Egs. (9)—
(13) can be found in Table 2. The reactions occurring with the aqueous
phase are outlined in Table 3.
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Table 3
Reactions within the aqueous phase with their equilibrium constants at 25
°C extracted from CrunchFlow database (Steefel et al., 2015).

Aqueous phase reactions

Log (Keq)

COy(aq)+ Hy0 < H*+ HCO3 -6.3447
CaCly(aq) < Ca®"+2CI~ 0.64

CaOH'+H* & H,0+Ca%* 12.781
H,Si07 +2H™ « Si0,(aq)+2H,0 22.9600
H4(H2S8i04)4~ +4H" & 4Si04(aq)+8H,0 35.9400
He(H2S104)7 +2H" < 4Si0,(aq)+8H,0 13.6400
HCl - HY+Cl™ -0.6700
H,Si03 +H" < Si0,(aq)+H,0 9.9525
NaCl(aq) < Na*+Cl~ 0.7770
NaHSiO3+H" < §i0,(aq)+H,0+ Na* 8.3040
NaOH < Na*+ OH™ 14.7948
CO% +H' < HCO3 10.3288

CaCOs(aq)+H" & Ca*"+ HCO3 7.107

CaHCO3 « Ca**+ HCO3 -1.103
NaCO3(aq)+H" < Na*+ HCO3 9.8144
NaHCOs(aq) <> Na*+ HCO3 -0.1541

2.2.2. Mechanical modeling

In this study, the Voigt model (Liu et al., 2009; Zhu et al., 2015) has
been applied for calculating Young’s modulus of the cement matrix as
follows:

Nm
E,, =Y Ef], a4
i=1

where Ej, is Young’s modulus of the cement matrix with a porosity of
zero at the time, t, and the radius, r, E; is Young’s modulus for the
mineral i as shown in Table 1, ff, shows the volume fraction of the
mineral i over the entire volume of the solid phase, and Ny, is the number
of minerals in the cement matrix. The value of Ej , is corresponded to the
Young’s modulus of the cement matrix, Ef, at the time, t, and the radius,
r, as follows (Phani and Niyogi, 1987):

EL=E, (1 -ad})" (15)

where the parameters of a and n are material constants that are functions
of the time and the radius. It was assumed that at ¢ = 1, Young’s
modulus is zero, which implies that a is considered equal to one (Lafhaj
et al., 2006; Li et al., 2006). The value for n is set at 1.65 to fit the nu-
merical Young’s modulus with that value for the intact cement matrix.
The UCS is calculated using the following equation (Jurowski and
Grzeszczyk, 2018):

10°E!
o _ r
UCS' = k(1 —7) (43,01-5) (16)

where k; is a coefficient that depends on the cement type (i.e., referring
to the binder type such as CEM I), y shows the volume ratio of aggre-
gates. This value is assumed to be zero based on using plain cement paste
for the well-cementing job, p is density in kg/m® and UCS. is the UCS for
the cement matrix in MPa at the time, t, and the radius, r. The value of k
was found to be 1.18 to match the UCS of the intact cement matrix.

3. Results and discussions
3.1. Experimental results

The initial porosity before carbonation is 19%; it is low compared
with other cement types in the context of geological storage. In general,
porosities from MIP tests in the literature are almost twice as high as in
this work. For example, Fabbri et al. (2009) obtained a porosity of 41%,
Barlet-Gouedard et al. (2007) reported a porosity of 33%, and Urbonas
et al. (2016) had porosity values ranging from 37.6 to 44.5%, depending
on the water to cement ratio. Nevertheless, these experiments were
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Fig. 3. (a) Stress-strain curve during uniaxial compression tests, and (b) spec-
imens’ compressive strength and the Young’s Modulus variation after 30 days
of carbonation at 20 MPa and 90°C. These properties are for a material pre-
senting significant heterogeneities in composition and thus strength. The
Young’s modulus is equal to the slope of the stress versus strain within the
elastic zone. The UCS is assumed as the peak of the stress which the cement can
bear before the failure.

performed on samples cured at high temperatures and within a short
period. Indeed, porosity decreases with decreasing curing temperature
(Bahafid et al., 2017) and extended curing time (Bahafid, 2017).

de Sena Costa et al. (2018) showed that the pH level is reduced over a
wider area in specimens tested underwater. The curing conditions
allowed water to saturate the cement samples, and CO, was diffused into
the water. The rate of CO, diffusion into the water depends on the
pressure and temperature to which the system is subjected. For porous
materials, it also depends on their porosity (Vallin et al., 2013). Fig. 1
shows the advancement of the carbonation front in a cement specimen
after 30 days. MIP samples were taken from the most degraded area
(Exterior) and the area near the core (Interior). Here, two sections can be
distinguished due to the chemical reactions caused by the advance of
COy-bearing fluids from the external boundary. The outer ring section
includes precipitated CCs as confirmed in Fig. 5. It can be observed in
Fig. 5 that the amount of CC in form of calcite and aragonite increases
after carbonation. The inner section is characterized by the
dissolution-precipitation effects because the porosity in that section is
decreasing, signaling the precipitation of CCs in the interconnected
pores. This statement is verified in Fig. 2.

The dissolution-precipitation process during carbonation allows CC
to fill the interconnected pore network because the molar volume of CC
is higher than that of CH. This effect is shown in Fig. 2, where the
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porosity in the exterior zone of the sample is reduced to 6%, and in the
interior zone, it is reduced to 14%.

A larger quantity of CC will precipitate where the ion concentration
is high. However, it also depends on other parameters such as pH. This
generates a porosity profile in which the porosity in areas close to the
exposed surface is reduced (i.e., within locations deeper than the
degraded zone formed on the outer face of the cement matrix). In
contrast, the inner parts of the cement core are less affected. Studies
carried out by Rimmelé et al. (2008b) and then supported by Cheshire
et al. (2017) revealed a macroscale porosity profile suggesting different
rates of CC precipitation throughout the cement matrix. In this study, the
porosity results in the interior parts of the cement matrix reveal that it
has been less prone to CC precipitation, showing a porosity of 14%.
Another porosity profile can also be observed on microscale in the work
of Kutchko et al. (2007). Their experiment showed the formation of
different zones. The porosity within the most inner parts slightly
increased. Due to CC precipitation, the porosity decreased in the next
zone towards the outer face. They observed that the porosity within the
outermost layer significantly increased due to the considerable deple-
tion of calcium. Nevertheless, the porosity of different zones observed in
the latter work was estimated by analyzing the scanning electron mi-
croscope images. Therefore, it cannot be reliably quantified, and the
area under consideration is very small.

These decreases in porosity produce a clogging effect opposing the
incoming CO» flow. Furthermore, Bagheri et al. (2018) suggest that the
permeability will reduce if the flow’s direction is parallel to the diffusion
and increase if the flow is perpendicular to the diffusion (Xu et al., 2019;
Yuanhua et al., 2013). This effect was seen by Barria et al. (2022), where
the carbonation degree follows a logarithmic trend, implying that the
reaction advance slows down over time.

Morandeau et al. (2015, 2014) mentioned that most of the variation
in porosity during the carbonation process is due to the carbonation of
the C-S-H phase. This means that the drop in porosity in the samples in
this study is mainly due to C-S-H decalcification. As C-S-H is the main
contributor to the mechanical strength, its behavior is considerably
changed. Fig. 3 shows a decrease in the mechanical properties of Class G
cement. Indeed, the overall porosity alteration and the
dissolution-precipitation of the material’s composing phases induce a
variation in the apparent mechanical properties of the cementitious
material (Bagheri et al., 2019).

Atmospheric carbonation on cement increases its compressive
strength (Ashraf, 2016). This is induced by the simultaneous leaching of
calcium from CH and C-S-H. One mol of CH is replaced by one mol of CC,
and as the mechanical properties of CC are higher than CH, a strength
increase is expected. On the other hand, as the C-S-H molecular structure
is not defined and depends on several factors during the hydration
process, natural carbonation may decalcify C-S-H on a minor scale,
where no decrease in strength is expected. Under extreme conditions,
the compressive strength is affected due to the higher degradation of
C-S-H resulting from breaking its chains and filling the pores with CC.
Even though CC may have stronger properties, it will not be bounded to
the cement matrix as the former C-S-H was bounded at a nanoscale.
Once CH is depleted, the C-S-H decalcification allows a higher produc-
tion of CC. Thus, the considerable porosity reduction seen in the results
here is a consequence of a large amount of C-S-H being degraded and
also the dissolution of CH, allowing the mechanical strength to decrease
during carbonation. Therefore, although the porosity decreases, the UCS
shows a reduction for three reasons: (1) the CSH is degraded, (2) the
precipitated CC does not fill the pores to bear the stress i.e., they are
precipitated on the surface of the pores and practically have no positive
impact on UCS, (3) the CC has not a strong from due to the intrinsic
porosity occurring within itself during the precipitation.

Furthermore, during the compressive strength tests, a small layer of
material was observed to be the first part to be dislodged in different
sectors of the sample when a small force was applied, suggesting that
there is a thin layer on the external surface of the specimen subjected to
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Fig. 4. Cement specimen after carbonation for 30 days at 20 MPa and 90°C.

COy-bearing fluids that has a very low mechanical strength. This layer
was also seen by Kutchko et al. (2007), Jeong et al. (2018), and Rimmelé
et al. (2008b). In this layer, the bicarbonation process begins, where the
solid CC phase is dissolved and forms HCOj3 ions. This process increases
the porosity of this layer and leaves it with lower mechanical resistance.
In some samples, it was possible to see a very thin layer of material that
could be removed by scratching the cement surface (Fig. 4). As shown in
Fig. 4, a thin layer from the surface of the most degraded samples can be
removed by scratching the surface, indicating high porosity and low
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bonding of the material to the core. The re-dissolution of CC on the
surface of the cement reduces the amount of material contributing to the
resistance, which explains the overall decrease in its mechanical per-
formance. Fig. 5 shows the XRD pattern for a non-carbonated specimen
and a carbonated specimen near the outer face of the cement matrix. In
non-carbonated cement, the crystalline phase shows a strong reflection
of Portlandite. Aluminates such as Katoite are also observed. The pres-
ence of calcium carbonates in the specimen indicates that a certain
percentage of carbonation has occurred due to exposure to CO». In the
specimen, smaller percentages of Brownmillerite are also detected.
Carbonated cement contains 85% calcium carbonates, of which 73% are
aragonite and 12% calcite. There is only 5% Portlandite, and 9%
Brownmillerite. The latter is the last part which is affected, because
portlandite is the first mineral in the cement matrix which is carbonated
and after that C-S-H is also affected. The non-hydrated cement products
are surrounded by this C-S-H layer (Shah et al., 2018), which protects it
until all the C-S-H is carbonated.

Fig. 2 shows that the precipitation of CCs due to the invasion of
carbon species into the cement pores results in shifting PSD towards
lower values. The probability of increasing the gel pores is low because
they do not participate in the flow. Thereby, they do not contribute to
the porosity alteration. The dissolution of Portlandite contributes to an
increase in the capillary porosity, although the precipitation of CC easily
compensates it. Indeed, with the precipitation of CC, the size of capillary
pores is reduced. Therefore, the main mode of the PSD also shifts to-
wards lower porosity values. It can be understood from Fig. 2 (a) and
Table 4 that the value of porosity for the carbonated zone decreased
from 19% to 6%. The peak strength and Young’s modulus decrease for
the whole cement matrix, as can be observed in Fig. 3 (a) and (b). This
observation appears to be contradictory when the precipitation of the CC
is also accounted for in this study. The literature, such as (Lecampion
et al.,, 2011; Walsh et al., 2014), showed that the precipitation of CC
leads to an increase in the cement strength. It could be the result of the
short period of hydration. In their work, the hydration process of the
cement matrix probably continued to a great extent even after exposure
to COy-bearing fluids, which helps the cement strength. In this work, the

A: Aragonite; B: Brownmillerite; Ca: Calcite; G: Gypsum; K: Katoite; O: Okenite; P: Portlandite;
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Fig. 5. XRD pattern results before carbonation and at the outer rim after 30 days of carbonation. The data in this figure are calibrated to account for porosity and CSH

to be used in calculations in this paper.

Table 4

The change in density, the uniaxial compressive strength (UCS), Young’s modulus (E), and porosity prior to and after exposure to supercritical CO,. For the carbonated
cement, all parameters are reported for the whole cement matrix except for the porosity which is attributed to the carbonated zone within the cement matrix.

Non-carbonated cement

Carbonated cement

o ( & ) UCS (MPa) E (GPa) Porosity (%) o & ) Mass uptake (gr) UCS (MPa) E (GPa) Penetration depth (mm) Porosity (%)
cm3 cm3
Result 1.99 53.26 25.70 19 2.02 2.7 42.66 22.55 2.5 6
Variation (+) 0.01 4.8 1 0.7 0.02 1.2 5.64 0.85 1.4 1.5
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Fig. 6. The profiles for the mineral contribution at (a) day 8, (b) day 14, (c) day 22, (d) day 30 after exposure to supercritical CO, predicted by numerical modeling.
The initial composition is reported in Table 1. C-S-H can be decalcified and becomes porous. However, in this study those pores do not contribute to the flow. It

implies that its volume fraction can remain almost constant.

cement matrices cured near to completeness. It was observed that the
Uniaxial Compressive Strength (UCS) and Young’s modulus decrease
during the ongoing carbonation process in the pores of the cement
matrix.

The studies (Baird et al., 1975; Black et al., 2008, 2007; Brecevic¢ and
Nielsen, 1989; Cole and Kroone, 1960; Garcia-Gonzalez et al., 2007;
Moorehead, 1986; Morandeau et al., 2014; Shah et al., 2018) have
shown that the precipitation of CC will be in an amorphous or a weak
crystalline form, particularly once it precipitates. The early amorphous
or weak crystalline CC will progressively be converted to calcium car-
bonate. In this study, it is perceived that CC has a weak form. Therefore,
despite the precipitation of CC and a decrease in the porosity, the pre-
cipitation of CC does not practically contribute to the cement strength.
The mechanical properties of the cement matrix are a function of the
cement composition (Liu et al., 2009; Zhu et al., 2015), which evolves
during the carbonation process.

3.2. Numerical modelling

Fig. 6 (a)-(c) shows the gradual emergence of the amorphous CC
from day 8 to day 30 after exposure to supercritical CO,. In Fig. 6 (c), it

can be seen that the peak of CC precipitation is at the depth of 2.4 mm
and the value for the porosity is around 6% which shows a good match to
the reported values in Table 4 for the penetration depth and porosity,
respectively. The UCS of the cement matrix is a result of the combined
effect of the different contributing minerals. Their evolution directly
affects the average UCS. Generally, it is expected that UCS should in-
crease within the CC precipitation zones and shows a decrease for areas
near the outer face. In Fig. 8, the UCS and Young’s modulus changes are
simulated. Fig. 8 demonstrates that the cement matrix degrades at less
than 2.4 mm depths. It implies that the values for its mechanical prop-
erties significantly reduce near the cement-supercritical CO; interface.
CH is wholly depleted in this region, and C-S-H also experiences calcium
leaching, as shown in Fig. 6. This zone is referred to as the silica gel zone
(or degraded zone). CC starts occupying the pores at depths from 2.4 to
14.0 mm but is not strong enough to improve the UCS. Therefore,
despite normal expectations, the value of UCS and Young’s modulus
shows a decrease in the CC precipitation zone. It can be understood from
Fig. 6 that the CH dissolution starts from depths around 14 mm and is
accelerated approaching the cement outer face.

As shown in Fig. 6, the inert part and SiO5 are not affected by the
attacking supercritical CO. It should be noted that supercritical CO2
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Fig. 7. Change in the properties of the cement matrix during 30-day period obtained from numerical modeling, (a) the average Young’s modulus (MPa), (b) the
average density (kg/m3), (c) the average uniaxial compressive strength, (d) the mass uptake (g).

needs to be dissolved in brine to react with the solid phase. At the outer
face of the cement matrix, CO5 dissolves in brine and then starts
diffusing into the inner parts of the cement matrix. It can be observed in
Fig. 6 that the CC zone gradually extends into the inner parts of the
cement matrix.

The change in the average properties of the cement matrix is pre-
dicted using numerical modeling and shown in Fig. 7. It can be seen in
Fig. 7(a) and (c) that at day 30 the average value of UCS reduces to 45.10
MPa and Young’s modulus approaches 23.25 GPa. The average value for
Young’s modulus is a linear weighted average of the radial sections in a
cylindrical core. The weighing factors equal the ratio of those radial
areas to the whole cylindrical area. Then, the value for UCS is computed
using Eq. (16). The average density equals the overall mass over the
volume in which mass is changing due to chemical reactions. UCS and
Young’s modulus values are close to the values reported in Table 4. The
mass uptake and density magnitudes are 2.24 g and 2.0160 g/cm® at day
30 in Fig. 7(d) and (b), which are comparable to the values measured in
the experiments as shown in Table 4. It should be noted that Young’s
modulus for CC in calculations is changed to account for the effect of the
intrinsic porosity. The Young’s modulus of CC, E., is 70 GPa, as shown
in Table 1. As calcium carbonate is also a mineral, the authors assume
that it also follows an equation similar to Eq. (15). It is worth noting that
this equation is developed for rocks (Lafhaj et al., 2006; Li et al., 2006).
This assumption helps to find a correlation between the porosity and
Young’s modulus for CC with non-zero porosity. However, the authors
believe that the form of this equation is not that vital. Indeed, the crucial
feature is that the suggested equation should be able to simulate the
decreasing trend. The numerical calculations in this study show that CC
should have an amorphous form, as the XRD results indicate. It was
understood that Young’s modulus could be characterized as follows:

Ea_cc = Ecc(l - ¢i)n“7 (17)
where E,_. is Young’s modulus for the amorphous CC, ¢; is the intrinsic
porosity of the amorphous CC, and n is an adjusting power constant
which is found to be 4.3 in this study. The value of E,_.. was used in Eq.

10

(14) instead of E.. The value of porosity changes due to the geochemical
reactions occurring within the cement matrix. Thereby, its value
changes with location. The intrinsic porosity of the amorphous CC does
not participate in the flow and can be considered pores similar to the gel
pores. This porosity is the main reason that the strengthening effect of
the CC precipitation is compromised. The intrinsic porosity of the cal-
cium carbonate increases its overall volume. Thereby, the capillary
pores become smaller, as depicted in Fig. 2.

4. Conclusion

In this study, the evolution in the properties of Class G oil well
cement in contact with supercritical CO4 has been studied. The cement
specimens were cured under lime-saturated water for 28 days at a
temperature of 20 °C and under atmospheric pressure to ensure the
highest degree of hydration. This was designed to limit the effect of
incomplete hydration on the results. Afterwards, the cement specimens
were placed in high pressure and high-temperature vessel at a temper-
ature of 90 °C and under a pressure of 90 MPa for 30 days. The change in
the properties of the cement matrix was measured. The results showed
that the UCS and Young’s modulus of the cement matrix were reduced,
although CC precipitation was observed in the cement matrix. However,
these observations appear to be contradictory. The authors believe that
this is due to the intrinsic amorphous property of the precipitated CC and
due to the high degradation of C-S-H. Although this precipitation re-
duces the size of pore throats, it is not strong enough to improve the
mechanical properties of the cement matrix. This assumption was tested
using numerical modeling. The numerical results reasonably match the
experimental data. The numerical results in this study confirm the for-
mation of four main zones in the cement matrix due to exposure to su-
percritical CO, namely a silica gel zone (or degraded zone), a CC
precipitation zone, a Portlandite dissolution zone, and an intact zone.
The associated uncertainty for each parameter in Table 1 (or at least the
range in which a parameter could change) is not defined clearly in the
literature and needs a comprehensive investigation. A sensitivity study
will be required based on the associated uncertainties, although it is
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subject to further studies and reckoned beyond the scope of this paper.
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