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Abstract

The movement of injected CO, from injection wells in CO, storage sites creates an acidic
environment that comes into contact with the cement sheath with a possible consequential
effect on its sealing performance. Thus the durability of the cement sheath can be threatened
due to the degradation process and the stress state resulting from the new conditions found
underground. The integrity of the cement sheath is a function of the cement composition,
surrounding rock type, fluid pressure, stress state, temperature, and the type of well. This
paper provides a methodology to investigate the stability of the rock-cement-casing
assemblage. The assemblage’s mechanical behaviour is coupled with the chemical alterations
resulting from it being in contact with CO,-bearing fluids. The cement matrix is a quasi-brittle
material which shows a plastic behaviour. The character of the geomechanical part and the
geochemical aspect mutually affects each other which is studied in this paper. A plastic-
damage approach benefiting from the concept of embedded bands is also introduced to
characterise the performance of the cement sheath within CO; storage sites. This approach
considers both the failure and the deformation phenomena occurring within altered zones.
In this paper, injection and abandoned wells are hypothesised at depths between 800-2500
m and their performance investigated. It is shown that abandoned wells are considered more
likely to remain safe while the interfacial transition zones in injection wells are predicted to
fail, which converts them to potential leakage pathways. Nevertheless, caution should be
taken when the real wells are considered to match the required assumptions in the
Introduction Section. In injection wells at depths of 1225-2500 m the cement-casing interface
encounters pure dilation. However, the compaction process deforms the rock-cement
interface at depths of 800-2500 m, which increases its durability again.
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1. Introduction

Any defects within the structure of abandoned or injection wells can potentially be converted
into a CO, leakage pathways, as shown in Figure 1. These defects could be the result of
exposure to CO;-bearing fluids. The invasion of CO,-bearing fluids into the cement sheath
results in the formation of concentric zones with different chemo-mechanical properties [1-
10]. Carbonation and degradation are the two main processes that occur throughout the
exposure of the cement matrix to COz-bearing fluids. Portlandite (CH), as one of the main
components of the cement matrix, is highly sensitive to the local pH value. As the pH
decreases due to the initial diffusion of CO;-bearing fluids into the cement matrix, the
Portlandite starts to dissolve, leading to the formation of the Portlandite dissolution zone.
Portlandite dissolution, as a part of the degradation process, leads to an increase in the
porosity of the cement matrix and consequently reduces its strength [11,12]. The freed
calcium cation from the Portlandite dissolution zone diffuses outwards (from deeper parts of
the cement matrix towards the cement-brine interface) and precipitates at zones close to the
cement-brine interface. This zone is referred to as the calcite precipitation zone, and the
precipitation of calcite is referred to as the carbonation process. This process increases the
strength of the cement matrix [13]. The renewal of CO;-bearing fluids at the cement-brine
interface diffuses higher quantities of carbon species into the cement matrix. Therefore,
calcite, as the most stable form of calcium carbonate, starts re-dissolving in the CO,-bearing
fluids. Simultaneously, calcium silicate hydrate (C-S-H), within the outermost layers of the
cement matrix, gradually degrades and calcium becomes depleted from this zone leaving
behind a high porous silica gel. Calcium leaching from C-S-H and the re-dissolving of calcite
are two chemical alterations that compose the second part of the degradation process
occurring within layers close to the cement-brine interface [14]. The degradation process
increases the porosity and reduces the cement strength within the degraded layers [6,13,15—
20].
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Figure 1. The movement of CO; plume and vulnerable locations to CO, leakage

It can be deduced that four main zones are formed as a result of the chemical reactions
between the inner parts of the cement matrix and the cement-brine interface as follows
[4,10,28,29,17,21-27]:

e An unaltered zone

e A Portlandite dissolution zone

e A calcite precipitation zone

e Asilica gel zone or the C-S-H degradation zone

The rock-cement-casing assemblage also undergoes mechanical alterations due to the
conditions found underground. Under high-temperature and high-stress conditions, a cement
matrix could either fail or be deformed, particularly when it is in contact with an acidic
environment. The failure of the cement sheath provides highly permeable pathways for CO,-
bearing fluids to escape, while any deformation limits existing leakage pathways. For
example, McLean and Addis [30,31] introduced and applied a linear elasticity analysis to
qualitatively model the stability of wellbores. Subsequently a more complex model was
suggested by Yu et al. [32] to consider the effect of chemical alterations on the wellbore
stability within the shale formations using the solute diffusion concept. Gholami et al. [33]
investigated the integrity of the cement sheath using a thermo-poroelastic approach. For a
production well, it was shown by Gholami et al. [34] that a reduction in the fluid pressure and
non-uniform stress distribution around the wellbore leads to sand production and the
deformation of the well casing. Moreover, the stress distribution at the wellbore could lead
to the failure of either the casing or the cement sheath. However, the formation of failure
cracks around the wellbore can be prevented by a high cohesive interface strength [35]. The



stress distribution and the cracking index are highly impacted by the tensile strength and the
eccentricity, respectively [36]. Investigations on the stability of the cement sheath in other
works, for example please refer [37-40], are also mostly focused on its mechanical alteration
under high-pressure and high-temperature conditions rather than considering the chemical
alterations as well. They provide a prediction on the integrity of the cement sheath under
conditions found within active reservoirs or geothermal fields. Although many attempts have
been undertaken towards the characterisation of wellbores, the behaviour of the rock-
cement-casing invaded by CO;-bearing fluids is still the subject of ongoing investigation.

In this paper, it is assumed that:

i The cementing job has been perfectly conducted.

ii. None of the operations after the cementing job (for example, re-completion and
perforating, etc.) has damaged the rock-cement-casing assemblage.

iii. The rock-cement-casing assemblage has not been damaged due to tectonic
movements within its location.

iv. Well logs corresponding to the quality of the rock-cement-casing assemblage (such
as cement bond logs, CBL) can confirm the vigour and health of wells in CO;
storage sites prior to CO; injection.

V. The in-situ horizontal stress is not negligible.

In this paper, a methodology is developed to investigate the behaviour of the rock-cement-
casing assemblage and is aligned with the previous work by the authors [29,41]. The
behaviour of the cement matrix needs to be analysed in conjunction with the well casing and
the surrounding rock. Two concepts of deformation and failure of the cement sheath will be
represented. This work considers a plastic-damage approach coupled with the geochemical
alteration; it also includes the behaviour of the interfacial transition zones (ITZ) where the
cement sheath is in contact with the well casing and the surrounding rocks. The cement matrix
shows a plastic behaviour under either compression or tension regimes. This behaviour could
become activated at conditions found underground i.e., high-pressure and high-temperature
environment. This is a likely phenomenon with considering that the cement matrix degrades
under some specific conditions while exposed to CO;-bearing fluids. In this paper, this
behaviour will be investigated. The numerical approach for investigating the stability of the
interfaces is based on the resolution of the boundary conditions, which is presented in the
Supplementary material. The term rock will be used when a description is a general concept
applied to both the rock and cement, and the cement specifically will be used to describe its
unique properties.

The plastic-damage model is constructed based on the model presented by Xiao et al. [42] for
modelling the uniaxial tension and compression tests. Triaxial models, such as the concrete
damage-plasticity model 2 (CPDM2) developed by Grassl et al. [43], are also available for
modelling the loading and unloading paths of the cement matrices. These models use almost
ten constant parameters that the evolution of these parameters with respect to change in the
chemical composition is not clear. In addition, their implementation needs to be conducted
using the finite element method. To avoid the complexity and computational expense
associated with models like CPDM2, the authors follow the uniaxial plastic-damage model



introduced by Xiao et al. [42] using a finite difference approach. Although the geochemical
and geomechanical parts are validated separately in Section 7, the alteration in the
parameters associated with characterising the failure envelope (such as compressive and
tensile strengths and the Young’s modulus) and porosity under stress is subject to more
studies for it to be validated. The approach of coupling the geochemical with the
geomechanical follows a sequential one-way approach in which the main outputs of the
geochemical part are the porosity and the geochemical composition of the rock-cement-
casing assemblage. They will be imported into the geomechanical part. In this part, the
stability of the rock-cement-casing is investigated. Then, the new profile of porosity and the
geochemical composition are re-imported into the geochemical simulation component. This
cycle progresses until the rock-cement-casing assemblage fails. In this paper, the equations
and parameters are common between the rock and the cement matrix unless the cement or
the rock is particularly referred to. In Section 3, Eqgs. (13)-(18) introduce the elastoplastic
approach for the cement matrix. In Sections 4.3, Egs. (33)-(35) and (38) are defined for the
cement matrix and Egs. (39)-(41) are especially developed for sandstone. Sections 5 and 6
pertain to the formation of bands in the cement sheath and its geochemical properties and
alteration.

2. Basic mechanics

A cement matrix is similar to a porous rock, therefore the effective stress concept can be
used to show the contribution of the fluid pressure on the distribution of stress within the
porous media as follows [44-46]:

Ocffective — 0 — ap (1)
where, 0 frective IS the effective stress, o is the stress, a is the Biot coefficient, and p is the
fluid pressure. In fact, the effective stress is the stress which is effective in moving or
displacing soil [47]. The Biot coefficient is a function of the porosity and the rock type which
changes from zero to close to one as porosity increases. The Biot coefficient can be calculated
using the bulk modules of grains, K, and dry porous rock, K, respectively, as follows [48,49]:

(2)

=1-—
a Ks
where,
P E (3)
~3(1-2v)
K (4)
$3(1 = 2vp)

E and v are the Young’s modulus and the Poisson’s ratio of a porous rock, respectively. Here,
it is assumed that E, and v, are the Young’s modulus and the Poisson’s ratio of that rock
when it is non-porous, respectively. As the value of bulk modules of grains, Kj, is larger than
the bulk modules of dry porous rock, K, the Biot coefficient in Eq. (2) is less than one. For an
isotropic porous media, in a cylindrical coordinate system, the normal stresses can be
represented as follows [50-52]:
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where, a,.,, gy, and g, are stresses in the r-direction, 8-direction, and z-direction, respectively.
In the calculations in this paper, the compressive stress is assumed to be positive and the
tensile stress is assumed to be negative. It is also assumed that the cement sheath is similar
to a cylindrical system with a radial symmetry where the centre line coincides with the z-axis.
It is worth noting that the fluid pressure only affects the normal stresses. AT is the
temperature change and a g is the coefficient of thermal expansion (CTE). a’, A" and u’ are
the Biot coefficient, the Lame’s constant, and the shear modulus for a damaged rock under
either compression or tension regimes, which can be written as follows:

, K (8)
a=1-(1 _dtot)z
, 2 (9)
2= (1= deg) (K =510
E (10)

"= -dit) ==
where, u is the shear modulus for an intact rock. d;,; is the total damage parameter which is

a measure of the effective surface density of microdefects characterising the creation of
microcavities [52].

In this paper, the plane strain condition is assumed to model the integrity of the cement
sheath which is applied in literature [35,36,40,53,54].

3. Elastoplastic approach

The stress loading path affects the mechanical properties of the cement matrix. As a result,
the stress distribution within the cement matrix is also a function of the loading path. Within
the elastic area, the cement matrix will return to its initial state after unloading, while beyond
the elastic boundaries the cement matrix will revert back to a different state from its initial
one. In this case, the cement matrix will maintain a residual change compared to the initial
state, which is referred to as the plastic-damage change. The stiffness of the cement matrix,
however, is also affected due to either the matrix softening or hardening under the uniaxial
tension or the compression loading path, respectively [42,55]. It was shown by Zhou et al.
[56] that the cement sheath is more elastic at room temperature and is therefore more brittle.
This behaviour changes to elastoplastic properties with increasing temperature in their
experiments. It was reported that the risk of compressive failure increases with depth. Under
these conditions, the cumulative residual strain increases, which implies the elastoplasticity
[56]. To characterise oil well plasticity, Arjomand et al. [36] used a constitutive model
developed by Lubliner et al. [57]. This model described the behaviour of the cement sheath
under shearing at different levels of confinement. Generally, it can be understood that the
behaviour of the cement matrix deviates from an elastic form with increasing pressure and
temperature. This implies that an elastic approach is not enough to characterise the



behaviour of the cement sheath under conditions found underground. Therefore, an
elastoplastic approach, that shows the mechanical behaviour of the cement sheath after
failure or deformation, is required to model the stress-strain behaviour of the cement matrix
in the inelastic area. This method determines the stress distribution beyond the elastic-plastic
boundaries where the change in porosity is a crucial parameter for reactive transport
calculations. In fact, elastic calculations are not valid beyond these boundaries and cannot be
relied upon. In this paper, a plastic-damage model is proposed to include the alteration in the
cement in areas beyond the elastic boundaries.

The plastic-damage model was introduced by Lubliner et al. [57] which was applied
successfully to concrete. The cement matrix undergoes an elastoplastic evolution under cyclic
loading. The development of microcracks results in a degradation of the stiffness [58] as the
cement matrix is continuously changing. Based on this, the uniaxial constitutive expression of
the plastic-damage model can be defined as:

o=0-d)E:(c—¢&) (11)
where, d is the damage parameter that characterises the profile of the uniaxial stress-strain

relationship under both compressive and tensile loading paths. €, and &, are the plastic and
the elastic composing parts of the strain, €. The strain, &, can be decomposed as:

E=¢g t¢ (12)

The quasi-brittle behaviour of the cement matrix needs more than one assumption in order
to be characterised. The behaviour of the cement matrix under the axial tensile stress follows
a monotonic profile [59]. Therefore, the damage parameters were introduced to show the
evolution of the cement matrix stiffness. The strain equivalent principle (SEP) was applied to
calculate the damage parameters as follows [42]:

0 X <1 (13)
d, = 1
1- x>1
ai(x; — DY + x; t
where,
v = £ (14)
t — Et

and, d; is tensile damage parameter for the uniaxial tensile stress-strain profile, a; is a
constant parameter, which is a function of strength and composition of the cement matrix,
and & is the strain of the cement matrix under a tension which is equal to the tensile strength
of the cement matrix.

A monotonic stress-strain profile can also be used to characterise the behaviour of a cement
matrix subjected to the axial compression [60—62]. The compressive damage parameter for
the uniaxial compressive stress-strain profile was calculated using SEP [42] as follows:
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where,
£ (16)
c — SC

and, d. shows the compressive damage parameter, x; is the ratio of the strain at the elastic-
inelastic transition zone to the strain at which the stress equals the compressive strength of
the cement matrix, .. It should be noted that x; is smaller than x.. a, and [, are two
constants which are functions of the strength and the composition of the cement matrix, f,
is the uniaxial compressive strength (UCS) of the cement matrix. The values for a;, a., and 5,
are equal to 2.2905, 4.3154, and 0.9055, respectively, which are extracted from [58] on the
monotonic uniaxial loading of a cement matrix. They are obtained by fitting Egs. (13) and (15)
to Figure 2 (a) and (b) in [58] for tensile and compressive stress, respectively. They are
exclusively defined for the cement matrix. In this paper, those parameters are overlooked for
the rock as it remains within the elastic zone.

As the cement matrix is under a three-dimensional stress state, a unique function therefore
needs to be defined to combine the damage parameters into one scalar value of a total
damage parameter, d;,;. The following shows d;,; as a function of d. and d; [55,58]:

where,
7= i3=1<0i) (18)
L‘3=1|‘7i|

and, (o) is the ramp function which is equal to (¢ + |o])/2.

The total damage parameter, d;,;, is embedded in Egs. (5)-(7) to include the plastic-damage
behaviour of the cement matrix based on the proposed model. It should be noted that the
plastic-damage model only describes the behaviour of the cement and the rock, and the well
casing is assumed to remain within the elastic zone.

4. Plasticity yield and cap surfaces

The failure envelope is the union of the cap and yield surfaces, as shown in Figure 2. It shows
the areas where the cement matrix is characterised using the elastic parameters. On
approaching the elastic-inelastic boundaries, the total damage parameter increases. The
shape of the failure envelope alters due to the undergone loading path, the change in the
composition and mechanical properties of the cement matrix, and the stress state. The yield
surface shows the boundaries where the dilation is active. The cap surface is assigned to the
boundary, beyond which a compaction process occurs. Although Figure 2 is developed for the
cement matrix, it also is practical to predict the behaviour of the rocks due to simultaneous
effects of the geochemical and geomechanical alterations.
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Figure 2. (a) Effect of the mechanical and chemical alteration on the failure envelope of the cement matrix. The
abbreviations in this figure are defined as follows: PDB (pure dilation band); DSB (dilation shear band); CSB (compaction
shear band); 7, (octahedral shear stress); o, (octahedral normal stress); (c, 0) is the line separating DSB from CSB; a

and b are defined in Eq. (31) as the half-width and half-height for describing the elliptical cap surface; (b) The occurrence of
different types of bands (PDB, DSB, and CSB) within a rock. g; and a; show the normal stress in the i and j directions,
respectively.

Three forms of alteration within the cement matrix due to the burdened stress state are
assumed in this work, shown by the yield surfaces 1, 2, and the cap surface in Figure 2.

4.1. Tensile failure
Yield surface 1 in Figure 2 is characterised by tensile failure. If the tensile stress on a rock
exceeds its tensile strength, f;, the rock will fail. This results in the formation of cracks with
distinct surfaces which are perpendicular to the tensile stress. The tensile failure results in the
softening of the rocks. The tensile failure can be predicted as follows [30,31]:

M = min{o,, gg,0,} — ap (19)
where M is the minimum effective stress, then,

M (20)
fe

The rock will fail under the tensile stress if the value of 7n; as the tensile failure criterion
increases to greater than one.

Ne =

4.2.Shear failure
The shear failure is indicated by the Yield surface 2 in Figure 2. This type of failure is expected
once the difference between the maximum stress, g;, and the minimum stress, g3, surpasses
the shear strength of the rock [63]. Two cracks are probably formed due to the shear failure,
where their imaginary interception line assumed to be parallel to the direction of the middle
stress, g,. The shear failure results in the formation of either cracks or bands with a higher
porosity compared to the intact zones within the rock. It is worth noting that the shear failure
leads to softening. Although these bands are similar to the continuous transition zones
between two intact zones, they are, however, not as distinct as the tensile failure cracks [64].



The Drucker-Prager criterion [65] is applied to describe the maximum shear strength of a rock.
This criterion defines the yield surface 2 in Figure 2 which can be written as:

Tpp = To + M(Tper — aP) (21)

where, Tpp is the Drucker-Prager shear stress, which is the maximum shear stress that can be
withstood by a rock, 7, and m are the intercept and slope of the Drucker-Prager criterion,
respectively, depending on the internal friction angle, ¢, and the cohesion, C, of a rock as
follows [31]:

2v/2Ccosg (22)
to= 3 —sing
2v/2sing (23)
~3- sing

The internal friction angle, ¢, and the cohesion, C, of a rock can be written as functions of
compressive strength, f., as follows [66]:

-1 3 ) (24)
@ =sin” (——
1+ 0.4f./V3
3 —sing (25)
= (f, —5V3)———
¢=Ue \/_) 6cosQ
Octahedral normal stress, g,.¢, and octahedral shear stress, 7., in Figure 2, are defined as:
L (26)
Ooct = E
(27)
2
Toct = §]2

where, I; and J, are the first invariant of the stress tensor and the second invariant of the
deviatoric stress tensor defined as follows:

L, =0,+ 09 +o0, (28)
1 (29)
]2 = g((ar—ffe)z + (O-r_o-z)z + (0-9 - 2)2) + T?G + TT‘ZZ + ng
Trg, Trz, and Ty, are the shear stresses which are equal to zero due to the plane strain
assumption and the symmetry of the cylindrical coordinate system which has been applied to
demonstrate the rock-cement-casing assemblage.

Therefore, the shear failure criterion is as follows:

1, = Toct (30)
=

Tpp
The rock will undergo shear failure if the shear failure criterion, 15, exceeds one.

4.3. Deformation
With increasing octahedral normal stress, g,., as defined in Eq. (26), the rock will be
compacted due to the immense compressive stress loaded upon it. The compacted zones
within the rock are bands with a reduced porosity compared to the other intact zones within
the rock. In fact, within the compacted zones a rock will be deformed, which generally leads



to hardening. Therefore, no distinct planar surfaces are expected to be formed due to the
compaction of the deformed zones. In this paper, the direction of these bands are assumed
to be similar to the direction of shear failure bands.

The cap surface in Figure 2 shows the boundary of the elastic-compaction areas which is
characterised by using an elliptical equation. The elliptical description for the cap surface is
defined as follows [67-71]:
(11’ —ZC)Z +]2cap _1=0 (31)
a b?
where, I] is the effective first invariant of the stress tensor which is equal to (I; — 3ap) and
J2cap 1s the second invariant of the deviatoric stress tensor at the cap surface locus. The values

of a, b, and c are shown in Figure 2. The deformation criterion can be defined as:

/> (32)
c<L <(c+a)
_ ]ZC(lp
Na = I
i I = (c+a)

The deformation criterion, 1,4, shows the tendency of a rock to be deformed due to the
burdened stress state. The values for a, b, and ¢ are obtained after some mathematical
manipulation as follows, for the cement matrix [71]

X, = 17.087 + 1.892f coment (33)
X,=c+a (34)
_fc cement (35)
= 4.45994 —_— 1.9
4 > eXp<11.51679)+ 5358
(36)
3

0(1 = ETO

L (37)
27 V6

where, f cement is the uniaxial compressive strength of the cement matrix. Therefore, the
value of ¢ for the cement matrix is:

_ XZ - Tal (38)
€= 1+ra,
For the sandstone [67]

X, = 3% 3663.85exp(—12.4¢) (39)
mc = 2¢ + 0.882 (40)

And the value of ¢ for the sandstone is:
X, (41)

c 2—0805 >+ 3ap
1+ (Sac)

The values of a and b for both the cement matrix and the sandstone can be calculated as
follows:



a=X,—c (42)

b=oa,+a, (43)

5. Bands

The failure bands (both the tensile cracks and the shear failure bands) and deformation bands,
in this paper, are translated altogether to bands. In fact, the bands are zones with either
increased porosity, planar crack surfaces, or decreased porosity, as shown in Figure 3.
Basically, the mineral composition of the bands is similar to the intact zones, unless affected
by chemical reactions. The mechanical properties of the rock within the bands are different
from the mechanical properties of the other intact zones. Porosity is the property of most
concern regarding its effect on the mechanical properties, permeability, and diffusion
coefficient. The mineral composition of a rock also influences the mechanical properties.
Although the total damage parameter, d;,;, considers the effect of the plastic-damage
evolution of a rock, it is not capable of quantifying the porosity change within failed or
deformed zones. In this work, the concept of bands is considered as a method to be coupled
with the elastoplastic approach to predict the porosity change within the affected zones.
Three main band types are considered to represent all the affected zones as follows [64,72—
79]:

e Pure dilation bands
e Dilation shear bands
e Compaction shear bands

Pure dilation bands (PDB) are defined as bands which are formed due to the tensile stress
[74]. They have clearly distinct surfaces. Cracks can be considered as a subordinate to the PDB
class. The porosity of the PDBs is one and they provide highly conductive pathways for fluids
[80]. PDBs are perpendicular to g; as the minimum stress resulting in the formation of cracks.
Although the term tensile stress is applied to manifest the creation of PDBs, the hydraulic
cracks are also a type of PDBs which are formed due to an increase in the fluid pressure, p.
The yield surface 1 in Figure 2 represents the boundary beyond which PDBs will be formed.
The maximum aperture, D,,,,,, for PDBs can be calculated as follows [81]:
1—-v (44)
Dipax = (03 — ap)TL

where, L is the crack length, o5 is the minimum normal stress, v is the Poisson’s ratio, u is the
shear modulus.

Generally, at middle values of compressive stress, and in the case of a significant difference
between the values of g; and g3, dilation shear bands (DSB) are formed. The Yield surface 2
in Figure 2 corresponds to the boundary between an elastic area and the area in which DSBs
can potentially be formed. These bands increase the porosity within the affected areas
[73,74,79]. The shape of the DSBs changes from the distinct planar surface i.e., cracks to zones
which are continuous across the rocks with an increased porosity compared to the intact
parts. The differentiation and the continuity between surfaces in DSBs depends on the size
of (o7 — 03) and og,., respectively [64]. The larger (o; — 03), the more distinct will be the



separation of a rock at the DSBs. The larger g, leads to an increase in the degree of
continuity within the two imaginary planar dilation shear bands that are likely to be formed
due to the stress state, in which their interception line will be parallel to the middle stress,
0,. The low porosity of these bands limits the permeability and diffusion of fluids deeper into
the rock [75,80].

The geometry of compaction shear bands (CSB) is assumed to be similar to the DSBs. CSBs are
continuous bands across the rock with a porosity lower than the intact parts of the rock. These
bands are classified as deformation due to the continuity of rocks within them. They can be
distinguished from the failure bands (PDB and DSB) due to a decrease in the porosity. In
contrast to the failure bands, CSBs are barriers preventing the invasion of fluids into the inner
part of the rock [75,80]. The cap surface in Figure 2 shows the boundary beyond which the
compaction process is active, resulting in the formation of CSBs.

As can be understood from Figure 2 and Eqs. (21) and (31), the DSB and CSB cannot co-exist
within a rock. This is due to the dominance of octahedral shear and normal stresses on their
behaviour. Therefore, under a stress state only one of the DSB or CSB can be assumed to be
formed in a rock. PDBs are formed once the minimum stress becomes lower than the tensile
strength of the rock, as represented in Eq. (19). This means that the formation of PDBs is a
function of the minimum stress, 5. In fact, a rock can be under two significant compressive
stresses of g; and o, while a tensile stress simultaneously acts due to g3 on one of the faces
of the rock. This results in the formation of either PDB-CSB or PDB-DSB couples within the
rock, depending on the values of g; and g, . The CSB-DSB couple, however, is never expected
to be formed at the same time within the rock.

For DSBs and CSBs, the shear displacement, D, which is the displacement of two adjacent
points in the affected zone of the rock along the shearing surface direction, can be expressed
as [73]:

DS == alLbl (45)

where, a; and b; are constants which depend on the rock type, in this paper, they are
considered equal to 0.01 and 0.5, respectively. The thickness, T, of DSBs and CSBs can be
calculated as [74]:

T = a,D’? (46)

where, a, and b, are constants which are functions of the rock type. In this paper, they are
considered to be equal to 3.13 and 1.54, respectively, extracted from [74].

The failure bands (PDB and DSB) increase the porosity and compromise the integrity of the
rocks while deformation bands (CSB) improve their strength. The degradation in the
mechanical strength of a rock is interpreted as a softening process resulting from weakening
due to the formation of the failure bands. The yield surface of the rock shrinks due to the
softening process. The deformation bands increase the mechanical strength of the rock,
signifying the hardening process which expands the cap surface of the rock [72].

The density of the bands which are formed within the vulnerable parts of the rock-cement-
casing assemblage is a function of the distance between the interfacial transition zones (ITZ)



and the affected parts. In fact, the ITZs are the casing-cement and the cement-rock interfaces.
This definition of ITZ is adopted as an analogue to the fault to evaluate the bands’ density, d;),
within the affected areas as microfractures, as follows:

d, = as;In(x) + bs (47)

where, x is the distance from the separation surface, a; and b; are two parameters which
depend on the rock type and the porosity value. In this paper, they are assumed to be equal
to -7.26 and 35.96, respectively. With increasing distance from the separation surface, Eq.
(47) shows that the density of bands decreases in a logarithmic manner. This equation was
adopted from the studies on the microfracture density by Faulkner et al. [80].

The porosity of rocks in the PDBs is equal to one due to the formation of cracks. DSBs show
an increase of 8% in the porosity value compared to the intact parts of the rock. CSBs, in this
paper, are assumed to be similar to cataclastic bands in which the porosity decreases by one
order of magnitude [72]. Therefore, the porosity of bands can be outlined as:

¢ppp =1 (48)
¢$psg = 1.08¢, (49)
¢bcsp = $0/10 (50)

where, ¢, is the porosity of the affected zones prior to the formation of the bands. Therefore,
the porosity of altered zones can be updated and used for the calculation of the stress
distribution throughout the lifespan of the rock-cement-casing assemblage. The porosity
evolution due to the formation of the bands can be formulated as follows:

(51)

App = Pem(1 — AT +d,Wep) — dpyWop

where, Ar is the thickness of the radial layer at the radius of r, ¢, is the porosity of that
layer prior to the formation of the bands (or after imposing chemical alteration, and the
elastic change), W is the width of the band which equals either D,,,, or T depending on the
type of the band, and ¢, is the porosity of the band which can be equal to either of ¢ppp,
$psp, or ¢csg , depending on the type of band. Figure 3 simply shows the method for
calculating the porosity for a failed or deformed radial element. A failed or deformed radial
element is composed of elastic parts following the porosity evolution based on the elasticity
rules (i.e., Eq. (A.21) in supplementary data), and band parts wherein their porosity is
calculated using Eqgs. (48)-(50). The total impact of the alteration in the mechanical properties
of the cement sheath is considered by d;,; in the Egs. (5)-(7).
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6. Geochemistry

The invasion of CO,-bearing fluids into the cement matrix results in either a degradation or
carbonation process. The degradation process increases the porosity which leads to a
decrease in the strength value. The failure envelope, as shown in Figure 2, shrinks compared
to the original failure envelope. This implies that the cement matrix will be more fragile with
respect to the burdened stress state. On the other hand, the carbonation process decreases
the porosity within the affected areas which leads to an increase in strength [13]. Therefore,
the failure envelope will expand, as shown in Figure 2, which implies an increase in the
durability of the cement matrix.

The chemical alteration of a porous medium can be expressed as:

J (d’sﬁcfﬁ)
ot

(52)
= 7.(¢85D;,7C;,) = 7.(a5C;, ) + Rip + s
+ S,-B, (G =123,..n)
where, ¢ is the porosity, Sp is the saturation of phase f, j refers to the composing
components in the phase f3, C]-B is the concentration of the component j in the phase f3, Dj*ﬁ
is the diffusion coefficient of the component j in the phase §, q; is the velocity, Rjﬁ is the net

produced/consumed rate of component j in the phase 8 due to the reactions happening
within the porous media, {;z shows the interphase transfer of component j from or into the



phase (3, Sjﬁ is the mass transfer of component j between an external source and the phase

B, and n is the number of the composing components in the phase f3.

The CrunchFlow code was used to simulate the chemical alteration of the cement matrix. This
code was developed by Steefel et al. [82] to simulate the geochemical alterations using
energy, mass, and momentum conservation. The reactions that occur within the cement
matrix can be classified into the precipitation and dissolution of minerals, and the reactions
within the aqueous phase. The reactions between the solid and the aqueous phase
(dissolution and precipitation) are kinetically controlled and are characterised by a reaction
rate constant, k. Table 1 shows the reactions that occur within the pores of the cement
matrix, and this table also represents the equilibrium constant, K., for these reactions. Table
2 represents the reactions that occur between the solid and the aqueous phases, where, A,
is the specific area, and «a is the dependency of a reaction on H* activity. The reactions within
the aqueous phase are fast and they are controlled by thermodynamic rules. These reactions
are accounted for based on their equilibrium constant, K,,.

The diffusion process is the main mass transportation phenomenon which is responsible for
the invasion of carbon species both into and out of the cement matrix while the advection
process renews CO;-bearing fluids at the cement-brine interface [1,83—-87]. The chemical
alteration of the cement matrix can be either diffusion-limited [88] or reaction-limited
[19,89,90] based on the difference between the reaction kinetics and the diffusion rate. In
reaction-limited areas, the reaction fronts are closer to each other compared to the reaction
fronts within the diffusion-limited areas [24,28]. The pure diffusion coefficients, D, of the
aqueous species in the pore water of the cement matrix at a temperature of 50 °C are shown
in Table 3.

Table 1. The reactions occurring in the aqueous phase and their equilibrium constants at 50 °C [15].

Aqueous phase reactions Log (Keq)
H,0—H"+OH" -13.30
COz(aQ)+Hzo<—>H++HCO3' -6.09
HCO3 & H*+ COs* -9.62
CaCOs(aq)« Ca**+COs* -2.54
CaCl*< Ca?*+Cl 0.60
CaCly(aq)—Ca?*+2CI 0.59
CaHCOs*<Ca%*+ HCOs -1.11
CaOH*©Ca**+0OH" -0.45
NaCl(ag)<~Na*+ClI 0.73
NaHCO;(aq)<>Na*+ HCO3 0.024

Table 2. The reactions describing either of the precipitation or the dissolution of minerals at 50 °C [15]. The Ca/Si ratio is
1.8 in this paper.

Reactions between the solid phase and the aqueous Log k ("":T"’S) Log (Keq) A (m_z) a
. gr

phase (precipitation and dissolution reactions)




Ca(OH)z(s)+2H*—Ca?*+2H,0 -6.20 21.05 16.50 | 0.18
C-S-H(s)+3.6H*—1.8Ca2*+7H,0+Si0,(am) -10.10 32.60 4500 | 0.33
CaCOjs(s)>Ca?*+COs* -6.10 -8.11 1.00 | 0.08
Si0,(am)<Si0,(aq) -10.00 -2.54 1.00 | 0.00

In this work, it is assumed that CO; is completely dissolved in brine and it never escapes from
the dissolution throughout the lifespan of the cement matrix. This assumption is reliable
because CO,-bearing fluids reaching the wells, particularly abandoned ones, have a lower
level of dissolved CO, compared to the maximum soluble CO; calculated from thermodynamic
rules [91,92]. In addition, at deep locations within underground formations the fluid pressure
and temperature are above the critical pressure, 7.38 MPa, and temperature, 31.1 °C, of CO,,
respectively. Therefore, CO, will be in the supercritical state. This process fortifies the
assumption considering the complete dissolution of CO; in brine. Based on this the single
dominant aqueous phase is the only assumed fluid phase within the pores of the cement
matrix and the pores near to the cement-rock interface.

Table 3. Diffusion coefficient of the aqueous species in water at 50 °C [15,20].

Species Do (105 %
H* 15.9
Ca* 1.36
OH- 9.01
Cl- 3.47
HCOs 2.02
COs* 1.63
CO2z(aq) 3.21
SiO2(aq) 1.86
Na* 2.27
Other species 1.00

7. Verification of methodology

The modelling approach is based on the integrity status and the value of the radial stress at
the locations of the ITZs. Nine boundary conditions are possible to dominate the rock-cement-
casing assemblage. In this paper, a series method is applied to couple the geomechanical
calculations with the geochemical alterations using the dominating boundary conditions. The
works by Omosebi et al. [93] and Ahmed et al. [94] provide insightful investigations on the
alteration of the cement matrix in high-pressure and high-temperature environments. In their
work, they conducted experiments and modelled the degradation of the cement matrix from
both the geochemical and the geomechanical points of view before and after exposure to
CO,-bearing fluids. In comparison to their work, in this paper the simultaneous effects of the
geochemical and geomechanical alterations on the integrity of the rock-cement-casing
assemblage is modelled. This method applies a plastic-damage model to simulate the
behaviour of the cement sheath. In Supplementary material for this paper, it is shown that
the boundary conditions alter with time for the rock-cement-casing assemblage. Therefore, a
resolution of the boundary conditions which characterises the rock-cement and cement-



casing interfaces are introduced in the Supplementary material. This method is explained in
detail which can be found in Supplementary material for this paper.

The method developed in this paper is composed of two main sections of chemical and
mechanical calculations. As the fluid pressure and the temperature is considered higher than
the critical pressure and temperature of CO;, respectively, it will be in the supercritical state.
On the other hand, it is also assumed that CO; is completely dissolved in brine and all the
pores of the cement matrix are filled with single-phase fluids. This results in the chemical
reactions being independent of the mechanical calculations. Therefore, this could justify using
an iterative approach for coupling the chemical and the mechanical alterations. The alteration
of the cement sheath as the only existing solid phase which is exposed to CO;-bearing fluids
was modelled in the work of Bagheri et al. [29]. Their method was aimed at modelling two
probable phenomena of the radial cracking and the compaction within the affected layers of
the cement sheath. Both the propagation of the cracks and the compaction of outer layers
close to the cement-rock interface were investigated. They reproduced the penetration depth
of the chemical reaction fronts which were reported in the works of Kutchko et al. [25] and
Liteanu and Spiers [95]. Their work showed a reasonable agreement with the penetration
depth of the reaction fronts.

This work provides an explicit methodology explaining the occurrence of each phenomenon
as a function of the conditions found underground. This methodology models the behaviour
of the entire rock-cement-casing assemblage. Mito et al. [96] conducted an experiment on
the rock-cement-casing assemblage to explore the integrity of a well exposed to either CO;
or N; under wet, saturated, and wet-saturated conditions. They exposed the well cement
samples to supercritical CO,, COz-saturated brine, and both CO; and CO,-saturated brine.
Figure 4 (a) shows that a cylindrical rock-cement-casing assemblage was prepared to imitate
an abandoned well. APl Grade J-55 cement was chosen for the casing. A cement slurry was
prepared by mixing Ordinary Portland cement with water according the ratio 1/0.46 for
making Class A cement suggested by the American Petroleum Institute [97]. The prepared
samples were cured in pure water under room conditions for three days. Three samples were
placed in a pressure vessel as shown in Figure 4 (b). The uppermost sample was in contact
with water-saturated supercritical CO,, the bottom-most was in contact with CO;-saturated
brine, and the middle one was in contact with both wet CO, and CO;-saturated brine. The
batch experiments were run for a duration of 3, 14, 28, and 56 days. The pH value was
monitored during the experiments. After each experiment the inner part of the samples were
imaged. The elemental mapping, the pore structures, and the chemical composition of the
samples were analysed, and a detailed mineralogical determination was also performed.
Table 4 shows the main inputs for simulating the CO;-saturated experiments conducted in
[96]. The initial composition, UCS, uniaxial tensile strength (UTS), and the Young’s modulus
are calculated using Section A.1.1 in supplementary data for this paper.

Table 4. Properties for simulating the CO,-saturated experiment of Mito et al. (2015).

Property Value
Fluid Pressure 10 MPa
Temperature 50°C




Salinity of brine 0.5 M NacCl

Fluids phase CO-saturated brine
Duration 56 days

Diameter of solid carbon steel bar (J-55 | 4 mm

casing material)
Outer diameter of the cement sheath (Class | 13 mm

A)
Outer diameter of rock (Tago sandstone) 30 mm
Assumed initial porosity for cement 0.15
Assumed initial porosity for rock 0.22

(a) (b)

30mm
Pressure gauge

13mm . Q _. Sampling tube

4mm

l Cores _

Cement Gas «

Rock B
Teflon sheet

Sampling bottle

High — pressure and high
— temperture vessel

Figure 4. (a) A representation of the rock-cement-casing assemblage dimensions and (b) the experimental set up by Mito et
al. [96].

Figure 5 shows the alteration depth in the cement sheath reproduced using the methodology
represented in this paper versus the experimental values reported by Mito et al. [96]. The
alteration depth in Figure 5 is defined as the distance from the cement-rock interface to
where the porosity value decreases to below 0.14. This is the location within the cement
sheath where calcite gradually begins to precipitate. The Portlandite dissolution is responsible
for an increase in the porosity, although this process occurs at deeper locations within the
cement sheath. The porosity change due to the Portlandite dissolution is not comparable with
the effect of the calcite precipitation on the porosity. The studies in this paper and in the
works of Bagheri et al. [29] confirm that the Portlandite dissolution covers an extensive area
which is deeper than the calcite precipitation zone. This is due to the high sensitivity of
Portlandite to the reduction of pH. It was observed that the calcite precipitation zone
generally is a thin layer at shallower depths of the cement sheath limiting the diffusion of
more carbon species into the cement sheath. As can be seen from Figure 5, the simulation
results are in acceptable agreement with the experimental data.



In this simulation, the carbonation depth is defined as the location within the cement sheath
where the porosity is reduced to a minimum value. Carbonation results in the formation of
calcite reducing the porosity and increasing the strength [13]. To simulate the carbonation
depth reported by Mito et al. [96], the minimum porosity is associated with the highest calcite
precipitation where the porosity becomes lower than 0.10. The simulated carbonation depth
in Figure 6 provides a satisfactory prediction for the experimental data reported by Mito et
al. [96].
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Figure 5. The alteration depth of the cement sheath from the experiments in [96] versus the simulated alteration depth.
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Figure 6. The ingress of the carbonation front into the cement sheath from the experiments in [96] compared to the
predicted carbonation depth.
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Liu et al. [98] investigated their analytical model developed for the calculation of the stress
field in the rock-cement-casing assemblage. They verified their analytical models by
comparison to the results obtained from finite element analysis (FEA) as the numerical
method which is widely applied for tackling complex geometries. In this paper, the FEA results
in [98] are also used to examine the validity of the part for the geomechanical simulation. The
geometrical and mechanical properties are outlined in Table 5, and the rest of the input
properties are assumed to be similar to the information given in Section A.1.1. As shown in
Figure 7, the inside pressure is equal to 34 MPa, the in-situ horizontal stress at 0° direction is
82 MPa, and the in-situ horizontal stress at 90° direction is 55 MPa. Finite element analyses
in [98] were conducted considering two states of boundaries, including fixed boundaries
referred to as the surface pressure state and the boundaries which are far away from the
cement-rock interface referred to as the initial stress state in Figure 8. As the model presented
in this paper is developed based on the surface pressure state, it can be observed that the
behaviour of this model is close to the FEA-surface pressure curves in Figure 8. Our model is
run at both the in-situ horizontal stresses of 55 and 82 MPa in order to compare it with the
results presented in [98]. It can be seen that the reproduced gy curves match the published
results within the cement and rock areas to a reasonable degree, while g, shows a
considerable difference close to the casing-cement interfaces. This is due to the cylindrical
boundary assumed in this paper compared to the boundaries in [98] as shown in Figure 7.
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Table 5. Input properties for the model of [98].

Component Young(égc))dulus Poisson’s ratio Inner radius (mm)
Casing 210 0.30 59.31
Cement 12 0.25 69.85
Rock 10 0.20 107.95

To the authors’ knowledge, there is a dearth of information pertaining to the tri-axial loading
on the rock-cement-casing assemblage while they are under the effect of CO;-bearing fluids.
Therefore, the verification of the methodology presented in this work is subject to further
experimental studies. Nevertheless, this section shows that the modelling approach provides
a reasonable prediction for the alteration and carbonation depths. With the exception of the
data and properties which are provided in this section, and in the Table 4 and Table 5, the
remaining properties of the cement and the rock are presented in the Supplementary
material.

8. Results and discussion

In this section, the alteration of the rock-cement-casing assemblage is investigated for two
hypothetical cases. The first case considers an abandoned well which is exposed to CO;-
bearing fluids, and in the second case, an injection well is investigated which has been left
following 2.5 years of CO; injection. Both cases cover a five-year period, and the ultimate
lifespan of the ITZs and the cement sheath are predicted based on the extrapolation of their
performance in this period. This is due to the high computational demands required to
simulate time periods of more than 1000 years. In addition, this approach prevents increasing
trends in the truncation and the round-off errors which make outputs unreliable.



8.1. Abandoned well

Under abandonment conditions, wells have been left dried or inactive. The temperature of
an abandoned well reaches an equilibrium with the surrounding formation with time. It can
be considered to be equal to the temperature of the surrounding formations calculated using
Eqg. (A.11) in supplementary data which is a function of the depth. For an abandoned well the
pressure on the inside wall of the well casing is equal to 2.95 MPa, as explained in Section
A.1.1.7. This pressure is equal to the hydrostatic pressure of a 274-m column of mud with the
density of 1.097 gr/cm3 (or 11 Ib/gal) above the plug exactly set beneath the caprock. The
interfacial transition zones are the most vulnerable zones subject to alteration due to their
lower UCS and UTS compared to the other zones within the rock-cement-casing assemblage.
On the other hand, as the cement sheath is assumed to be the only reactive solid phase with
lower UCS and UTS compared to the rock and casing, it will be more susceptible to alteration.
Therefore, the behaviour of the ITZs and the cement sheath have been studied throughout a
five-year time period.

Figure 9 shows that the casing-cement interface is not affected by the invasion of CO,-bearing
fluids over five years. The extrapolation of graphs in Figure 9 exhibits an indefinite lifespan
for the casing-cement interface for an abandoned well. The cement-rock interface is
compacted after being exposed to CO; bearing fluids, as shown in Figure 10 (c). The
compaction of the cement-rock interface prevents CO; escaping vertically towards the upper
formations. It also limits the invasion of carbon species into the deeper parts of the cement
sheath. This phenomenon occurs due to a decrease in the porosity of the cement-rock
interface. The cap surface shrinks due to the degradation of the outermost layers of the
cement sheath. This process results in the stress state becoming located within the inelastic-
compaction area, as shown in Figure 2. It should be noted that the deformation resulting from
the compaction process does not increase the strength of ITZs, because it is assumed that the
cohesive strength of two materials is a function of their chemistry rather than their
mechanical properties. The comparison of Figure 10 (a) with Figure 10 (c) signifies that an
element could not simultaneously experience the formation of DSB and CSB. The behaviour
of the entire cement sheath is similar to the casing-cement interface, as shown in Figure 11.
This is due to the compaction of the cement-rock interface and the carbonation process at
depths close to the cement-rock interface limiting the invasion of CO;-bearing fluids into
deeper parts of the cement sheath. Consequently, a significant part of the inner layers of the
cement sheath and the casing-cement interface will be protected from CO; attack.

The layers of the cement sheath degrade due to the gradual dissolution of Portlandite. These
layers remain within the elastic zone and the change in the stress distribution is negligible.
After a while, the elastic compaction of the mildly degraded layers increases the strength
again. Therefore, a reduction and then an increase in the strength within the elastic zone
forms the fluctuation in Figure 9 (a-b) and Figure 11 (a-b). These fluctuations shift towards
longer time intervals with decreasing in depth, due to the low concentration of CO; at
shallower depths resulting from the low fluid pressure. This means that the pH of CO,-bearing
fluids is lower, thus they have a lower capability of making an impact on the cement sheath.
It can be deduced from Figures 9-11 that abandoned wells will retain their integrity for an
indefinite length of time. Although the trends of curves in Figures 9-11 cannot be detected



easily due to the large scale of y-axis, the lifespans of the ITZs and the cement sheath are
calculated using the extrapolation of those trends as shown in Figure 12. This figure simply
shows that the cement-rock interface of the abandoned well is compacted once the CO»-
bearing fluids invaded the cement sheath. It can be observed that the rock-cement-casing
assemblage remains intact.
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8.2. Injection well
Table 6 explains the alteration of the ITZs at the time step of zero for Figure 13 and Figure 14.
Figures 13-15 represent the alteration in the failure and the deformation criteria for a well
which has been used as a CO; injection well for 2.5 years, and then the injection process
stopped, and the well plugged and abandoned. During the injection period, the inside
temperature is considered to be 30 °C. After plugging, the temperature in the well again
reaches an equilibrium with the surrounding formations.

As outlined in Table 6, once CO; is injected (i.e., the time step of zero) at deeper points of a
well the casing-cement interface will fail due to the tensile stress created by a reduction in
the temperature. The temperature inside the well drops from the formation temperature to
the CO; injection temperature of 30 °C. This decrease leads to the creation of a tensile stress
at the casing-cement interface. In fact, both the casing and the cement sheath start
contracting with the decrease in temperature. The coefficient of thermal expansion for the
cement and the casing are different, thus their volume contraction at the cement casing
would not be the same. This phenomenon leads to a tension at the casing-cement interface.
Based on Eq. (A.15) the uniaxial compressive strength of the cement-casing is a fraction of
that strength for the cement sheath. Consequently, the uniaxial tensile strength is also lower
than that value for the cement sheath. This signifies that in the presence of a tension the
casing-cement interface will be more prone to failure rather than the cement sheath.
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The cement-rock interface retains its integrity at time step zero except at a depth of 2500 m
where it fails due to shear stress. The shear failure of the cement-rock interface at a depth of
2500 m occurs after the tensile failure of the casing—cement interface which is still prior to
the time step one (before 30 days). In fact, the cement-rock interface loses its durability due
to the early invasion of CO-bearing fluids and will be converted to a potential zone subject
to failure due to the shear stress. Calculations in this paper show that the stresses in the r-
direction and the 8-direction are similar, while the difference between them and the stress
in the z-direction increases with the depth. In addition, the early degradation of the cement
sheath due to CO; attack at the locations nearby the injection points increases the tendency
of the cement sheath to fail due to both the increased shear stress and the low strength of
the outermost layers of the cement sheath.

Table 6. The status of the ITZs at the time step of zero for a well used for CO, injection for 2.5 years which is abandoned
afterwards. (N: the ITZ is in the elastic zone and intact)

Depth (m) The type of band
The casing-cement interface | The cement-rock interface
800 N N
1140 N N
1480 PDB N
1820 PDB N
2160 PDB N
2500 PDB DSB

Figure 13 (a) and Table 6 show that the casing-cement interface will never suffer a shear
failure. The casing-cement interface at shallower depths (800 and 1140 m) remains safe while
at the deeper locations it fails due to the tensile stress created by the increasing temperature
difference between the injection fluid and the formation. At deeper locations, the
temperature of formation is higher than that at shallower depths while the temperature of
injected CO; remains around 30°C. This results in a larger temperature difference at deeper
locations. This process reduces the UTS of the casing-cement interface to a very small value,
&,, as represented in Flowchart A.2 in supplementary data. This is the reason for a significant
reduction in 7, at depths greater than 1140 m. Figure 13 explains that after forming PDBs at
the casing-cement interface in deep points of the well, the effect of the tensile stress, which
is created by a reduction in the temperature in the well, diminishes. This is due to the inability
of the casing-cement interface to transmit the tensile stress. Actually, the casing is separated
from the cement sheath; therefore the pulling force, which is created due to tensile stress,
on the each end-sides of the casing-cement assemblage will not affect the other side. This
case is included in Flowchart A.2 (acts 18-19) and Flowchart A.3 (acts 14-15). The in-situ
horizontal stress from the surrounding formations pushes the cement sheath back to the
casing wall. In fact, in the next time steps, the compressive stress will act on this interface,
leading to a remarkable decrease in 7;. It is worth noting that there is already a gap at the
casing-cement interface which can be converted into an escaping pathway for CO;-bearing
fluids.



Figure 14 (c) shows that the cement-rock interface will be compacted at all depths after 200
days. It can be observed in Figure 14 (a) that the value of 74 for depths of 800, 1140, and 2500
m becomes larger than or equal to one before the 200t day. At these depths, based on the
formation of DSBs at the cement-rock interface, the value of UTS decrease to ¢, because the
cement-rock interface fails and is not able to withstand any value of the tensile stress. This is
the reason for a remarkable reduction in the value of 1, at these depths in Figure 14 (b).
Furthermore, at the middle depth ranges of 1480, 1820, and 2160 m the cement-rock
interface remains intact although Figure 14 (a) shows that there is a high potential for them
to be dilated i.e., to fail due to the shear stress. It can be inferred that the cement-rock
interface at the locations near the injection points will be dilated due to the shear stress or
close to the dilation shear process once CO; is injected. The entire cement sheath will retain
its integrity due to a significant deceleration in the degrading process resulting from the
carbonation and the compaction of the cement-rock interface, as represented in Figure 15. It
can be understood from Figures 13-15 that in an injection-abandonment process, the casing-
cement and the cement-rock interfaces will be dilated due to the tensile and the shear
stresses, respectively. The DSB at the cement-rock interface is a potential leakage pathway
depending on the porosity increase due to the shear dilation, however, it is not comparable
with the casing-cement interface which will be converted to a highly conductive passage due
to the formation of the PDB. It is a fortunate process that the compaction of the cement-rock
interface will restrict the dilation effect by reducing the porosity to one order of magnitude
at the affected zones.

As discussed in [29], the compaction process is a promising phenomenon which postpones
the failure of the cement sheath. The compaction of the outermost layers of the cement
sheath (or the cement-rock interface), as show in Figure 14 (c), decreases the porosity. In
addition, the carbonation process at locations close the cement-rock interface also leads to a
decrease in the porosity. These two processes prevent further invasion of the carbon species
deep into the cement sheath. Therefore, as shown in Figure 15, the failure criteria have no
significant upward trends from which we can interpret that the cement sheath will not fail in
the near future. The extrapolation of trends in Figures 13-15 shows the lifespans of the ITZs
and the cement sheath as outlined in Figure 16. It can be understood from this figure that the
casing-cement interface fails due to the pure dilation process at depths deeper than 1140 m
once CO; is injected. This means a complete separation of the cement sheath from the casing
outer face occurs due to a significant increase in the temperature drop. The well temperature
decreases from the temperature of the formation to the CO; injection temperature of 30 °C.
The reduction in the temperature of the rock-cement-casing assemblage increases with
depth. The shear dilation process results in a failing of the cement-rock interface at depths
shallower than 1140 m and depths deeper than 2245 m. At depths between 1225 and 2160
m, the cement-rock interface is not expected to fail due to the shear dilation as shown in
Figure 16. On the other hand, Figure 14 (a) shows that the cement-rock interface becomes
extremely close to failure due to the shear dilation. The authors believe that the cement-rock
interface is also subject to the shear dilation at the depths between 1225 and 2160 m.
Therefore, with increasing in depth the cement-rock interface fails due to the shear dilation.
This process becomes faster with depth due to increasing in the in-situ horizontal stress, and



the dissolution of higher quantities of carbon species accelerating the degredation process of
the cement matrix. The cement-rock interface at the entire range of 800-2500 m is compacted
as can be observed in Figure 16. In this case study, the cement sheath remains intact.
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Figure 13. (a) Change in the value of the shear failure criterion, 7,; (b) the tensile failure criterion, 1;; (c) and the deformation
criterion, ng4, at different depths for the casing-cement interfacial transition zone for a well used for CO; injection for 2.5
years and then abandoned.
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9. Conclusions

This study provides a methodology for investigating the behaviour of the rock-cement-casing
assemblage in CO; storage sites. A plastic-damage model is introduced to capture the effect
of the inelastic behaviour of the cement matrix. The alteration of the cement matrix is
characterised as a function of both the failure and the deformation in the inelastic area. The
concept of bands is coupled with the plastic-damage model to explicitly involve the effect of
the alteration in the cement structure on porosity in the inelastic area. The geochemistry
calculations have been undertaken using the CrunchFlow code. The mechanical calculations
are coupled with the geochemical alterations in an iterative approach which continuously
updates the boundary conditions based on the solidity and the stress state of ITZs. The
assumptions of the complete dissolution of CO; in brine and the single-phase dominance of
CO;-bearing fluids in the pores of the cement matrix makes the geochemical alterations
independent of the mechanical calculations. Therefore, the suggested iterative approach in
this work is a reasonable method in terms of the numerical aspects, however, the coupled
calculations may be completed in a longer period of time compared to the fully implicit
methods.
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A uniaxial plastic-damage approach is adopted in this paper to avoid the complexity and
computational expense which is associated with implementing triaxial plastic-damage
models. The constant parameters describing the failure envelope are subject to alteration
due to the chemical reactions and the effect of the stress state. Although we tried to model
the alteration in these parameters (such as compressive and tensile strengths and the Young's
modulus) and porosity, their simultaneous evolution has not been validated in this paper, and
their investigations require further studies and experiments. Modelling the vertical
movement of CO; was also beyond the purpose of this paper and needs further work.

For an abandoned well, no failure (PDB and DSB) is expected to occur at the ITZs and in the
cement sheath. The cement-rock interface will be compacted due to the in-situ horizontal
stress and the shrinkage of the cap surface resulting from the chemical degradation. The
compaction deforms the cement-rock interface but does not lead to failure. Although the
cement-rock interface deforms, its strength remains a function of the minimum UCS which
has been reached. It should be noted that the maximum cohesive strength between two
solids is assumed to be a function of their chemistry. This strength can only be degraded due
to mechanical alterations. Indeed, the cohesive strength is not expected to surpass the
maximum value which is achievable based on the chemical composition of two adjacent
surfaces. The compressive stress can keep two solids beside each other but is not able to
improve the maximum achievable cohesive strength. Therefore, an abandoned well will
remain safe for an infinite length of time.

In the injection wells, the temperature difference between the injected fluid and the rock
results in the formation of tensile stress in the rock-cement-casing assemblage. This tensile
stress at the early stages of CO; injection (before 30 days) leads to the failure of the casing-
cement interface. This failure is an annular space around the casing with a porosity of one.
Early on in the injection phase, prior to the 200" day, the cement-rock interface faces a shear
failure which is a result of an increase in the difference between the stress in the z-direction,
o,, and the stresses in the r-direction, o,-, and the 8-direction, gg. Although the DSB at the
cement-rock interface increases the porosity by 8%, the compaction of this layer after 200
days, however, restricts this effect. Generally, the gap created at the casing-cement interface
will provide a high conductive leakage pathway if CO,-bearing fluids find a way into that zone.
For an injection well, the cement sheath will be separated from the rock and the casing
surfaces after 200 days and the in-situ horizontal stress will keep them as an assemblage. The
carbonation process and the formation of CSB accompanied by a reduction in the porosity
value will limit both the tendency of the CO; to escape from the ITZs and the diffusion of CO,-
bearing fluid into deeper locations within the cement sheath. Overall, CO; injection will result
in the formation of PDB and DSB at the casing-cement and the cement-rock interfaces,
respectively. Under normal conditions, however, their performance as the leakage pathways
will be restricted due the carbonation process and the formation of CSB at the cement-rock
interface.
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