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A damaged cement sheath in wells can open a leakage pathway to shallow freshwater aquifers and atmosphere.
Quantitative assessment of leakage along wells has become an area of interest for both the industry and the
regulatory bodies. The well leakage can be of importance in both active and legacy wells. In order to estimate
leakage through cement sheaths, the size of the leakage pathway and the damage in the cement sheath must be
estimated. In this work, we have developed a hydro-thermo-mechanically coupled near-well model that aims to
calculate the evolution of cement’s stress as it cures. This process takes into account the cement’s gradual in-
crease in stiffness, chemical shrinkage, and the heat of hydration. The results are verified using lab measured
cement stress and pore pressure data from the literature. A case study was developed based on a low-enthalpy
geothermal doublet in the Netherlands. The results show that during the cold water injection, an outer micro-
annulus may open to 60 pm. The presence of an external source of water and formation stiffness are of significant
importance in determining the damage to the cement sheath. The heat of hydration in cement increases the
temperature of cement during curing. The subsequent drop in temperature due to drilling or completion reduces
the cement stress and exacerbates the damage to the cement sheath. The producer well may not form a
microannuli, however shear and cyclical failure may be of higher likelihood. The modelling framework presented
here allows for estimation of annular cement stress in the well. The analysis provides quantitative estimates of
the size of the leakage pathway along a well that can be used to estimate well leakge. Quantitative estimate of
well leakage provides crucial information for quantitative risk analysis and provides a framework to optimize
well operations to minimize leakage risk.

Introduction

Zonal isolation in active and abandoned wells is paramount to ensure
minimal fugitive methane emissions, to protect freshwater aquifers, to
minimize pollution, and to prevent sustained casing pressures that in
turn can lead to mechanical failure of well components. Wells penetrate
different strata and can act as a leakage pathway in case of a damaged
cement sheath. This has been linked to methane emissions to the at-
mosphere”®“°, and aquifers®2. Historically, oil and gas wells have been
the main target of cement integrity research. The ongoing energy tran-
sition is expected to lead to drilling a significant number of geothermal,
hydrogen and carbon storage wells. These wells are typically designed
for a longer lifespan and have different operating conditions when
compared to hydrocarbon producing wells. This creates the need to
develop tools to improve cement integrity assessments.

The integrity of cement-casing-formation interfaces in a plug (for an
abandoned well) or an annulus must be reasonably maintained to ensure

zonal isolation in wells. Cement can debond from the casing and/or
formation to form a microannulus. The debonding occurs when the
effective stress at the cement interface becomes tensile and overcomes
the normal bond strength, if any is present. Presence of microannuli can
provide a vertically connected, high-permeability fracture along the
length of the wellbore, making it a higher leakage risk compared to other
forms of failure*. Tensile cracks can form in a cement sheath when
stress in the tangential direction surpasses the tensile strength of cement
(Vralstad, et al., 2019). Shear failure is another possible failure mech-
anism for cement. This occurs when the stress state in cement reaches
the yield envelope. At low mean pressures, shear failure can be dilatative
which is marked by crack development. At higher mean pressures, shear
failure leads to a more ductile response and does not lead to a perme-
ability increase'®*°, The evolution of stress state in cement must be
estimated to determine the probability and the mechanism of cement
failure.

Geomechanical models can be used to calculate stress changes in
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cement during the life of a well, typically using a staged finite element
approach'”*°%8  These models initialize the in-situ formation stresses
around the wellbore followed by placement of cement between the
casing and the formation. However, the initial stress state of cement
after placement and curing is not known®®>°. Therefore, the starting
point for the geomechanical simulations is uncertain, rendering the rest
of the analysis questionable. Literature studies have made various as-
sumptions about the initial state of stress in cement after curing. These
assumptions vary between zero'®®, formation pressure®, hydrostatic
pressure of the slurry minus the pore pressure!””%, and hydrostatic
pressure of the slurry'?. These assumptions can all be justified under
certain circumstances but there is no evidence to suggest which is the
closest representation of reality or whether assuming a set initial stress
value for all scenarios is appropriate.

Pore pressure in Portland cement drops significantly as hydration
reactions progress>>”. Cement hydration also leads to bulk shrinkage®”
9, The pore pressure drop, and the subsequent bulk shrinkage in cement
have been considered as mechanisms that can lead to destressing in
cement’®”>3, While cement’s pore pressure drop has been confirmed
experimentally in the past few decades, the stress change during the
hydration process has only been measured recently. Meng et al.”® re-
ported the evolution of radial stress in a lab-scale cement plug during
curing. Their results show a significant drop in radial stress and pore
pressure. These tests are some of the first instances of cement stress drop
being directly measured in the lab, to the best of our knowledge.

Cement hydration reactions are exothermic®’. As hydration pro-
gresses, heat is released which increases the temperature of the cement
and the surroundings. The impact of the heat of hydration is observed in
field measurements, sometimes leading to a significant spike in tem-
perature'>°®, The increase in temperature can change the cement stress
through thermal expansion of the cement, casing, and the formation.
The heat of hydration will gradually dissipate, and the cement temper-
ature will drop to the local geothermal gradient. This cooling effect
could also impact the stresses in cement. This transient thermal effect
coincides with a change in cement’s mechanical properties as it hy-
drates. While the impact of the heat of hydration on temperature
development has been studied in the literature, its effect on cement
stress is not well-understood.

Zhang and Eckert®® performed a staged finite element analysis on
annular cement to estimate the near wellbore stress development. Their
work considered the impact of the cement’s pore pressure drop on its
stress. However, pore pressure change was an input parameter, and not
predicted by the model. Meng et al.,”® included the initial stress drop
during curing in their stress calculations for a cement plug. However,
their method relies on empirical correlations based on specific experi-
mental results and thus may not be reliable for field-scale applications.
Agofack et al.,' developed a chemo-poro-elastoplastic model of cement.
Their model considers the hydration reactions and estimates the pore
pressure and stress change. Using their methodology, the correct state of
stress for cement during curing can be calculated. However, their model
in the reported form cannot be used in a staged finite element framework
to assess the long-term behavior of cement in a well. In addition, the
mechanical impact of the heat of hydration of cement is not considered
in the aforementioned studies.

In this work, we have developed a methodology to couple cement
hydration reactions with a staged finite element model using a com-
mercial package. The model is capable of predicting the expected
cement pore pressure drop over time due to chemical shrinkage. Using
the theory of poroelasticity, the subsequent stress drop in cement can be
calculated. The impact of the heat of hydration is also incorporated in
the model. The model is verified using the experimental data on cement
stress by Meng et al.?>. An earlier version of the methodology is pre-
sented by Moghadam and Loizzo?’. Coupling cement hydration with
staged finite element models creates a powerful tool capable of accurate
estimates of cement stress evolution, in addition to other complex sce-
narios such as multiple casings, formation creep, eccentricity, cement
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channels, etc., depending on the problem of interest. We developed a
case study considering the stress development in a low-enthalpy
geothermal well in the Netherlands to demonstrates the capabilities of
the proposed modelling technique. The results provide invaluable
insight on the behavior of plugs and annular cement, and the likelihood
of debonding under in-situ conditions. The part II of the paper will focus
on estimating potential leakage rates in wells with a case study for a
Carbon Capture & Storage well (CCS).

Cement Hydration

Portland cement is comprised of four principal components (C3S,
C,S, C3A, and C4AF). When mixed with water, each component displays
different hydration kinetics and forms different products. Tricalcium
silicate (C3S) is the main constituent with a concentration as high as 68
%, that forms calcium silicate hydrates (CSH) and calcium hydroxide
(CH) upon reacting with water’’. A simplified form of the reaction is
shown in Eq. 1 (H in cement chemist notation stands for H,0).

When the clinker is initially mixed with water, the ratio of water to
solids is typically high and the cement mixture behaves like a slurry. As
the hydration reactions continue, water is consumed, and different solid
compounds are formed. The porosity of the material decreases and
eventually a load-bearing skeleton forms. At this stage, cement changes
its behavior from a slurry to a soft gel and eventually a porous solid. The
point where the cement skeleton forms is typically referred to as the
percolation threshold'®% The extent of the hydration reactions is typi-
cally defined using the degree of hydration. This parameter ranges be-
tween O and 1, where 1 indicates that all the available clinker has
reacted. In reality, different clinker phases react at different rates. For
example, C3S typically reacts much faster than C25°°. However, for
simplicity an average measure of the degree of hydration is used to
represent the extent of the reactions for all clinker phases®’.

Fig. 1 illustrates the progress of hydration reactions that eventually
lead to a solid skeleton. Fig. 1a (on the left) indicates the moment when
the clinker particles and water are mixed. The surfaces of the clinker
grains will begin reacting with water to produce CSH (in yellow) and CH
(in green). Fig. 1b in the center, shows the cement at percolation
threshold, which likely occurs at a hydration degree between 0.05 to 0.2
(?%; Agofack et a., 2019). The percolation threshold depends on the
cement composition, presence of certain additives (aggregates or more
active components in hydration), and w/c ratio®>’. At percolation
threshold, the clinker, and hydration products have formed a connected
network to a point where a soft skeleton has developed. The cement
matrix has a high porosity and a low stiffness at this stage. Fig. 1c il-
lustrates the material at its ultimate degree of hydration. Cement does
not typically reach full hydration (a = 1.0) as the hydration products
surrounding anhydrous clinker particles prevent further hydration.
Hydration reactions continue at slow pace through diffusive flow of the
available water in the macro pores. Ultimate hydration is expected to be
in the range of 0.5 to 0.9 depending on the cement fineness, w/c ratio,
and temperature’®. At ultimate hydration, the permeability of the
cement decreases substantially. The pore space available is small and
poorly connected. The remaining water in the macro pores will likely be
at a lower pressure due to chemical shrinkage. If the pressure drops
below the saturation pressure of water, a fraction of the pore water could
evaporate, leading to a partially saturated matrix.

All clinker phases undergo chemical shrinkage when they react with
water. This means that the total volume of the reactants is higher than
the volume of the products (Reddy at al., 2009;'%). Chemical shrinkage
represents the absolute (internal) volume change in the cement paste
due to the hydration reactions. During the slurry phase, chemical
shrinkage translates to an equal amount of bulk shrinkage as the slurry
behaves like a liquid. Bulk shrinkage (or autogenous shrinkage) refers to
the drop in the external volume of cement. Once the percolation
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Fig. 1. Schematic of the cement hydration process, from a slurry to a solid skeleton®”.

threshold is reached, cement behaves like a poroelastic material. Hy-
dration reactions remove water from the pores and deposit a smaller
volume of hydration products. This effectively creates void space that
causes the pore pressure to drop and compresses the newly formed
cement matrix by increasing the effective stress. At this stage, bulk
shrinkage of the cement becomes smaller than the chemical shrinkage
(Bios et al., 2011). Pore pressure drop in a poroelastic material causes a
change in the stresses and bulk volume. The molar volume of each
clinker phase and the hydration products have been measured previ-
ously®. The chemical shrinkage coefficient of each clinker phase can be
calculated through a volume balance between the reactants and the
products for all the expected hydration reactions®*. Table 1 summarizes
the chemical shrinkage coefficient values for the main cement phases
after Benz et al. (2005). In addition, the Bogue composition of the
cement phases for class G cement is also provided in Table 1, based on
Agofack et al.,>. Eq. 2 can be used to calculate the theoretical chemical
shrinkage (ml/g) for a cement paste at a hydration degree of 1.

R= ) wR @

In Eq. 2, w, and R, refer to the mass fraction and chemical shrinkage
coefficient of the cement phase r, respectively. The theoretical chemical
shrinkage of a cement paste depends on its chemical composition.
However, the bulk shrinkage after the percolation threshold also de-
pends on the thermo-poro-mechanical properties and the boundary
conditions of the system.

Table 1

Chemical shrinkage coefficient (Benz et al., 2005) and total heat of hydration
(Taylor, 1997) for the main cement phases. The Bogue mass fraction of the
cement phases typical for class G cement is also provided®.

Cement Bogue mass Chemical shrinkage Total heat of
phases fraction coefficient (ml/g) hydration (J/g)
CsS 0.589 0.0704 500

CaS 0.154 0.0724 260

C3A 0.023 0.1122 1150

C4AF 0.174 0.0802 420

Methodology

This section outlines the details of the methodology used to couple
cement hydration reactions with a geomechanical finite element model.
A hydration model is used to calculate the rate of hydration over time for
a specific slurry mix. The net water consumption/void creation is then
estimated over time based on the shrinkage factors for cement phases. A
homogenization model is developed to estimate the evolution of ce-
ment’s mechanical properties with respect to the hydration degree. The
aforementioned calculations are done using Python programing lan-
guage. The mechanical properties and shrinkage results are imported
into a hydro-thermo-mechanical model developed using the commercial
finite element package Abaqus to calculate cement’s stress evolution as
it cures.

Hydration degree

The degree of hydration is an indication of the extend of the clinker
that has been consumed. This parameter controls the heat released
during hydration, the amount of hydration products, the evolution of the
mechanical properties, and the chemical shrinkage'**. Hydration rate is
typically measured using the isothermal calorimetry method. This
method involves measuring the cumulative heat release during cement
hydration at a constant temperature. In order to model cement’s me-
chanical behavior during curing, an estimate of the rate of hydration
with time is required. The rate of the hydration reactions depends on the
composition of the clinker, w/c ratio, temperature, pressure, salinity of
the mix water, and the additives present in the slurry”>*%, The rate of
hydration of cement can be estimated using Eq. 3.
da

5 Aarlaexp(

E,
ot RT) 3

"RT

In Eq. 3, a is the degree of hydration, A, is the chemical affinity, 7, is
the permeability of hydration products, E, is the apparent activation
energy, and R and T are the universal gas constant and temperature,
respectively. Lin and Meyer®® proposed an approach to calculate the
parameters in Eq. 3. Their methodology captures the impact of cement
composition, w/c ratio, Blaine fineness, temperature, and pressure on
the rate of hydration. Fig. 2 shows a comparison of the degree of
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Fig. 2. Comparison of the hydration degree of class G cement over time from
experiments and using Eq. 3 (w/c=0.44). T7P45 refers to the experimental
temperature of 7 °C and pressure of 45 MPa. The measurements at 60 °C are
reported by Pang et al.”® and the remaining experimental data is from Agofack
et al.”. The figure is derived from Moghadam and Loizzo™ .

hydration of class G cement (w/c ration of 0.44) calculated using Eq. 3
with experimental measurements using isothermal calorimetry
method?*®, According to the data, temperature and pressure both in-
crease the initial rate of hydration, with temperature having a more
significant impact. The modelling results match the experimental data
well. There is an overestimation of hydration degree by the model at
7 °C and atmospheric pressure during the initial 50 h of hydration. In
addition, there is a slight overestimation of the hydration degree for
measurements at 60 °C.

The degree of hydration can be related to the heat of hydration
through Eq. 4:
alt) = % @
where, a is the degree of hydration, Q is the cumulative heat measured
over time, and Q is the total theoretical heat that will be released at full
hydration. Q° can be calculated using Eq. 5:

Q=>we )

where, w;, is the mass fraction and Q, is the total heat of hydration of
cement phase r. Table 1 provides the measured total heat of hydration
for the main cement phases (Taylor, 1997). Class G cement from various
suppliers could differ slightly in their phase composition. Therefore, the
value of Q° will vary depending on the cement supplier. However, the
difference is relatively small. We calculated Q° for four different class G
cements reported in three different studies®>**2. The results range be-
tween 415 and 435 J/g (per gram of clinker).

In this work, we use Eq. 3 to estimate the degree of hydration of
Portland cement. Eq. 4 is then used to estimate the heat released over
time due to the hydration reactions, assuming a Q° of 426 J/g. The heat
of hydration is treated as a heat source in the finite element model, to
calculate the temperature and thermo-mechanical stress changes in
cement.

Mechanical properties

After the percolation threshold is reached, cement behaves as a
poroelastic material. During the early stages, cement is a soft gel-like
material due to its high porosity and water content. As hydration re-
actions continue, more water is consumed and the porosity decreases,
while more solids are produced. This leads to an increase in cement’s
mechanical strength and stiffness. Cement’s Young’s modulus starts at a
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low value immediately after the percolation threshold and increases to
as high as 15 GPa at ultimate hydration™'®*®, With such a significant
change in Young’s modulus, the stress and pore pressure response of
young cement will be significantly different from an aged cement.
Therefore, to model cement’s pore pressure and stress development
during hydration, the evolution of the mechanical properties must be
considered.

For a particular cement paste, the mechanical properties evolve with
the degree of hydration. It is a cumbersome practice to measure the
static mechanical properties of cement at different hydration degrees,
and particularly difficult at a low degree of hydration. Teodouri et al.,**
reported static Young’s modulus of class G cement measured after 3 and
up to 43 days of curing. Bourissai et al.’ reported dynamic Yong’s
modulus values for class G cement, using an Ultrasonic Cement Analyzer
(UCA). Several studies have used micromechanical models and ho-
mogenization methods to estimate the evolution of the mechanical
properties of cement"'>!%%%%° These methods use the mechanical
properties of the cement constituents and upscale them to produce an
average macro-scale value of the mechanical properties. We simplified
the approach described by Ghabezloo'® to estimate the evolution of
drained bulk and shear modulus of cement with hydration. The ho-
mogenized drained bulk modulus (Kl}"‘“) and shear modulus (G'*™) are
calculated using Eq. 6 and Eq. 747

KPm = > fikAY (6
Ghom — Zfr rAg (7)

T

where, f; is the volume fraction of the phase r at a given hydration de-
gree. k, and g, are the bulk and shear moduli of the phase r, respectively.
AY and A? are the volumetric and deviatoric strain localization co-
efficients, respectively. The strain localization coefficients can be
calculated using Eq. 8, Eq. 9, and Eq. 10°%:

[1+a(—1)"
A = 0 8
' 2f0 +ao(E - 1) ®

1+ po(E—1)]"
Ard: [ +/0<g0g )] - (9)
YA+ Bo(g —1)]

r

3k0 6(k0 + 280)

0 = - "o 10
3k0 + 4g07 ﬂO 5(3](0 + 4g0) ( )

Ay =

where, ko and g, are the bulk and shear modulus of the reference me-
dium, respectively. We used the self-consistent homogenization scheme
which assumes ko and gy to be equal to K3°™ and G'*™, respectively. The
Newton-Raphson numerical method was used to solve Eq. 6 and Eq. 7.
The bulk and shear moduli can be used to derive Young’s modulus and
Poisson’s ratio. For simplicity, we only considered CSH and CH as
products. Additionally, high density and low density CSH were lumped
together as one phase. Initially, only clinker and water were assumed to
be present. At each hydration degree, the volume of clinker consumed
and products that are formed was calculated. The volume fraction of
each phase was then calculated using the hydration degree and the
molar volume and density of each phase. Table 2 Summarizes the
properties of the phases used to calculate the homogenized elastic
properties of the cement paste.

Fig. 3 presents the predicted values of Young’s modulus using the
homogenization procedure. On the left (Fig. 3a), Young’s modulus is
plotted against the hydration degree. On the right (Fig. 3b), the values of
the hydration degree are converted to time using Eq. 3, as depicted in
Fig. 2. According to Fig. 3a, Young’s modulus increases to 17 GPa at full
hydration. The bulk and shear moduli of the phases of the cement paste
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Table 2
Summary of the parameters used to evaluate the elastic parameters with respect to the hydration degree.
Reactants Products
Parameter Unit C3s Cc2s C3A C4AF CSH CH Void (porosity) Source
k GPa 112 117 121 104 16 31 0 Constantinides and Ulm (2004); Ghabezloo'®
g GPa 52 54 56 48 10 14 0 Constantinides and Ulm (2004); Ghabezloo'®
Specific gravity 3.21 3.28 3.03 3.73 2.11 2.24 0 Bentz et al.”
Molar volume cm3/mol 71.1 52.5 59.1 130.3 107.8 33.08 0 Bentz et al.®
18 18
(a) (b)
16 16
14 14
£ £
© 12 © 12
3 3
= 10 S 10
e o
<] <]
S 3 = 3
o o y/ - = = = 23C(Model)
S 6 S 6 ¢
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Fig. 3. On the left (a), Young’s modulus predicted using the homogenization model versus the hydration degree. On the right (b), Young’s modulus versus time

predicted by the model, compared to experimental data®.

are assumed to be independent of temperature. Therefore, the rela-
tionship between Young’s modulus and the hydration degree is also
independent of temperature. However, Young’s modulus versus time is a
strong function of temperature, particularly at early stages of hydration.
This is due to the significant impact of temperature on the hydration
degree. The modelling results are compared to experimental data re-
ported by Teodouri et al.,** and Bourissai et al.”. We converted the
dynamic Young’s moduli in Bourissai et al.” to static values using the
correlation proposed by Lee et al’’ for concrete, to facilitate
comparison.

The Poisson’s ratio ranges between 0.2 and 0.23 using the homog-
enization model. We assumed a constant value of 0.21 for the me-
chanical model. Biot’s coefficient of cement has been shown to drop
from 1.0 at percolation threshold to 0.6 at full hydration'. We assumed a
linear relationship between Biot’s coefficient and the hydration degree
which is a close approximation of the reported values by Agofack et al.".
The friction coefficient between the casing and cement is assumed be
zero initially, increasing linearly with the hydration degree to 1.0 at full

hydration%.

Shrinkage

During hydration, clinker phases are consumed, and hydration
products are formed. The definition of the degree of hydration broadly
refers to the mass fraction of the clinker consumed. Therefore, the
following coefficient can be defined to relate the volume change of the
clinker to the change in degree of hydration'.

avck) _ 1
Pd
1+ w/c(ﬁ)

S is negative, indicating a decrease in clinker volume with hydra-
tion. In Eq. 11, V; refers to the initial volume of the slurry, Vi is the
volume of clinker, a is the hydration degree, w/c is the initial water to
cement ratio, and p refers to the density of clinker and water.

1

ok =
k Vo( da

1D

As clinker is consumed, total volume is lost due to chemical
shrinkage. The chemical shrinkage volume can be conceived as void
space that is created in the material. If the material behaves as a liquid,
the void space drops the total liquid volume by the same amount. If the
material behaves as a poroelastic medium, then the void space causes
pore pressure drop, and a bulk volume change that is less than the initial
void space, depending on the stiffness of the medium. The developed
void space can be estimated using the chemical shrinkage coefficient of
each clinker phase, according to Eq. 12:

av,
v) = - cerPrWrRr

oa
where, §, is the chemical shrinkage (void) coefficient, V, is the chemical
shrinkage volume (void volume), p, is the density, w;, refers to the mass
fraction of the clinker phase r (can be approximated by Bogue fractions),
and R, is the shrinkage volume per gram of the clinker phase r. Using Eq.
11 and Eq. 12, the rate of void creation due to chemical shrinkage can be
calculated as the cement hydrates.

1
S5, = —

A

12)

Hydro-thermo-mechanical model

When the slurry is initially mixed, only clinker and water are present
(ignoring the presence of additives in the current model). Hydration
degree starts at zero and increases non-linearly with time according to
Eq. 3. The cement slurry behaves as a liquid until the hydration degree
reaches the percolation threshold. Up to this stage, the pressure and
stress in cement are equal to the hydrostatic pressure of the cement
column. Additionally, bulk shrinkage at this stage is equal to the
chemical shrinkage (Eq. 12). The percolation threshold is estimated to
range between 0.05 and 0.2"?% After the percolation threshold is
reached, cement becomes a poroelastic material. The hydration re-
actions continue to create void volume inside the cement pores due to
chemical shrinkage. In the absence of an external water source, this void
volume drops the fluid pressure in the cement pore space, which sub-
sequently leads to bulk shrinkage as the effective stress of the medium
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increases (while total stress decreases). Bulk shrinkage at this stage is
due to the poroelastic response of the cement to pore pressure drop and
is considerably less than the chemical shrinkage. Therefore, the theory
of poroelasticity must be used to estimate the bulk shrinkage of cement
and the resulting stress drop due to hydration reactions.

In this work, we used the commercial finite element software Abaqus
coupled with the Python programming language to calculate the ce-
ment’s pore pressure, stress, and volume change. Abaqus solves the
momentum, fluid mass, and thermal energy equilibrium equations in a
fully coupled manner. The analysis is divided into pre-percolation and
post-percolation stages. In the pre-percolation stage, the cement’s pore
pressure and stress are equal to the hydrostatic slurry pressure. The
volumetric shrinkage is equal to the chemical shrinkage. For the post-
percolation stage, a mechanical model is generated using Abaqus. The
geometry and the boundary conditions are selected based on the
particular problem of interest (e.g., cement plug, annular cement, etc.).
Initially, the cement’s pore pressure and stress are set to the slurry
pressure (effective stress of zero). This represents the instant that cement
transforms from a liquid to a solid. Therefore, the pore pressure and
stress are inherited from the liquid phase at the instant of transition.

The hydration degree and its rate are calculated versus time using Eq.
3. The impact of chemical shrinkage is incorporated in the mechanical
model as a negative flow rate out of each cement element, i.e., a sink
term, calculated using Eq. 13:

Ja

ot as)

qv = 6y Va
where, g, is the rate of void volume creation due to chemical shrinkage,
8y is the chemical shrinkage (void) coefficient calculated using Eq. 12,
Vg is the volume of the cement element, and %ft‘ is the hydration rate at a
given time. The Abaqus model only considers the cement behavior after
the percolation threshold is reached. Therefore, the sink term (g,) is only
applied for the hydration period after the percolation threshold. This
term simulates the void space created inside the matrix due to the hy-
dration reactions, by removing an equivalent volume of water out of the
pore space. The impact of external sources of water is ignored in the
present study. This assumes that the analysis is conducted at the caprock
level where the formation has negligible permeability. The pore pressure
in cement is allowed to drop down to the saturation pressure of water.
Once at saturation pressure, water evaporates, and the pressure remains
relatively constant as the hydration reactions continue. Water evapo-
ration can lead to multiple phases in cement pores. At low pressures
(shallow depths), the vapor saturation can increase significantly (dry-
ing). This can drop the equivalent pore pressure in the cement due
capillary forces, akin to a suction pressure’’. This impact is limited to
shallow depths and was ignored in this study.

A Modified Cam-clay plasticity model was used for cement’s
constitutive behavior. The yield surface is described in Eq. 14.

_¢ _
F= 5 +{P-p)P—pP)=0 14

In Eq. 14, q is the deviatoric component of stress, p is the mean stress,
P is the strength if the material under hydrostatic tension, and p, is the
size of the initial yield surface in compression. Soustelle et al.’’
measured the MCC parameters for class G cement experimentally. Their
reported values were used in this study. As hydration reactions progress,
the plastic properties of the cement such as the shape and position of the
yield surface will conceivably change. Therefore, modelling plasticity in
a hydrating material is not straightforward, likely leading to a range of
complex, uncertain, and time-dependent parameters. This topic is not
covered here for brevity and will be discussed in another publication.

Staged analysis

In order to estimate the evolution of cement stress for the case study,
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a staged finite element analysis was designed which incorporates the
aforementioned cement hydration and stress models as the hydration
stage. The model generates a semi-2D finite element mesh representing
the near-well region. Due to symmetry, only a quarter of the model is
considered. Fig. 4 illustrates the geometry of the finite element model.
The model consists of the casing (centered), cement, and the formation
that extends 10 m away from the well. The size of the model was chosen
to ensure the boundary effects are minimized. The model uses a plane
strain boundary condition in the axial direction (no displacements in the
axial direction). Both the casing and the formation are assumed to
behave like linear elastic materials. The model calculates pore pressure,
temperature, and displacements/stresses for all elements in a fully
coupled manner. Fig. 5 presents a flowchart describing the steps to
couple the cement hydration process with the staged FEA model.

The following stages are considered:

Initialization stage: In-situ effective stress, hydrostatic pore pres-
sure, and temperature are assigned to the rock elements depending on
the depth of analysis. The in-situ stress is transformed to the plane of the
well.

Drilling stage: During this stage, the wellbore is excavated in the
center of the model and the stress distribution around the wellbore is
calculated after applying the mud pressure to the wellbore boundary. A
transient heat transfer analysis is conducted to obtain the temperature
distribution around the wellbore during the drilling stage. Temperature
influences the stress values through thermal expansion of the materials.

Casing placement: After the drilling stage, a casing is inserted in the
center of the wellbore. Mud pressure is applied at the inner face of the
casing and slurry pressure is applied on the outside surface of the casing
and the surface of the borehole (the annulus between the casing and the
formation).

Cement hydration: Cement is placed in the annulus, assuming an
initial cohesive bond to both formation and casing interfaces. The
percolation threshold is equivalent to the moment that the cement acts
as a solid with an effective stress of zero (stress equals pore pressure).
Cement hydration is modelled following the methodology presented in
the previous section where cement hydration degree, mechanical pa-
rameters, pore pressure and stress are calculated over time (waiting-on-
cement). This stage captures any potential pressure and stress changes in
the cement in order to estimate the state of cement immediately after
curing.

Operations: This stage models the operations of the well after
cementing. This could include drilling the next leg of the well,
completion operations, production, and injection. The operations are
modelled as pressure and temperature conditions at the inner casing. For
example, a change in mud density or downhole pressure is modelled as a
pressure change inside the casing. Injection of cold CO5 is modelled as
both a pressure and temperature boundary condition inside the casing.

Verification

Recent experimental results by Meng et al.”® were used to verify the
proposed modelling technique. In the experiments, cement slurry was
poured in a 2" ID casing (6.5" length). A 40 MPa axial load was then
placed on the slurry using a load frame. A confining pressure of 25 MPa
was applied to the outer surface of the casing. The cement’s pore pres-
sure was measured using pressure transducers at each end of the plug.
The volumetric shrinkage was measured by monitoring the axial
movement of the top ram. The major novelty of this work was the
measurement of total stress at the cement/casing interface using sensi-
tive strain gauges placed on the outer surface of the casing. The un-
drained test (experiment 1) in Meng et al.”® was modelled in this work.
The test used a class G neat cement with a water to cement ratio of 0.4, at
room temperature.

The interface stress (radial stress), pore pressure, and the bulk
shrinkage of cement are plotted in Fig. 6 along with the experimental
data by Meng et al.””. The experimental results show an initial period of
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Fig. 4. The geometry of the semi-2D finite element model. Image (a) illustrates the casing, cement, and formation immediately around the wellbore. Image (b) shows
the top view of the entire model domain which extends 10 m from the well.

Hydration Degree (Eq. 3)
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Fig. 5. A flowchart describing the methodology used to couple cement hydration with a staged FEA model.
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Fig. 6. Interface stress (radial) and cement pore pressure from the present model and experiments reported by Meng et al.”°,
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approximately 7 h where the stress and pore pressure remain constant at
40 MPa. This period corresponds to the slurry state of cement. The bulk
shrinkage results show that while pressure and stress remain constant,
the slurry volume is decreasing at a rapid rate, indicative of chemical
shrinkage. Once the percolation threshold is reached (after 7 h or hy-
dration degree of 0.12), both the pore pressure and stress start
decreasing. Pore pressure drops at a faster rate and ultimately reaches
zero after approximately 60 h, with no external source of water avail-
able. The total stress at the cement/casing interface drops to approxi-
mately 17 MPa during the same period. Little change in stress is
observed after the pore pressure reaches zero. Similarly, the shrinkage
rate drops significantly after the pore pressure reaches zero. This is ev-
idence that the bulk shrinkage in cement is a poroelastic response to
pore pressure loss. Shrinkage rate does not reach zero but could
potentially be explained by cement creep, which is ignored in this work.
The results show a good match between the experimental and modelling
results. The input parameters for the model are all described in the
previous sections and are based on independent experimental mea-
surements for class G cement.

Case study

We have developed a case study inspired by a low-enthalpy
geothermal doublet in the Netherlands. Both the injector and producer
are assumed to have the same well construction. The well is comprised
of a 13 3/8" surface casing placed at a depth of 1241 m and cemented to
the surface. A 9 5/8" production liner is placed at a depth of 2030 m and
cemented up to the liner hanger inside the surface casing (1118 m
depth). The well schematic is shown in Fig. 7. Both wells are vertical
along the surface casing and build a deviation angle of 50° along the
production liner.
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For this case study, the well integrity assessment is conducted using a
semi-2D plane strain model at specific depths. Two models are devel-
oped for both the injector and the producer in the geothermal doublet. In
an injector well, cold fluid causes the thermal fluctuation in the well.
The change in temperature is more pronounced at greater depths as the
temperature difference between the formation and the cold injected
fluid is the highest at greater depths. Therefore, the maximum level of
thermal shock is expected at the base of the liner. The well integrity
analysis for the injector well is conducted at a depth of 2000 m, corre-
sponding to the bottom of the production liner. The formation temper-
ature is assumed to be 80 °C, and the injected cold fluid is assumed to be
30 °C at 2000 m depth. Table 3 presents the operational condition
modelled after the cement placement. Once the liner is cemented, the
final leg of the well is drilled into the reservoir. This period coincides
with the cooling of the wellbore due to mud circulation. The circulating
mud is assumed to be at 40 °C. During the completion stage, the circu-
lation stops, and temperature is allowed to build up due to heat con-
duction from the formation. The injection then begins, marked by an
increase in casing pressure and a drop in casing temperature due to cold
fluid injection. Cold fluid is injected for 90 days, followed by a pause in
injection for 30 days, and the resumption of the injection operation for
another 80 days. The pause in operations was introduced to impose a
cyclical load on the cement sheath which is expected to occur during
regular operation of a geothermal doublet.

Contrary to the injection well, the production well experiences
thermal stress due to producing hot fluids from deeper formations. The
temperature difference is higher at shallow depths. Therefore, we
conduct the well integrity analysis for the producer at a depth of
1200 m, close to the surface casing shoe. The produced fluid tempera-
ture is assumed to be 80 °C, while the formation temperature at that
depth is 52 °C according to the local thermal gradient.

Wellhead and Xmastree | Depth Depth Hole ID Pipe OD Collar Pipe ID Pipe ID

Liner hanger 13 3/8" x 9 5/8" (TOL)

13 3/8" 68 ppf L8O VAMTOP

Liner hanger 9 5/8" x 6 5/8" (TOL)

9 5/8" 47 ppf L8O liner Polseal
Top resenoir

6 5/8" WWS liner 24 ppf L8O VAGT

oD
m m in in in in in
depts from RT (6.93 m above GL) ] d o drit (nom) (drif)
8 5/8" 32ppf L8O, injection tubing 30 30 8625 9625 7921 7,79%
9 5/8" 47ppf L8O, injection tubing 142 142 9,625 10,650 8681 8,525
24" welded conductor 224 224 24,000 welded 23,000

1118 1118 top PBR
1143 1143 Kick Off Point (KOP)
1241 1241 17,5 13,375 14,175 12,415 12,259

1710 1781 End of Build to 50* (EOB)

1993 2224

2030 2282 121/4 9,625 10650 8681 8525
2031 2283 Top Screens

2207 2560 Bottom Screens

2216 25735 8112 7,000 7,390 5921 579

2216 2574 81/2 TD

Fig. 7. The schematic of the well for the case study retrieved from www.nlog.nl. The stars show the depths at which the well integrity analyses were conducted at.


http://www.nlog.nl

A. Moghadam and M. Loizzo

Table 3

Summary of the operational conditions for the injector and producer wells.
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Injector at 2000 m depth

Producer at 1200 m depth

Time after Casing Casing Temperature Time after Casing Casing Temperature Comments
cementing Pressure cementing Pressure
Days Pa °C Days Pa °C
1 2.25E+ 07 40 1 1.35E+ 07 30 Drilling the next leg
2 2.25E+ 07 40 8 1.35E+4+ 07 30
3 2.25E+ 07 Temperature change due to 10 1.35E+ 07 Temperature change due to Completion
formation heat formation heat
4 2.75E+ 07 30 11 9.70E+ 06 80 Production/injection
begins
920 2.75E+ 07 30 920 9.70E+ 06 80 End of cycle 1
91 2.25E+ 07 Temperature change due to 91 1.35E+ 07 Temperature change due to Pause in operations
formation heat formation heat
120 2.25E+ 07 Temperature change due to 120 1.35E+ 07 Temperature change due to
formation heat formation heat
121 2.75E+ 07 30 121 9.70E+ 06 80 Production/injection
resumes
200 2.75E+ 07 30 200 9.70E+ 06 80

Table 4 presents the input parameters used for the well integrity
analysis for the injector and producer wells. Wolterbeek and Hangx”’
reviewed the thermal properties of class G cement in the literature. They
conclude that the thermal expansion of cement is close to 1.3 x 107>
1/°C rather than 10~ 1/°C which is typically assumed by other publi-
cations that focus on well integrity modelling. This means that the
thermal expansion of cement is slightly higher than steel (1.2 x107°
1/°C). This has important implications in terms of the thermal stress
experienced by cement due to heating and cooling. The local stress at the
wellsite was estimated from Mechelse’. All other well parameters from
selected from www.nlog.nl for the BRI-GT-02 geothermal well. Cement
mechanical properties were adopted from Soustelle et al.*'.

Results
In this section, we present the well integrity results for the
geothermal doublet analyzed for the case study. The results include the

stress evolution in cement and its interfaces in the short term after
placement and curing. In addition, long term stress path in cement

Table 4

during the geothermal operations is demonstrated.

Injection well

Fig. 8 presents the contact stress at the inner and outer surfaces of the
cement sheath and the pore pressure immediately after placement. The
cement interface stress values represent an average of radial stress at a
cement interface. Pore pressure is also the average pore pressure in all
cement elements Time zero represents the moment the analysis depth
was drilled. The values in Fig. 8 start at the 24 h time mark as it was
assumed that cement was placed 24 h after this depth was drilled.
Immediately after placement, cement’s pore pressure and contact stress
are equal to the hydrostatic pressure of the slurry as indicated by the flat
horizontal line at 24 h in Fig. 8a. The contact stress for the casing/
cement interface is plotted as total stress and the stress on the forma-
tion/cement interface is plotted as an effective stress only to aid com-
parison. This means that the difference between the two stresses initially
is equal to the formation (caprock) pore pressure which is 20 MPa. This
means if the casing interface stress drops below 20 MPa, a microannulus

Summary of the input data used for the well integrity simulations for the injector and producer wells. The blank entries for the producer indicate that the same value as

the injector was used.

Injector Producer
Parameter Unit Rock Cement Casing/other Rock Cement Casing/other
Young’s modulus GPa 16 Calculated usingEq. 6 and Eq.7 200 10 Same as injector
Poisson’s ratio - 0.25 Calculated usingEq. 6 and Eq.7 0.3
Thermal conductivity W/mK 2.1 1.0 50
Specific heat kJ/kgK 2000 1600 450
Thermal expansion 1/K le-5 1.3e-5 1.2e-5
MCC parameters Dimensionless/ - A =0.02 -
MPa k = 0.0046
M=1.5
P, =25
P, =37
Principal stresses/pore MPa S11 =294 - - S11=17.2
pressure Sop =32.8 Sop =19.2
S33=43.1 S33 =25.1
P =20.2 P=12.0
Well inclination at depth ° - - Azimuth = 190° Azimuth =0°
Inclination = 50° Inclination = 0°
Analysis depth m - - 2000 1200
Casing ID mm - - 220.50 315.34
Wellbore diameter mm 311.15 - - 444.50
Slurry SG - 1.7 - 1.6
Mud SG - - - 1.15 1.15
Mud temperature °C 40 30
Formation temperature °C 80 - 52
Cement top m - 1241 - 0
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Fig. 8. The top plot (a) illustrates cement interface stresses and pore pressure for the injection well at early times. The bottom plot (b) shows the temperature

evolution and the aperture at the formation/cement interface.

on that interface is possible, as formation fluid may open the interface.
The cement’s pore pressure and stress remain constant before the
percolation threshold is reached. After the percolation threshold is
reached, pore pressure in cement begins to fall due to hydration re-
actions and the presence of a poroelastic matrix. Cement pressure drops
to zero at which partial evaporation of water is expected and subse-
quently the pressure remains at zero. During the pore pressure drop,
cement stress at both interfaces drop. However, a larger stress drop
occurs at the formation/cement interface. The stress drops to just below
zero MPa which indicates a tensile stress regime. The bond strength of
cement and formation is assumed to be 3 MPa. Therefore, no major
debonding occurs after curing in this case. The formation interface stress
rebounds to 2 MPa gradually. This is due to an increase in temperature
from the heat of hydration. The interface stresses drop by nearly 5 MPa
as the next leg of the well is drilled at the 48-hour mark. This is due to
the cooling introduced by the mud circulation. This drops the forma-
tion/cement interface stress firmly in the tensile region at —2.0 MPa.

Fig. 8b shows the average cement temperature and the average
micorannulus aperture at the cement/formation interface. During the
pore pressure drop and subsequent stress reduction, a small aperture is
observed on the outer interface for a brief period. It shoud be noted that
the contact stresses are not homogenouous on the interfaces and only
averages are shown here. The drop in stress leads to the debonding of a
small portion of the outer interface. This shows up in the results as a
small average aperture on the outer interface. The aperture closes as
soon as the temperature increases. Cement temperature is assumed to be
40 °C immediately after placement (due to cooling from mud circula-
tion). The temperature rebounds quickly during the waiting-on-cement
period to 76 °C due to heat of hydration. Temperature drops as drilling
continues which leads to partial debonding of the outer interface with an
average aperture of 2 ym.

During the operations of the geothermal injection well, cold fluid is
introduced into the well. Fig. 9 shows the change in the injected fluid’s
temperature and the aperture of the microannulus over the entire
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Fig. 9. Microannulus aperture and fluid temperature during the operational
stage of the injection well.

simulated time. The temperature peak ‘a’ reflects the heat of hydration
during the woc period. The temperature peak ‘b’ indicates the comple-
tion period when the mud circulation stops, and temperature builds up
due to the heat conduction from the formation. Once the injection starts,
temperature drops significantly and a microannulus opens on the outer
cement interface with an aperture of approximately 60 um. The pause in
injection is marked by a sudden drop in the bottomhole pressure which
leads to a temporary increase of 20 pym in the size of the microannulus,
marked by point ‘c’. However, as the temperature gradually builds up the
microannulus fully closes. The resumption of injection reopens the
microannulus to 60 pm again. The microannulus can also be inflated or
deflated by the pressure of the leaking fluid during the water injection.
This effect is ignored in this work, implying that the water pressure near
the wellbore will not increase significantly. Therefore, the microannulus
size reported in Fig. 9 may be underestimated. The pressure dependence
of the microannuli size will be covered in part II of this paper.
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Production well

Fig. 10 presents the cement interface stresses and pore pressure for
the production well, immediately after cement placement. The results
are at a depth of 1200 m for the cement sheath behind the surface cas-
ing. The formation pore pressure at this depth is expected to be 12 MPa.
The results show that both cement interfaces lose some level of stress
initially as the cement’s pore pressure drops to zero. Similar to the in-
jection well, the outer interface stress drops more than the inner inter-
face (4 MPa versus 1 MPa). The stresses rebound as the temperature
increases due to the heat of hydration. As drilling continues, the stresses
drop again due to the cooling from the mud circulation. The stresses
remain in the compressive region throughout this period with the inner
interface at 4 MPa (effective stress) and the outer interface at 2 MPa.
This indicates no debonding due to hydration and drilling of the surface
casing.

The surface casing of the producer is exposed to a hot fluid during its
operation. The increase in temperature in the vicinity of the well ex-
pands the casing and cement and increases the interface stresses.
Therefore, debonding is not expected due to the production of hot fluids.
Fig. 11 presents the change in fluid temperature and contact stress at the
formation/cement interface. The interface stress drops to 2 MPa during
the subsequent drilling operation. As production begins, the stress in-
creases to 5.5 MPa in compression. The pause in production decreases
the interface stress to nearly 4 MPa. The interface stress always remains
compressive which indicates a low likelihood of debonding during the
operation of the production well.

Discussion
Impact of water availability

Hydration reactions in cement lead to consumption of water,
depositing solid products. Initially, the cement behaves as a slurry due to
a high water to solids ratio. At this stage, fluid pressure and stress are
equal until the percolation threshold is reached. In reality, cement forms
gel strength even before the percolation threshold and the hydrostatic
pressure drops due to friction as well. However, the drop was not
considered in this work and the percolation threshold was modelled as
an instant instead of a gradual strength development. After the perco-
lation threshold, cement behaves like a poroelastic material. The pore
pressure drop in cement results in a drop in its stress. In this work, we
have shown that the stress change in cement can be modelled using the
theory of poroelasticity, considering the hydration reactions and the
gradual increase in the stiffness in cement. The input parameters in the
model (hydration degree, elasto-plastic mechanical properties, phase
shrinkage, and heat of hydration) are taken from independent lab
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Fig. 10. Cement interface stresses and pore pressure for the production well at
early times.
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Fig. 11. contact stress and fluid temperature during the operational stage of the
production well.

measurements which increases the confidence in the results.

The decrease in cement’s total radial stress at interfaces increases the
likelihood of debonding. Debonding occurs when the effective radial
stress (total stress minus the pressure at the interface, which is assumed
to be equal to the formation pore pressure in this work) at either
interface becomes tensile and overcomes the bond strength. Effective
stress is defined as total stress minus the fluid pressure. Fluid pressure
can be supplied from the formation in contact with the cement, or from
the high-pressure zones below. Disking cracks are common in a cement
sheath which exposes the inner and outer interfaces to fluid pressure.
Therefore, the decrease in total stress due to pore pressure drop in the
cement matrix increases the likelihood of debonding. This explains why
in some cases even the best cementing practices lead to a poor cement/
casing bond according to sonic measurements.

When cement is placed against sealing formations, the external
presence of water is limited during curing and therefore significant
pressure drop is expected. However, against highly permeable forma-
tions the water encroachment can limit the pore pressure drop in
cement. Zhang et al.” conducted lab experiments on cement plugs in
contact with water on their outer surface. Their results indicate a pres-
sure drop to 70 % of initial value for a 5 cm thick cement sheath after
50 h. Their experiment assumes an extremely high formation perme-
ability. An 8 cm thick cement sheath loses all its pore pressure in their
calculations as the cement’s permeability becomes very low. However,
the results clearly show that the pore pressure may not go to zero in
some cases which should help maintain the stress levels in cement, all
else being equal. In most cases, the sealing performance of cement is of
interest against low permeability formations, such as a caprock. Such
formations likely will not supply enough water to the cement sheath to
maintain its pore pressure, at least in the short term. Therefore, the
cement stress evolution in the absence of water is the more pressing
question.

Axial boundary condition

The model in this work assumes zero displacement at the top and
bottom surfaces of cement (plane strain). This is different from the
constant pressure boundary condition in the experiments conducted by
Meng et al.>>. When the cement is placed in the annulus, the top of
cement is exposed to fluid pressure. Therefore, the constant pressure
boundary condition is reasonable at the top of the cement sheath. The
cement sheath is typically several hundreds of meters long, with two
interfaces against the casing and the formation. As the cement develops
strength, the friction forces on both interfaces of cement limit axial
movement of the cement sheath. This limits the reach of the constant
pressure boundary condition to the very top of the cement sheath. We
have investigated the boundary condition using 3D models previously
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(not shown here). The results indicate that the constant pressure
boundary is only applicable to the top few meters of the cement sheath.
The majority of the cement sheath experiences approximately a plane
strain boundary condition. This exacerbates the stress drop observed in
the?>% data as the top pressure in their small-scale experiments helps
maintain a higher radial stress. As the cement’s pore pressure drops, the
material tends to pull away from all interfaces (including the axial). The
plane strain condition in the axial direction means no displacement or
sliding in the axial direction. This leads to tensile stresses (due to pore
pressure drop) in the axial direction which is released by disking cracks®,
which are commonly observed in large scale tests''**,

Formation stiffness

Fig. 10 presents the cement interface stresses and pore pressure for
the production well. The results are at a depth of 1200 m for the cement
sheath behind the surface casing. The formation at this depth is less stiff,
with Young’s modulus of 10 GPa, compared to 16 GPa at the depth of
2000 m (for the injection well). The cement’s pore pressure drops to
zero from an initial pressure of 19 MPa. This leads to a stress drop of 1
and 4 MPa at the inner and outer cement interface, respectively. The
surface casing is cemented to the surface, as opposed to the production
liner. This leads to a higher initial pressure difference between the slurry
and formation fluid for the surface casing. This apparent increase in
effective stress leads to a higher initial effective stress at the formation/
cement interface. As the cement pore pressure drops to zero, the stresses
at both of cement’s interfaces drop. However, at the base of the surface
casing the stresses remain compressive. This reduces the likelihood of
microannulus formation due to hydration shrinkage and the subsequent
operations. The softer formation at this depth also contributes to a
higher level of stress retainment.

Fig. 12 compares the results of the same analysis as in Fig. 10 with a
formation Young’s modulus of 3.5 instead of 10 GPa. The decline in the
formation/cement interface stress is only 2 MPa, compared to a 4 MPa
decline in interface stress with a stiffer 10 GPa formation. These results
indicate that the cement will retain more of its initial stress if the for-
mation is softer. The lower stiffness in the formation accommodates the
cement shrinkage by radial displacement. This reduces the level of stress
drop at cement interfaces.

Inner versus outer microannulus

Cement can debond on the inner or outer interface. There may be
some differences between the consequences of either interface
debonding. The outer microannulus is not easily identified in logs and
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may go undetected. Modelling provides insights as to which interface is
more likely to fail. Overall, the outer microannulus has a higher likeli-
hood of failing as it loses more stress during hydration. However, there is
an intricate balance of factors that may lead to different outcomes. One
such factor is the formation bond strength. Cement will likely bond well
with permeable formations due to fluid exchange with formations such
as carbonates or sandstones. This means that regardless of the higher
stress drop, the formation interface can withstand higher tensile stresses.
Meanwhile, class G cement does not bond well to the casing. Therefore,
the casing interface may debond before the bond strength to the for-
mation is overcome. In addition, casing pressure is typically lowered
after cement placement or during production. This can shrink the casing
and drop the stress at the casing/cement interface. Cement may not
bond as well to sealing formations such as shales. This means an outer
microannulus is more likely against such formations. This means that
CBL data may show a debonded cement against sandstones while
showing a seemingly good bond against shales while an outer micro-
annulus is present. It should be noted that only one of the interfaces will
likely remain open as the fluids will flow towards the path of least
resistance and higher pressure in one microannulus will close the other.

Another confounding factor is formation creep. Shale and salt for-
mations are known to creep at different rates. This means that over the
long term these formations may close the microannulus and restore the
radial stress in cement. The creep rates and the ultimate stress should be
confirmed in the lab at in-situ temperatures. This may allow for higher
injection pressures in case of storage reservoirs.

The opening of an outer microannulus in the present geothermal well
leads to an open leakage pathway during the injection phase. Since the
injection occurs in an aquifer, there is no risk of gas leakage through the
microannulus. The water pressure around the well may rise during in-
jection. This pressure increase may lead to upwards flow of water
through the microannulus. However, the higher density and viscosity of
water compared to gas means a relatively low leakage rate. A risk
assessment on the on the consequence of water leakage along the
wellbore is prudent. The estimation of well leakage through the
microannulus will be covered in part II of this paper.

Heat of hydration

In this work, we included the impact of heat of hydration in the
analysis. Heat of hydration leads to an accelerated increase of cement
temperature as it cures. Fig. 13 presents a comparison of results for the
injector well with and without the heat of hydration. Fig. 13b shows the
cement temperature and microannulus size at early times. The temper-
ature profile after cement placement is higher if heat of hydration is
considered. Drilling is resumed at the 48 h mark which drops the tem-
perature due to mud cooling. In the case with heat of hydration, tem-
perature reaches 72 C and drops to 51 C due to drilling. If heat of
hydration is ignored, temperature drops from 65 C to 50 C. This means
that the realistic temperature drop in cement is higher due to drilling
and ignoring the heat of hydration underestimates the risk of micro-
annuli development. Fig. 13a shows the cement interface stresses. If heat
of hydration is considered, cement stresses rebound initially due to the
temperature increase. However, as drilling resumes at the 48 h mark,
the stress drop at cement interfaces is more significant for the case with
heat of hydration. This is due to a higher temperature drop due to mud
circulation. This confirms that neglecting the heat of hydration leads to
the underestimation of microannuli likelihood and size after cement
placement.

While the hot fluid production does not open a microannulus, the
increase in cement stress may lead to shear or fatigue failure. Fig. 15
presents the stress path at the inner side of the cement for the producer.
Similar to the injector well, during hydration both the deviatoric stress
and effective mean pressure increase in this case to 9 and 12 MPa,
respectively. The increase in temperature and the pause and resumption
of production cycles the deviatoric stress in a range that remains inside
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the yield envelope. Therefore, the likelihood of shear failure is low.
Cyclical accumulation of plastic strain can occur. However, the failure
should be dilatative to be of concern for leakage. The stress paths pre-
sented here can be used to plan more representative cyclical loading
tests. Typically, these tests are done in a triaxial apparatus by cycling the
axial load. However, the stress path in those tests mimics only the hy-
dration segment of the paths shown in Fig. 14 and Fig. 15.

Cement failure

In addition to debonding, cement may undergo shear failure, tensile
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Fig. 15. The stress path in the g-p space at the inner and outer interface of
cement for the producer well.

cracking, and cyclical damage. The impact of cyclical loads on cement is
of interest as we expect a long operational life from geothermal wells.
During their lifetime, there could be many instances of pause and
resumption of injection which could expose cement to cyclical stress.
Fig. 14 presents the stress path of cement for the injection well during
the hydration and operational period. The stress in cement varies with
the location in the cement sheath at a particular depth. We have plotted
the stress at the inner surface of cement at the azimuth of 0° in the plane
of the well. We observe that the stresses are generally slightly higher at
the inner interface between the cement and casing. The stress paths are
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plotted in the g-p space where q is the deviatoric stress (y-axis) and p is
the effective mean pressure (x-axis). Immediately after cement place-
ment, both the mean effective and deviatoric stresses are equal to zero.
As hydration progresses and pore pressure drops the values increase
linearly as indicated in Fig. 14. This continues until pore pressure rea-
ches zero. For the inner cement this leads to an effective mean pressure
of 10 MPa and a deviatoric stress of 15 MPa. The rest of the stress path is
dominated by the impact of drilling, completion, and cold fluid
injection.

Fig. 14 also illustrates the Modified Cam-Clay yield envelope and
critical state line as reported by Soustelle et al.*!. The cement stress path
surpasses the yield envelope during the operations which means plastic
strains will be accumulated in cement. However, the failure is on the wet
side of the envelope (right side of the critical state line) which indicates a
ductile failure. Under these conditions the cement failure compresses the
matrix further and reduces the permeability. According to the MCC
theory, failure on the dry side of the envelope (left of the critical state
line) will lead to brittle failure and fracture development. The MCC
plasticity is deemed to be more suitable and representative of cement
rather than Mohr-Coulomb failure criteria that is typically used*>°.

Repetitive temperature cycles may lead to further accumulation of
plastic strains. However, as shown by Soustelle et al.*!, the subsequent
cycles accumulate smaller amounts of strain. In addition, the cycles
continue to compress the cement further if the failure is not dilatative.
Therefore, under the mild stress conditions for the present case study,
we do not deem the cyclical damage to be significant. It should be noted
that the yield envelope shown in Fig. 14 is for cement at room tem-
perature while the stress path is at 80 C. Therefore, experiments at
higher temperatures are needed to improve the confidence in this
assessment.

While the hot fluid production does not open a microannulus, the
increase in cement stress may lead to shear or fatigue failure. Fig. 15
presents the stress path at the inner side of the cement for the producer.
Similar to the injector well, during hydration both the deviatoric stress
and effective mean pressure increase in this case to 9 and 12 MPa,
respectively. The increase in temperature and the pause and resumption
of production cycles the deviatoric stress in a range that remains inside
the yield envelope. Therefore, the likelihood of shear failure is low.
Cyclical accumulation of plastic strain can occur. However, the failure
should be dilatative to be of concern for leakage. The stress paths pre-
sented here can be used to plan more representative cyclical loading
tests. Typically, these tests are done in a triaxial apparatus by cycling the
axial load. However, the stress path in those tests mimics only the hy-
dration segment of the paths shown in Fig. 14 and Fig. 15.

Cement stress evolution

The initial state of stress in cement depends on a complex set of
parameters. Estimating the stress is required to calculate the size of the
microannuli and the potential resulting leakage risk in wells. The
following is a summary of the insights from the present study:

Slurry pressure: Higher slurry pressure increases the initial level of
cement stress before the percolation threshold. This increases the ulti-
mate remaining stress after the pore pressure drop in cement. Therefore,
a higher slurry pressure should improve the cement’s sealing perfor-
mance, all else being equal.

Cement and formation mechanical properties: The stress drop in
cement is mainly due to the pore pressure loss. The cement matrix will
shrink due to the pore pressure drop. A softer cement matrix reduces the
level of stress drop. In addition, a less stiff formation (lower Young’s
Modulus) reduces the stress drop in cement by providing more efficient
confinement. A lower formation and cement stiffness should improve
the sealing performance of cement, all else being equal.

Axial boundary condition: It is more likely that most of the cement
sheath experiences a plane strain boundary condition as opposed to a
constant pressure boundary. This has implications on the stress drop
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levels due to hydration and experiments and modelling should reflect
that.

Water availability: An external water source can help maintain
cement’s pore pressure and contain stress drop. Highly permeable for-
mations may be able to provide that. However, the sealing performance
of cement is of interest against the sealing formations not against
permeable formations. Therefore, the critical elements of the cement
sheath likely lose their pore pressure, at least initially. Over the long
term, the pore pressure in cement may rebound. However, the cement
matrix may not expand as much as the hydrated cement is much stiffer
than the young cement.

Conclusions

In this paper, we outline a methodology to incorporate cement’s
hydration reactions in a staged finite element well integrity model. This
method allows for a more accurate estimation of the initial cement
stresses immediately after curing. Cement interface stresses determine
the likelihood of debonding which can lead to well leakage. The meth-
odology considers cement’s hydration rate, evolution of the mechanical
properties, and chemical shrinkage. The input parameters are all inde-
pendently measured in different experimental studies from the litera-
ture. The model predictions of pore pressure, radial stress, and bulk
shrinkage are verified by comparing them with lab experiments from the
literature.

A case study is presented based on a geothermal doublet in the
Netherlands. The analysis is conducted for the production liner of the
injection well and the surface casing of the production well. The results
at the bottom of the liner show high likelihood of debonding due to the
injection of cold fluids and hydration shrinkage. The aperture of the
resulting outer microannulus is expected to be 60 um. The surface casing
shows more resilience to debonding as stresses remain compressive. The
heat of hydration increases the cement temperature which could lead to
a more detrimental impact of subsequent drilling operations. The stress
path of cement is presented which can be used in future experimental
studies to assess the potential cyclical damage. A softer formation and
higher slurry pressure either due to a heavier or longer cement column
can improve the initial stress of cement. This analysis can be conducted
at several points along a well to determine the risk of debonding and
leakage. The modelling study provided in this work allows for quanti-
tative assessment of cement’s sealing performance along a well. The part
II of this work will focus on estimating potential leakage rates based on
the modelling outlined here.
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