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ABSTRACT

Cement sheath, placed between casing and formation, is an important barrier to provide a hydraulic seal and establish zonal isolation,
preventing fluid communication in the wellbore. In geothermal wells, the temperature at the bottom hole is high. Thermal stress induced by
temperature is one of the major considerations to trigger failure in the cement sheath. In this study, a numerical model was created based on
the FORGE geothermal well in Utah to investigate the effect of casing pressure, temperature and thermal related parameters on cement
integrity of casing-cement-formation systems. To achieve the object, a 3D finite element numerical model consisting of casing-cement-
formation was developed. The model assumed that the cement-casing and cement-formation interfaces are bonded. Maximum and
minimum horizontal stresses from FORGE geothermal well drilling reports were applied as far-field tectonic stresses. Elastic modulus and
mechanical strength used in the model were obtained through laboratory measurements and research literature. Cylindrical mechanical
stresses in the cement (i.e. radial and hoop stress) were analyzed against respective limiting strength to identify failure modes of cement.
Sensitivity analysis was conducted to understand the effect of cement properties (i.e. expansion coefficient and conductivity), temperature
difference between casing and formation (AT), and casing pressure on cement integrity.

Results from sensitivity analysis revealed that for similar percentage change, temperature difference could have more influence on
cement integrity compared to wellbore pressure. For the same differential temperature (AT) between the wellbore and formation, heat
transfer from formation to pipe (temperature of pipe is less than formation) is more detrimental to cement integrity than the opposite
scenario (temperature of pipe is higher than formation). In the case of heat flow away from the wellbore, hoop stress in cement is mainly
dependent on temperature difference while radial stress is primarily dependent on temperature difference as well as wellbore pressure. In
the case of heat flow towards the wellbore, radial stress in the cement is primarily a function of temperature difference and wellbore
pressure. Hoop stress on the other hand, is mainly dependent on temperature difference and cement’s thermal expansion coefficient. This
paper adds novel information to research literature by presenting sensitivity of cement mechanical stresses to thermal parameters. Outcome
generated from this work would be applicable to both injection and production wells in geothermal applications. Better understanding of
influence of thermal parameters will help improve the cement design and structural integrity.

1. INTRODUCTION

With the depletion of conventional wells, well integrity is increasing becoming a challenging problem. An intact cement sheath
between casing and reservoir, because of the extremely low permeability, is an important barrier to maintain zonal isolation and prevent
formation fluid flow to an unintended area (Wang and Taleghani 2014, Kimanzi et al. 2019). Based on Schrepper (2015), six common
failure modes of cement are shown in Figure 1. A worldwide study has shown that more than 380,000 wells from Canada, China,
Netherlands, Offshore Norway, UK, and US encountered wellbore integrity issues (Davies et al. 2014). A 2015 survey on technological
knowledge gaps for high-pressure and high-temperature (HPHT) oil and gas activity showed that cement design has more research gaps
than others (Oil & Gas iQ, 2015). The study estimated that cement failure is one of the mainly reason to trigger well control loss (Figure
2).

Because geothermal well is one of the common component of high-temperature wells, the wellbore temperature is an important factor
to induce the failure of the cement sheath. Based on the definition of NORSOR D-010 (2004), the temperature of high-temperature wells is
typically above 150°C. Different from oil and gas wells, geothermal well does not generate any revenue until the nearby facilities such as
power plant and electric grid have been constructed. Thus the long-term of integrity maintenance is significantly important for geothermal
wells. High differential temperature in the system is a significant reason to induce cement failure (Okech et al. 2015). Expansion or
shrinkage of cement caused by the difference of temperature between casing and reservoir can induce differential stress in the system and
consequently trigger failure (Therond et al. 2016). Berndt and Philippacopoulos (2002) found that the cement with high tensile strength has
the better sealability in geothermal wells. Compressive strength (Reddy et al. 2005) and porosity (Kuzielova et al. 2017) are variable with
different curing temperatures. Moreover, cement-rock interactions are more active in the high temperature environment (Silva and
Milestone 2018a and 2018b). Santoyo et al. (2001) and Song et al. (2019) tested thermal conductivity of six Mexican cementing systems
and found empirical equations for correlating thermal conductivity with temperature of geothermal cement. Based on their experiments,
thermal conduction decreases gradually with the rising temperature. In addition, Zhang and Wang (2017) used experiments to observed that
thermal expansion in the cement sheath induced by expansion coefficient significant affects the wellbore integrity.

Not only thermal related properties, mechanical features are the other significant factors to contribute the failure of the cement sheath.
Philippacopoulos and Berndt (2002) developed an analytical model to show that state of stress in the cement is sensitive to tectonic stresses
and the relative stiffness between cement and formation. Hossain and Amro (2010) tested several cases and reported that differential
pressure inducing from the difference between casing pressure and tectonic stresses increased the risk of cement failure. Nygaard et al.
(2014) conducted a numerical simulation to study the effect of mechanical properties including Young’s modulus and Poisson’s ratio.
Variable internal casing pressures and far-field tectonic stresses was applied as the boundary conditions. Based on the sensitivity analysis,
high Young’s modulus and high Poisson’s ratio had benefits to maintain cement integrity (Also in agreement with Wu et al. 2020). In
addition, the model also quantified that under the thermal cooling condition, it would be easier to induce the failure of debonding by
decreasing the compressive mechanical stresses near the wellbore. Bios et al. (2011 and 2012) studied the effect of stiffness ratio of cement
to formation on cement failure. The results showed that with decreasing temperature, the risk of casing-cement and cement-formation
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debonding was high when formation was stiffer than cement. The risk of casing-cement interface debonding was more severe when cement
coefficient of thermal dilation was small and cement was stiffer than formation. For a decreasing pore pressure environment, casing-cement
and cement-formation bond failed when formation was stiffer than cement. Casing-cement debonding occurred when low cement Boit’s
coefficient was applied and cement was stiffer than formation.

(a) Circumferential cracking  (b) Axial cracking

(c) Mode-I debonding (d) Mode-Il debonding

{c) Shear Failure () Cement crushing

Figure 1: Six common failure modes of cement (Schrepper 2015)
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Figure 2: The reason of barrier failure during a) drilling operation and b) production in total 156 loss of well control events occurred
between 2000 and 2015.

The geothermal wells are circulation system consisting both injection and production. Heat transfers from wellbore to reservoir in the
production wells and in opposite direction in the injection wells. Although many previous researches have already studied the cement
failure in heterogeneous temperature distribution, most of them are focused on one heat flow direction, either heat transfers from formation
to casing or in opposite direction. The comparison of two differential temperature patterns was not understood. The specific objectives of
this study were to: (i) compare the stress distribution in casing-cement-formation system under both differential temperature patterns or
heat flow directions, (ii) assess influence of thermal parameters, other important material properties and operational factors that affect
performance of cement. In this study, a verified 2D numerical model was created based on finite element analysis (FEA) method. The
casing-cement sheath-formation system was simulated with two differential temperature modes, heat transfers from formation to casing (Ti
< Tf) and opposite scenario (Ti > Tf). In each case, the failure location and likely mode were presented. Sensitivity response curves have
been employed to rank and identify the influence of several parameters (i.e. thermal conductivity, expansion coefficient, differential
temperature, internal casing pressure, Young’s modulus, Poisson’s ratio, and stress ratio).
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2. METHODOLOGY

A two-dimension finite element model consisting of casing, cement, and formation was conducted in this study and the schematic is
shown in Figure 3. The cement sheath with inner diameter (ID) of 7 inch (177.8 mm) and outer diameter (OD) of 8.75 inch (222.25 mm)
was placed between casing and formation. Based on Jaeger et al. (2007), the dimension of formation was ten times of cement to decrease
the boundary effect. Fine mesh was applied. The model was assumed as vertical wells. Tectonic stresses including maximum (oy,.p,,,) and
minimum horizontal stresses (Gy.min) Were applied at the outer boundary of formation. Wellbore pressure (P;) and temperature (T;) were
issued at the inner surface of casing. Reservoir temperature (Tr) was subjected to the outer boundary of the formation. 6 was used to define
the location. It was defined as the angle from maximum horizontal stress (G},.m.x)- For example, 6 equals 0° when the direction is parallel to
Ghmax and 90° when perpendicular to the direction of 6y, ., (Figure 3). The magnitude of boundary conditions such as tectonic stresses
around the wellbore, casing pressure, and temperature are based on the Frontier Observatory for Research in Geothermal Energy (FORGE)
geothermal wellbore in Utah shown in Table 1. The casing-cement and cement-formation surfaces were assumed to be bonded. Because
according to experiment tests, cement is an extremely low permeability material (API states that the proper permeability of oil well cement
should below 200uD) and the purpose of the study was to evaluate structural stresses. Hence, the cement sheath was modelled as a solid
with linear elastic properties and treated as an impermeable material (Wu et al. 2020). The poroelastic effect was not considered in this
study. Table 2 shows the thermal and mechanical properties used in the base case.

' 0h-min
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Figure 3: The schematic of the 2D numerical model with boundary conditions.

Table 1: The properties of FORGE geothermal wellbore (from Moore et al. 2019).

Depth 2300 m (7536 ft)
Maximum horizontal stress gradient 14.0 kPa/m (0.62 psi/ft)
Minimum horizontal stress gradient 17.4 kPa/m (0.77 psi/ft)
Bottom hole temperature 190°C (375°F)

Theoretically, annular cement sheath can be assumed as a thick- or thin-walled cylinder for calculating mechanical stresses under
variable loadings. To evaluate the structural integrity of the cement sheath, cylindrical stresses in and around the wellbore were utilized.
Cylinder stresses: radial and hoop stress are used to explain different failure modes in the cement sheath. Radial stress is the normal stress
acting toward or away from the central axis of a cylinder. Hoop stress is defined as a normal stress in the tangential direction. In this study,
the samples were tested in lab conditions. Therefore, in-situ stresses were not considered as a factor in failure criteria. The details of the
failure criteria are shown in Appendix A.
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Table 2: Material properties for the base case.

Model Component Parameter Base Value
Young’s modulus, E (GPa) 200
Poisson’s ratio, vy 0.30
Steel casing
Thermal expansion coefficient, o (10°%/K) 11.43
Thermal conductivity, K (W/m-K) 45
Young’s modulus, E (GPa) 12.5
Poisson’s ratio, v 0.34
Cement sheath
Thermal expansion coefficient, o (10°/K) 9.4
Thermal conductivity, K (W/m-K) 0.30
Young’s modulus, E¢ (GPa) 68.9
Poisson’s ratio, v¢ 0.26
Formation
Thermal expansion coefficient, o (10/K) 8.0
Thermal conductivity, K¢ (W/m-K) 2.90

*Cement and formation properties were cited from Kimanzi et al. 2019 and
Moore et al. 2019 respectively.

3. ANALYTICAL VERIFICATION

The analytical calculations were utilized for the verification of the numerical model (Li et al. 2010). Similar to FEA model, all
interfacial connections were treated as bonded surfaces. The steel casing, cement sheath, and rock formation in the model were considered
as thermos-linear elastic materials. There is no defect and the system is axisymmetric.

The model couples thermal and non-uniform in-situ stresses field together, it can be separated into two parts: the model imposed by (i)
uniform inner and outer pressure with thermal effects and (i) non-uniform outer pressure. The details of the derivation are shown in
Appendix B. Because the derivation of radial (o,) and hoop (oy) stresses has been published earlier (Li et al. 2010), in this study the
procedure will not be repeated.

To complete the model verification, the internal casing temperature (T;) and reservoir temperature (T;) were selected to be 75°C and
190°C respectively. 10 MPa of casing pressure (P;), 40 MPa of maximum horizontal stress (Gj.may) and 32 MPa (G},_;,) of minimum
horizontal stress were applied in the model as boundary conditions. Two horizontal stresses were calculated based on the stress gradient of
FORGE geothermal wellbore database as shown in Table 1. Table 2 presented the details of material properties used in the validation. The
casing, cement, and formation properties were all come from experiments and measurements (Kimanzi et al. 2019; Moore et al. 2019).
Analytical results were calculated from the equations in Appendix B and compared with simulated radial and hoop stress in the cement
sheath. The comparison is graphically presented in Figure 4. The results show that when casing temperature is less than formation (T; < Ty),
the deviation of FE simulation from analytical calculation is less than 7% (Figure 3a presents radial stress and Figure 3b presents hoop
stress). When heat flows in an opposite direction, the deviation is less than 4% (Figure 3¢ presents radial stress and Figure 3d presents
hoop stress). Based on the comparison, finite element model predictions match reasonably with the analytical calculations in both two heat
flowing directions.
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Figure 4: The comparison of radial and hoop stress at casing-cement and cement-formation interface between analytical and simulating
results: a) radial and b) hoop stress distribution when heat flow toward casing; c) radial and b) hoop stress distribution eh heat flow away
casing.

4. FAILURE ANALYSIS

In this section, two heat transferring patterns were tested. Three kinds of variables, thermal, mechanical, and operational properties,
were tested individually in the study. By comparing these kinds of variables, the most affecting parameter could be found. Table 3 is the
list of variables investigated. The thermal properties involve thermal conductivity and expansion coefficient. Thermal conductivity
represents the effect of temperature distribution on cement failure. Thermal expansion coefficient scales the thermal strain of material and
the induced thermal stress if the thermal deformation is restraint (Zeng et al. 2012). Changing the coefficients results in different stress
distribution and consequently different failure modes. The mechanical properties contain Young’s modulus and Poisson’s ratio. Internal
casing pressure is one of the major load in a wellbore. The increment of the internal casing pressure happens during positive pressure tests,
formation integrity tests, increased mud weight, and hydraulic fracture. The reduction of casing pressure occurs in the event of loss
circulation or influx of lighter formation fluid (Patel and Salehi, 2019). Lithological properties are represented in terms of tectonic stress
ratio (NR). Tectonic stress ratio is mainly depended on lithology. It is defined as the ratio of maximum and minimum horizontal stress
(horizontal stress ratio = Zi=max.

Oh—min

Table 3: The studied parameters for sensitivity response analysis

Parameter Base Value Sensitivity Analysis Value
Young’s modulus (GPa) 12.5 5(0.4), 10 (0.8), 12.5 (1.0), 20 (1.6), 35 (2.8)
Poisson’s ratio 0.34 0.20 (0.59), 0.25 (0.74), 0.34 (1.0), 0.45 (1.32)

Horizontal stress ratio 1.25 1.00 (0.80), 1.25 (1.0), 2.00 (1.60), 2.50 (2.0)
Thermal conductivity of cement (W/m<K) 0.3 0.2 (0.67), 0.3 (1.0), 0.5 (1.67), 1.0 (3.33)
Expansion coefficient of cement (10°/K) 9.4 7.0 (0.74), 8.0 (0.85),9.4 (1.0), 11.0 (1.17), 12.0 (1.28)

Differential temperature (1°C|) 115 0 (0), 40 (0.35), 65 (0.57), 90 (0.78), 115 (1.0), 140 (1.22)
Casing pressure (MPa) 10 0(0), 5(0.5),10 (1.0), 15 (1.5), 20 (2)

* The temperature difference (AT) for conductivity, expansion coefficient, Young’s modulus, Poisson’s ratio, stress ratio and
casing pressure cases is 115°C.

** Numbers inside parenthesis are normalized values of parameters.
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The sensitivity response curve was used to compare the impact of different parameters on the cylindrical stresses in a single plot. The
analysis ignored the effect of temperature on the material properties. Each variable was changed individually while keeping the other

variables constant. To make the properties comparable, the normalized parameter value was used (Patel and Salehi 2019). It is calculated

e . . arameter value ss s
by dividing the value of parameter in each case by the base case value (normalized parameter = pbasemm). The sensitivity

response curves are expressed by the relationship between the outcome values (radial and hoop stress) and normalized parameters. Radial
and hoop stress along cement thickness at 0° and 90° directions for different temperatures have been illustrated in Appendix C. The
results show that the highest magnitude of stresses and consequently high risk of integrity loss is at the cement-casing interface of the
cement sheath. Authors has also tested the cases with the other variates (Young’s modulus, Poisson’s ratio, thermal conductivity, expansion
coefficient, temperature, and casing pressure). All cases in agreement with the same regularity as shown in Appendix C. Therefore, in
order to simplify the comparison, sensitivity response analysis is only presented at the casing-cement interface.

4.1. Heat Flow from Formation to Casing (AT < 0)

Heat flow transferring from formation to casing is representative of injection wells. Especially in the geothermal wellbore, cold fluid
is injected to the high temperature reservoir, with increasing depth, the temperature difference tends to higher than shallow depth. Figure 5
and Figure 6 illustrate the cylindrical stresses in the casing-cement interface at both 0° and 90° when AT < 0.

4.1.1. Radial stress

For the radial stresses in 0° and 90° (Figure 5), differential temperature is the most sensitive parameter followed by internal casing
pressure and horizontal stress ratio (Table 3). The other parameters such as thermal conductivity, expansion coefficient, Young’s modulus
and Poisson’s ratio do not exert notable influence on the radial stress. Increase in casing pressure increases the compressive nature and
magnitude of radial stress. On the other hand, increase in differential temperature and horizontal stress ratio reduces radial stress and make
them more tensile. The tensile stress at 0° (Figure 5a) is larger than at 90° (Figure 5b).
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Figure 5: Radial stress in the casing-cement interface when heat transfers from formation to casing (AT < 0) a) at 0° and b) at 90°.

4.1.2. Hoop stress

For the hoop stresses (Figure 6), thermal expansion coefficient is the most critical parameter followed by differential temperature,
horizontal stress ratio, and Young’s modulus (Table 3). Increase in temperature difference, horizontal stress ratio, and thermal expansion
coefficient tend to reduce the hoop stress and make it more tensile. In general, hoop stress at 90° direction has higher magnitude than along
0°.

The comparison shows that the debonding and radial fracture at casing-cement interface in 0° is the most possible failure mode. For
both cylindrical stresses (radial and hoop), differential temperature, and horizontal in-situ stress are the critical parameters. For hoop stress,
thermal expansion coefficient is also highly influential variable.
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Figure 6: Hoop stress in the casing-cement interface when heat transfers from formation to casing (AT < 0) a) at 0° and b) at 90°.

4.2. Heat Flow from Casing to Formation (AT > 0)

Casing temperature larger than formation temperature is a likely scenario in production wells wherein high temperature geothermal
fluid is produced. Especially against shallow depth, where the temperature of rock formation is relatively low. Figure 7 and Figure 8
illustrate the cylindrical stress in the casing-cement interface at both 0° and 90° when AT > 0. The stresses are predominantly compressive.

4.2.1. Radial stress

For the radial stress (Figure 7), the effect of the variates in parallel and perpendicular directions are similar. The magnitudes of
compression in perpendicular direction (i.e. 90°) are larger than parallel (i.e. 0°). The most sensitive parameter to the radial stress is the
differential temperature followed by internal casing pressure, Young’s modulus, and stress ratio (details are shown in Table 4). Young’s
modulus and stress ratio are more sensitive at low magnitudes compared to higher magnitudes. High differential temperature, casing
pressure, Young’s modulus and low stress ratio results in sufficient compressive stress to exceed the limitation of cement strength. It would

increase the risk of cement crushing.
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Figure 7: Radial stress in the casing-cement interface when heat transfers from casing to formation (AT > 0) a) at 0° and b) at 90°.

4.2.2. Hoop stress

For the hoop stress (Figure 8), stress has the largest sensitivity to change in Young’s modulus. The other parameters, such as
Poisson’s ratio, differential temperature, and stress ratio also induce notable change (details are shown in Table 4). Same as radial stress,
the compressive stress in perpendicular direction is slightly larger than parallel. Increasing Young’s modulus, differential temperature, and
Poisson’s ratio result in higher compressive hoop stress. Contrary to this, increase in stress ratio reduces compressive nature of hoop stress

and pushes it towards tensile.
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Figure 8: Hoop stress in the casing-cement interface when heat transfers from casing to formation (AT > 0) a) at 0° and b) at 90°.

Table 4: The comparison of mechanical stresses sensitivity to various parameters.

Direction Radial stress (o0,) Hoop stress (oy)
AT <0
. AT >Pi> Ny a>AT>Nr>E
0 (a0, K, E, and v are not sensitive) (K, v, and Pi are not sensitive)
5 AT >Pi> Ny a>AT>Nr>E
& (a0, K, E, and v are not sensitive) (K, v, and Pi are not sensitive)
AT >0
. AT >Pi>E >Ny E>v>AT >Ny
0 (K, a, and v are not sensitive) (K, Pi, and o are not sensitive)
00° AT>Pi>E >Ny E>v>AT>Ny
(K, 0, and v are not sensitive) (K, Pi, and a are not sensitive)

The comparison of two directions under the condition of AT > 0 shows that the cement crushing (compressive failure) in the casing-
cement interface at 90° is the most likely failure mode compared to the tensile failures.

5. CONCLUSION

This study investigates integrity of cement bonded between casing and formation under the influence of thermal stresses. An
analytical model is used to generate theoretical values of stresses to verify 2D finite element model of the casing-cement-formation system.
Finite element simulations show a good match with analytical model of radial and hoop stress. The deviation between FEA and analytical
calculations for both heat flow directions (AT > 0 and AT < 0) is less than 7%. Various scenarios are simulated to study the influence of
temperature difference, thermal conductivity, and thermal expansion coefficients, on stresses in cement. Sensitivity analysis has been
presented to show the influence of thermal factors relative to other important parameters like casing pressure, cement material properties,
and in-situ geo-mechanical stresses. Following points are concluded from the study that help improve understanding of cement failure:

When heat transfer from casing to formation (AT > 0) with large temperature difference, the risk of cement crushing near casing-

cement interface at 90° is high. When heat transfer in the opposite direction, radial fracture near casing-cement interface at 0° is

the likely failure model.

Stress distributions in wellbore were investigated for various simulation cases. It was observed that magnitude of radial and hoop

stress and consequently the risk of failure is higher at the cement-casing interface compared to other locations within wellbore.

Along casing-cement interface, risk of failure is high in directions parallel (0°) and perpendicular (90°) to maximum horizontal

in-situ stress.

For the range of parameters investigated, scenarios with heat transfer away from the wellbore exhibited higher magnitude of

stresses than cases with heat transfer towards wellbore.

Sensitivity analysis indicates that regardless of the direction of heat transfer, radial and hoop stress in cement have higher

sensitivity to temperature changes compared to pressure load.

Regardless of direction of heat transfer, radial stress in cement has high sensitivity to both temperature difference, and pressure

load. Thermal conductivity and expansion coefficient has no significant influences.

For hoop stress, temperature difference has high impact but pressure load does not have high influence while for radial stress
8
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both two parameters are significant to evaluate cement failure. Thermal conductivity is not important and thermal expansion
coefficient is influential only for heat transfer direction towards wellbore.
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NOMENCLATURE
Acronyms:
API American Petroleum Institute
FEA Finite element analysis
FORGE Frontier Observatory for Research in Geothermal Energy
1D Inner diameter
OD Outer diameter
Symbols:

a Inner diameter of casing
b Outer diameter of casing
¢ Inner diameter of formation
d outer diameter of formation
r Radial distance from the center of the wellbore
P2 Casing-cement interfacial pressure
P Cement-formation interfacial pressure
Upe, Uy, Upp Total radial displacement in casing, cement, and formation respectively
Upe, Up, Ups Radial displacement induced by uniform pressure in casing, cement, and formation respectively
Urte, U, Urs Radial displacement induced by temperature in casing, cement, and formation respectively
Gics Oy Opf Radial stresses in casing, cement, and formation respectively
Tres Trs Tef Shear stresses in casing, cement, and formation respectively
J,M, K Constant to calculate radial, hoop, and shear stress under non-uniform formation pressure
p} Non-uniform pressure of the formation
T; Casing temperature
T¢ Formation temperature
AT Differential temperature between casing and formation
P; Casing pressure
Nr Tectonic stress ratio
Oh-max Maximum horizontal stress
Ch-min Minimum horizontal stress
0 Angle to the maximum horizontal stress
Cp Hoop stress
o, Radial stress
T, Tensile strength of the cement sheath
C, Compressive strength of the cement sheath
E,, E, E; Young’s modulus of casing, cement, and formation respectively
Vs, V, V¢ Poisson’s ratio of casing, cement, and formation respectively
O, O, OLf Thermal expansion coefficient of casing, cement, and formation respectively
K, K, K¢ Thermal conductivity of casing, cement, and formation respectively
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APPENDIX A: FAILURE CRITERIA

Based on Schrepper (2015), ignoring the in-situ stresses, radial cracking develops when the hoop stress exceeds the tensile strength of
cement sheath (Garnier et al. 2010, Bustgaard and Nesheim 2016, Patel et al. 2019). Compressive failure initiates when the hoop stress
exceeds the compressive strength of cement (Lavrov and Torsaeter 2016):

Circumferential cracking: Oy > T, (tension)
(A1)
Cement crushing: |og| > C, (compression) (A2)

Where oy is the hoop stress. T, and C, are the tensile and compressive strength of the cement sheath, respectively.

Debonding initiates when radial stress at casing-cement or cement-formation interface exceeds the tensile strength of the cement
(Lavrov and Torseater 2016). When radial stress is compressive and the magnitude exceeds the compressive strength of the cement, stress
crushing occurs (Lavrov and Torsaeter 2016).

Radial debonding (mode-I and mode-I1 debonding): o, > T, (tension)

(A3)
Cement crushing: o, | > C, (compression)

(A4)

Where o, is the radial stress. It is important to note that although the compressive strength is more than 10 times of tensile strength in
the cement sheath (De Andrade and Sangesland 2016), the compressive mode of failure is still needed to be evaluated because of potential
compressive loads.
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APPENDIX B: THE DERIVATION OF THE ANALYTICAL MODEL

In this section, the details of the stress in casing-cement-formation system are shown. The non-uniform in-situ stresses field is
separated into two parts, (i) uniform inner and outer pressure with thermal effects and (ii) non-uniform outer pressure. For situation (i),
because of the differential temperature between casing (T;) and reservoir (Ty) the temperature distribution within the cement along the
radial orientation (T) is:

T=T,— (T, —Tf):—g
(B1)
The radial (&), hoop (&g), and axial (g,) strain can be written as:
(er = %[ar —v(gg + 0,)] + aT
&g = %[09 —v(o, +0,)] +aT

Lez = %[UZ —v(o, + gg)] + aT
(B2)

Where E is Young’s modulus, v is Poisson’s ratio, and o is thermal expansion coefficient. Because plane strain theory is applied in the
model, &, is zero.

o, = v(o, + g¢) — EaT
(B3)

Combine Equation B3 with Equation B2:

& = s [(1 —v)o, —vagl + (1 +v)aT
&g = ﬁ [(1=v)ag —va, ]+ (1 +v)aT
(B4)
Then re-write Equation B4 in to Equation B5:
oy = m [(1=v)e, +veg — (1 + v)aT
Og = #[(1 —v)eg +ve, — (1 4+ v)aT

(1+v)(1-2v)
(BS)

Radial and hoop stress need to satisfy the balance equation (Equation B6):

doy

Oy—0¢ _
i
(B6)
Combine Equation B4 and B6 together, the displacement (u) can be calculated by:
[1 d(ru)] 14+vdT
darlr ar 17 1 —-vdr

(B7)

Because of the strain-displacement relationship (Equation BS), strains can be written as:

& = ZI: b — T - —f Trdr) + Ry —
g =%= 1+: 12f Trdr+R1+—
(B8)
According to Equation B5, Equation B8 can be written as:
_[_ 1+v 1 Ry

or =T 1 vr2Jr r2
_E [ 14v1 Rl | Ry 1+v
_1+v[ 1-vr2 T rdr+1—2v+r2 117T

(B9)

In Equation B8 and B9, R; and R, are the integral constant. p, and p; are determined by the displacement boundary conditions
(Equation A10).

{urc|r=b = upclr:b + Urclr=p
Uplr=p = uplr:b +urlr=p
Uplp=c = uplr:c + Urlr=c

Lurf|r=c = upflr:c + qulr:c
(B10)
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The cylindrical stresses near the wellbore in the casing-cement-formation system can be estimated using the following equations
(Equation B11):

b?p,—c?ps _ b*c*(py—ps) 1

Or = c2—p2 c2—p2 r2
__ b%p,—c?p3 | bici(p—ps) 1
O0g = 2_p2 c2_p2 72

(B11)

For situation (ii), the stress induced by non-uniform pressure is analyzed. The Airy stress function (¢) is related to the stress tensor (o)
by:

(0 16(p 1 9%¢
T ror r2 202

%¢
{ % = ar?
6 16(p
\7ro = " or \roe

(B12)
The Airy stress function can be assumed as:
0= (]rz + Krt + % + N) cos26
(B13)

Where J, K, M, and N are the unknown constants and required to be determined. The stresses can be expressed by Equation B12 and
B13:

[ 0r=—2(]+3r—nf+2r—lr)60529
! o = 2(J + 6Kr? + 2 cos26

Ty = 2(J + 3Kr? — 2 — X} sin260
(B14)

The strains are determined by:

2
(o =22 (0, — )
1-
Jge - (06 — 1= 0v)
l 1+v
&ro = Tro
(B15)
Combine Equation B14 and B15 together:
& = Z(HV) [] + 6Kr?v + = + = (1 - v)] cos26

&g = 2(1+v) [] +6(1-— v)Kr + = + —v] cos26

2(1+v)

&g = (] + 3Kr? ——M—ﬁ)sm29

(B16)

. . d . .
Because of the geometric equation, &, = d—: and gg = %, Equation B16 can be written as:

_ Ou,

r 06 T
110u, %_ﬂ]

g9 =<
0~ 5 90 or r

(B17)
So the radial and hoop displacements is derived by the Equation B18:
= 2(1+v) []r +2Kriv — = — —(1 - v)] cos28 + f(6)

ug =22 [] + (3 —20)Kr3 + 42 (217— 1)] sin20 — [ £(8)d6 + g(r)
(B18)

f(6) and g(r) are neglected because the formulations calculate the rigid body displacements which is not considered in this study. So
the Equation B18 is:
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" = — 2(1+v)[] +2Krv____(1—v)]c0529

— 2a+v) _ M N, i
== []r + (3 — 2v)Kr3 +4 =+ (2v 1)] sin26
(B19)
Based on the boundary conditions in Equation B20, 12 equations (Equation B21) are generated to solve J., K, M, N, J, K, M, N, Jg,
Kf, Mf, and Nf:
Op¢c = 0, Troc = 0
Grc = 0r,Trgc = Tro
= Ur,Ugc = Ug
Urf - Urrrrﬂf =Tr0
urf = ur,ugf = Ug
karf = pf'TrBf =15

(B20)
3Mc | 2N
]C a* 7=0
Jo + 3K.a? —%—%=0
Jo+ 3MC ZNC ]+_+_
c
Jo+ 3K.b? — 3“6— =]+ 3Kb% — F—:—Z
Job + 2K, b3v, — ’;’; Z(-v) = ?(i*”i Ub +2Kb%v — -2 =22 (1 - )]
Jeb + (3 = 2v)Kcb? + e + ﬂ(zw -1 = ?(i*”i [/b+ (3 — 217)Kb3 +o 2 v - 1)
jf+3Mf+ =]+ —+—
3My Nf_ 2 3M N
— L= 43Kk2 - =
4 2 4 2
2K My _ 2Ny (4 ‘ )iEf(1+1;) 2Kc3 CM 2N(1 )
Jrc + fcvf___T( —vf —E(1+vf)[]c+ cv——-—0-v)]
My Ny _Ef(l+1]) M N
]fc+(3—2vf)Kfc3+C—3+—(2v _1)_5(1+uf) [Ic+(3—2v)l(c3+c—3+;(2v—1)]
3M 2N oy—0 a? a
]f+_f+_f_HTh(1_ﬁ)(1_3_
3M N -
Jp 3Ky d? =2 - T = IR (1T (1 435
(B21)

The total stress equals to the sum of stresses in situation (i) and (ii).
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APPENDIX C: THE EFFECT OF TEMPERATURE ON RADIAL AND HOOP STRESS

Figure C illustrates the radial and hoop stress distribution along the radius of the cement sheath at 0° and 90°. Tension is observed
along hoop direction at 0° in the casing-cement interface when heat transfer from formation to casing (AT < 0) (Figure C-c). Stresses in
other locations with opposite heat transferring direction (AT > 0) are compressive. For the radial stress, the magnitude in 90° is higher than
0°. Lower differential temperature in AT > 0 condition or higher differential temperature in AT < 0 condition results increasing radial
stress. For the hoop stress, the highest risk of stress exceeding compressive strength occurs in the casing-cement interface at 90° when AT >
0 and differential temperature is high. Radial fracture is the most likely failure mode at 0° of the casing-cement interface with high
differential temperature when AT < 0.
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Figure B: Sensitivity response curve of variable differential temperatures. a) Radial stress at 0° within cement sheath. b) Radial stress
at 90° within cement sheath. ¢) Hoop stress at 0° within cement sheath. d) Hoop stress at 90° within cement sheath.
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