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Abstract

Well integrity is one of the critical concerns when injecting
CO, for EOR projects or carbon sequestration. Thermal
stresses created while injecting cold CO, together with other
mechanical loads can change the near wellbore hoop and
radial stresses. These stress changes can cause de-bonding
between casing-cement-formation and also create potential
leakage path through initiating shear and tensile failures in the
cement or formation.

The objective of this study was to conduct 3D finite
element analysis to detect potential wellbore leakage paths in
injection wells. This study based its well design data from
existing wells in the Wabamun area in Alberta (Canada). The
integrity of existing wells in this area was recently
investigated as part of a CO, sequestration feasibility study led
by University of Calgary.

Cement material properties were determined with rock
mechanical testing including Young’s modulus, Poisson's
ratio, tensile strength and unconfined compressive strength.
Thermal extension, heat capacity and thermal conductivity
were measured on cement mold samples.

Multi-stage simulations for casing-cement and cement-
formation interactions with temperature enabled elements
were conducted. Simulation results indicate that thermal
cooling effect near-wellbore stresses will increase risk of
integrity loss in casing-cement and cement-formation. Risk of
de-bonding and tensile failure will increase with increasing
cement Young’s modulus and Poisson's ratio under dynamic
loading conditions. In addition, having very low mechanical
strength will increase the risk of shear failure in the cement.

Introduction

Wellbore leakage is an identified as a problem for injection
wells [1-3]. An important part of a successful injection project
is to avoid any leakage along the wellbore with a well
executed cement placement in the wellbore annulus. Even
with a good primary cement sheet initially the cement integrity
might change over the life of the well. One area of active
investigation is the fate of cement in CO, injection wells
caused by chemical instability of Portland cement when it is
reacting with CO, [4,5]. The Portland cement will react with
the CO, and increase cement porosity when large volumes of
CO, are present and with the right temperatures over time
[6,7] Another long term effect of CO, injection is that the
injection can impose several stresses on well casing, casing

and cement boundaries and formation. Change in thermal
stresses caused by cooling or heating may damage the
integrity of the wellbore and most likely to the cement
integrity. Cement failure will create new leakage path ways
for gas to flow. In addition, it is costly to perform work-over
operations to squeeze new cements or replace failed casings.

The wellbore can mechanically fail in different modes.
Tensile stresses at the casing-cement interface and the cement-
rock interface will likely cause de-bonding and opening of
fluid pathways at the interface. Tensile stresses inside the
cement or the rock can cause tensile fracturing if the stresses
reach the tensile strength of the material. The tensile strength
of steel is so high that that tensile failure is not likely to occur
in the casing. Shear stresses inside the cement or the rock can
cause shear fractures to form which also can destroy the
integrity of the wellbore and act as leakage pathways.

This paper aims to study integrity of casing, cement, and
rock and also the casing-cement interface and the cement-rock
interface during CO, injection. The cold injection fluid can
cause both reductions in wellbore temperature as well as
higher fluid pressures on the wellbore. Both laboratory
experiments and numerical models are conducted. A finite
element model of a cased well in the injection area was built
to investigate the effect of thermal and pressure loading on
well integrity.

Alberta field study description

Large stationary CO, emitters are located in central Alberta
with cumulative annual emissions in the order of 30 Mt CO,.
This includes four coal-fired power plants in the Wabamun
Lake area, southwest of Edmonton with emissions between 3
to 6 Mt per year. To sequester the emitted CO, locally the
Wabamun Lake area southwest of Edmonton was identified as
a potential site for future large-scale CO, injection [8].
University of Calgary led a comprehensive feasibility study of
large-scale CO, storage opportunities in central Alberta named
the Wabamun Area CO, Sequestration project (WASP) [9].

As part of the WASP study well integrity and wellbore
leakage was investigated. Of the 1000 wells in the study area
only 95 wells penetrated the immediate Calmar shale which
was the cap rock sealing the proposed Nisku carbonate
injection formation. The 95 wells were identified as potential
leakage pathways. The leakage risk of these wells was
evaluated based on the knowledge of well design, current well
status and historical regulation's in the area. For the subset of
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27 well studied on only 4 wells were identified as wells
requiring work over which was less of a problem than
anticipated [10]. For a typical cased wellbore in the area a
(229 mm) production hole is drilled and a 7 in (177.8 mm) J-
55 20 Ib/ft (6.456 in ID) production casing. This gives a
cement sheath thickness of 2 inch. The production cement is
made up of standard Portland cement with 2 % CaCl and
sometimes a small percentage of bentonite (gel) [10].

Model Development and Simulation Approach

The goal for this study was to conduct a three-dimensional
finite-element model using elasto-plastic material models for
the cement sheath in a cased annulus and the formation. A
multi-stage simulation for casing-cement and cement-
formation interactions with temperature enabled elements was
conducted [11].

Most of the previous numerical approaches emphasized on
studying cement integrity when cement has been set and the
mechanical and/or thermal loadings were applied to the model
[12-17]. The procedure here is different in terms of building
the loading histories through multi-stage non-linear finite-
element analysis. The advantage of building the model in
several steps is to observe and record stress and deformation
changes after each loading, furthermore knowing previous
deformation and loading history will help to specify initial
stress state before final thermal and mechanical loads applied
to the model [18].

Cement
.--"""

Thermal and

Casing mechanical loads

Figure 1. Thermal and mechanical loads were applied on the
near wellbore model (7 in J-55 20 Ib/feet casing, 2 in neat
cement and a 9 in wellbore in the Nisku shale formation) [11]

Figure 1 shows a schematic of the borehole cross section
and the loads (mechanical and thermal) that are applied on
them. Details of the steps followed in numerical simulations
can be described as follow:

Step 1. Loading the model with in-situ stress: In this
step two horizontal stresses (minimum and
maximum) and overburden stress are applied to the
all elements in the model (43.7 MPa, 41.8 MPa and
38 MPa for overburden, maximum and minimum

horizontal  stresses  respectively). An initial
temperature of 60°C for reservoir temperature was
applied to all the nodes. Table 1 summarizes rock
mechanical properties used for different materials in
the model. Elasto-plastic material model is used for
formation elements to observe yielding history
through different loading steps.

Step 2. Drilling step: In this step wellbore elements
removed from the model, and mud pressure applied
to the wellbore face. Stress equilibration was
achieved at the end of the step and near wellbore
stresses was imposed. This step simulates drilling
process of the borehole.

Step 3. Running Casing: Casing elements were
introduced to the model at this step with mud
pressure applied to the inside and outside of the
casing. Linear-elastic behavior was assumed for the
casing elements.

Step 4. Cementing: At this stage cement elements were
introduced to the model. The cement elements were
fully bonded to the formation. These elements were
also activated by zero deformation but under initial
hydrostatic slurry pressure because the cement is not
yet hardened it will equal hydrostatic pressure. This
status is defined as initial conditions for the cement
elements before loading step starts. Mohr-Coulomb
softening material model is applied for cement
elements, which is essential for predicting plastic
failure in cement when thermal and mechanical loads
are applied to the model.

Step 5. Applying thermal and mechanical loads: After
cement and casing were set, the final stage is to apply
thermal and mechanical loads for the cased wellbore.
Mechanical loads were applied by using distributed
load on casing surface and thermal load was defined
by putting thermal boundary conditions on casing
nodes. One day’s worth of temperature change using
a transient model was simulated to allow the
boundaries to remain at their initial temperature. The
elements used for casing, cement and formation have
features for coupled thermal-displacement analysis
with the options to define thermal conductivity,
thermal expansion and specific heat values.

Laboratory Tests
Linear Thermal Expansion Coefficient

The linear thermal expansion coefficient (o) is defined as
strain per change in temperature. The o value is required to
describe the effect of a temperature changes in a material.
When a material is constrained by other materials additional
stresses can form as temperature changes. Equation 1 below
describe o in obtained experimentally, with C as a correction
factor.
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o is obtained by measuring deformation caused by
temperature change of a submerged cylindrical cement
sample. The apparatus consists of 3% in steel frame, a
temperature probe, a linear vertical deformation transducer
(LVDT), a glass beaker filled with water. The water
temperature is heated a constant temperature is reached in the
water and the cement sample. Once temperature is stabilized
the initial measurement is taken. As the sample and water cool
the sample will shrink proportional to its thermal expansion
coefficient and as this occurs the LVDT measures this change
in length. The temperature versus displacement results are
calibrated with a 316 stainless steel sample value and a linear
regression determines the thermal expansion coefficient.

Sonic Velocity

The parameters determined from the sonic velocity tests
are compressional (Vp) and shear wave (Vs) velocities. These
values are then substituted into Equations 2, to 5 to find
dynamic elastic deformation properties [19]. These are
important mechanical properties that can be correlated to the
static properties for quick determination of static properties
without the use strain gages or other devices.
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v is Poisson’s ratio, E is Young’s modulus, K, is bulk
modulus and G is shear modulus respectively. The sonic
velocity apparatus consists of the signal generator, the emitter
and receiver sensors, and Ultrasonic software [20]. The P and
S wave velocities are measured by measuring the transit time
of each wave through the test sample. The sample is placed
between the two sensors and the software will measure the
transit time by measuring the first peak of the emitted wave.
The samples were heated to different temperatures and transit
times were measured to determine if there is a relationship
between the dynamic mechanical properties and temperature.

Divided Bar Thermal Conductivity

To measure thermal conductivity divided bar apparatus
tests were conducted. Thermal conductivity is dependent on
the heat flow, sample length, and temperature change as
describe in Equation 6.

k=-—— (6)

The divided bar apparatus consist of highly heat
conductive material, a lower conductivity material with known
conductivity, and the test sample (Figure 2).

Figure 2. Divided bar experiment with cement cylinder. The
length and diameter of the cement sample is two inch.

The apparatus in Figure 2 has a heat source which transfers
heat up the aluminum to the first high conductivity aluminum
and the cooler ambient room temperature is on the aluminum
on the other side which transfers to the aluminum cylinder.
The aluminum is attached to the known material by silicone
adhesive which is chosen due to silicone’s high conductivity.
The test sample which is not permanently attached is kept in
full contact with the aluminum by silicone grease, which was
also chosen for silicone’s high thermal conductivity. The
thermal conductivity can only be found when the apparatus
reaches steady-state. In order to get results in a more
reasonable time frame thermal conductivity will be measured
at every hour before steady-state and using a translated power
regression the thermal conductivity can be projected to steady-
state.

Calorimeter Specific Heat Capacity
Specific heat capacity [c], defined as the heat needed to
raise a mass one degree temperature and is needed in time
dependent models because as heat flows heat capacity will
define the temperature of the material. It is given as;
AQ
Ll = AT *m

()

where AQ is heat flow, m is mass, and AT is temperature
change. The specific heat capacity apparatus is a calorimeter
which consists of a known mass of water and a known mass
sample and known temperatures. The water is insulated so it
operates as a closed system. The water temperature is recorded
and then the sample of its own recorded temperature is placed
into the water. The final water temperature is measured when
it becomes constant.

Brazilian Tensile Test

The tensile strength of the cement was measured in a
Brazilian tensile test apparatus. Rock and cements have
relatively low tensile strengths compared to metals in the
casing. The lower strength in the rock and the cement makes it
a very likely failure mode which can form damaging fractures.
Equation (8) gives the tensile strength in a Brazilian test set

up.
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where P is failure force, diameter D, and thickness t. The
cement sample is cut into a 2 in diameter by 1 in thickness and
placed between two curved pieces of steel. A hydraulic piston
is lower as a loading rate of 50psi/min, and the force is
recorded by the load sensor above the curved steel. The
maximum force reading is used to determine the tensile
strength.

Uniaxial Compression Test

To measure the unconfined compressive strength uniaxial
compression tests were conducted on 2 inch diameter cement
samples.

Laboratory Test Results

The laboratory results for a neat cement class H Portland
cement are given in Table 1. These values combined with the
casing and Calmar-shale properties from [21] were used for
the finite-element simulations. The cohesion was calculated
from the unconfined compressive strength and friction angle.

Table 1. Material properties used in the model

Material Casing | Cement Calmar-
shale
E (GPa) 200 25 24.8
Poisson's ratio 0.3 0.2 0.27
Cy (MPa) - 45 -
Friction Angle (°) - 30 35
Cohesion (MPa) - 15 25.9
Thermal Expansion (1076/K) 11.433 9.4 10
;[('l;ermal Conductivity (w/m- 3 025 027
Specific Heat (J/kg-K) 490 1020 900
Tensile Strength (MPa) - 1.4 -

Finite-element simulations of cementing stages

Figure 3. A Close-Up of the Three Dimensional Mesh built for
Simulation.

The three-dimensional mesh has one and five meter length
in z and (x,y) directions respectively (Figure 3). This allows
minimizing end effects during simulations. Because of the
symmetry conditions around the wellbore, only results for
one-quarter is presented. The model in Figure 3 includes three
materials with individual properties defined for each. The red
elements above represent casing elements, the yellow
elements represent cement elements, and the green elements
represent formation elements. The grey on the inside of the
casing elements are two dimensional surface elements that
occur between the casing and cement and also between the
cement and formation. The aspect ratio for the elements in the
circular sections is <2.0 for the x-y plane providing more
accurate estimations.
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Figure 4. Stress distributions in the model, given in Pascal,
after wellbore elements removed and mud weight applied (In
Maximum Horizontal Stress Direction, X direction to the
right)
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Figure 5. Stress distributions, in Pascal, after casing is added
and mud weight is applied to the casing. (In Maximum
Horizontal Stress Direction, X direction to the right)
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Figure 6. Stress distributions, in Pascal, after cement is added.
(In Maximum Horizontal Stress Direction, X direction to the
right)
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Figure 7. Stress distribution, in Pascal, after injection pressure
of 27 MPa and 1 day of 20°C is applied to the inside of the
casing. (In Maximum Horizontal Stress Direction, X direction
to the right)

Figure 4 to 6 shows the stress distribution in the models at
the different modeling steps before mechanical and thermal
loading. Figure 4 corresponds to the second step of the model
development when the bore hole is drilled and the wellbore is
filled with mud. The stresses are negative which means that
the formation is in compression and stable. Figure 5
correspond to step three when casing is run. The casing in the
hole does not change the stresses at the wellbore wall since
they are controlled by the mud pressure as expected. Figure 6
corresponds to step four when the cement is placed in the

wellbore. The cement is replacing the mud and causes the
stresses to change in the formation due to higher density of the
cement than the drilling fluid. The simulation results in Figure
5 show that all stresses are compressive both in the casing,
cement and formation and no sign of fracturing or de-bonding
occurs. It should be noted that the model does not take into
consideration any cement shrinkage.
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Figure 8. Stress distribution in the casing after injection
pressure of 27 MPa and 1 day of 20°C is applied to the inside
of the casing. (In Maximum Horizontal Stress Direction, X
direction to the right)
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Figure 9. Stress distribution in the cement after injection
pressure of 27 MPa and 1 day of 20°C is applied to the inside
of the casing. (In Maximum Horizontal Stress Direction, X
direction to the right)

Figure 7 shows the stress in the model at step 6 in the
procedure which is after injection has caused pressure at the
casing increasing with 7 MPa and the temperature at the
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casing surface is cooled down 20 °C. The grey color in Figure
7 represents tensile stress zone in the model. Where there is
tension there is the possibility of fractures forming depending
on tensile strength of the material. Additionally, if tension
occurs on the boundary between casing and cement or cement
and rock there is the threat of de-bonding. The results show
that in the maximum horizontal stress direction there is a
potential of radial de-bonding.

The Calmar shale formation does not get in tension as seen
in Figure 7 and would therefore will not form tensile fractures.
Figure 8 and Figure 9 is a cut out of the results in Figure 7 for
the casing and cement respectively. Using the values from the
Brazilian tensile strength tests for the cement the risk for
tensile failure begins typically at 1.4 MPa. The legend in
Figure 8 displays that the yellow zone would be just below
that risk and orange to red is above the tensile strength for
cement and therefore tensile fractures forms.
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Figure 10. Hoop stress in maximum horizontal stress
orientation before mechanical loading, after mechanical
loading and after thermal loading.

Detailed presentation of the hoop and radial stresses in the
maximum horizontal stress direction are provided in Figures
10 and 11, respectively. Figure 10 which shows the hoop
stress results based on distance from the center of the cased
borehole before any loading (blue line), after mechanical
loading (red line) and after thermal loading (green line). Hoop
stresses have dropped in all three materials after each loading.
And more significantly, it has dropped into tension for the
casing after thermal loadings because of the high thermal
conductivity and linear thermal expansion coefficient of the
casing and also because CO, injection pressure is applied at
the casing surface. The results show that no radial fracture is

created in the cement, however these results are only for one
load cycle. The risk of tensile failure will be increased if more
cycles be added through the well’s life. There is no indication
of any radial tensile fracture in the formation after thermal and
mechanical loads. Figure 11 shows the radial stress results
based on the distance from the center of the cased borehole
before any loading (blue line), after mechanical loading (red
line) and after thermal loading (green line). Radial stresses
after mechanical loadings are decreased in the cement and
formation and most significantly in the cement where the
stresses become tensile. The tension in the cement at the
boundary indicates the possibility of de-bonding at the casing
and formation.
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Figure 11. Radial stress in maximum horizontal stress
orientation before mechanical loading, after mechanical
loading and after thermal loading.

Parametric Study

Since the value of mechanical properties vary depending
on the composition of the cement it was decided to run a
parametric study on linear elastic properties of the cement to
study cement sheath integrity under different loads when
mechanical properties of the cement changes. Young’s
modulus (E) was reduced from base case (E=25 MPa) to E=5
MPa and increased to E=45 MPa. Figure 12 (Blue line for
E=25, red line for E=5 and green line for E=45) shows hoop
stress, in the maximum horizontal stress orientation, results for
the cased wellbore with changing cement stiffness. For higher
Young’s modulus, tension was not induced into the cement.
This indicates that increasing cement Young’s modulus will
not risk cement failure. Figure 13 shows radial stress in
maximum horizontal stress orientation for the cased wellbore.
As Young’s modulus decreases de-bonding can be prevented.
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Figure 12. Hoop stress in maximum horizontal stress
orientation (cement and formation) for E=25 MPa (Base
Case), E=5 MPa and E=45 MPa.
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Figure 13. Radial stress in maximum horizontal stress
orientation (cement and formation) for E=25 MPa (Base
Case), E=5 MPa andvE=45 MPa.

In the next run of simulations, the Young’s modulus (E=25
MPa) was fixed and Poisson's ratio was first reduced to 0.05
and then increased to 0.4. Figure 14 shows the hoop stress in
maximum horizontal stress orientation for cement and
formation in three cases (Blue line for base case, Poisson's
ratio=0.2, red line for Poisson's ratio=0.05 and green line for
Poisson's ratio=0.4). Figure 15 shows radial stress results for
cement and formation for the three cases. The results indicate
that when the Poisson’s ratio reaches 0.4 radial de-bonding in
casing-cement boundary will occur. The results also show that

as the Poisson’s ratio decreases to 0.05 de-bonding remains at
the casing/cement boundary but the possibility of de-bonding
at the cement/formation boundary decreases.
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Figure 14. Hoop stress in maximum horizontal stress
orientation (cement and formation) for Poisson's ratio=0.2
(Base Case), Poisson's ratio=0.05 and Poisson's ratio=0.4.

5.E+07

4.E+07

3.E+07

2.E+07 -

1.E+07

Radial Stress (Pa)

0.E+00

LA

A.E+07 | : : : :
0.14 016 018 020 022 024

Distance from Center of Wellbore (m)

—o— Radial Stress After Loading v=0.2
—@— Radial Stress After Loading v=0.05
Radial Stress After Loading v=0.4
Figure 15. Radial stress in maximum horizontal stress
orientation (cement and formation) for Poisson's ratio=0.2
(Base Case), Poisson's ratio=0.05 and Poisson's ratio=0.4.

Overall, the results indicate that cements with lower Young’s
modulus and Poisson's ratio will perform better under dynamic
loading conditions. However, shear failure of the cement
while loading can be very detrimental to cement integrity
especially if the cement does not have enough strength. Figure
16 shows plastic strain results for cement with 5 MPa Young’s
modulus and 0.05 Poisson’s ratio. The results indicate shear
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failure in the cement elements when loadings applied to the
model. This indicates the importance of a balance between
cement mechanical properties and adjacent formation and
casing properties for dynamic loading conditions.

PEEQ
(Avg: 75%)

+1.289e+03
+1.235e+03
+1.181e+03
+1.128e+03
+1.074e+03
+1.020e+03
+9.6642+02
+9.128e+02
+8.591e+02
+8.054e+02
+7.517e+02
+6.980e+02
+6.443e+02
+5.906e+02
+5.369e+02
+4.832e+02
+4.295e+02
+3.758e+02
+3.221e+02
+2.685e+02
+2.148e+02
+1.611e+02
+1.074e+02
+5.369e+01
+0.000e+00

Figure 16. Plastic strains (shear failure) created in cement
elements while loading.

Discussion

The variations in cement mechanical properties required a
parametric study to evaluate the influence of different
properties such as Young’s modulus and Poisson’s ratio.
Increasing the Young’s modulus will not induce radial
fractures, but will increase the amount of de-bonding that
might occur between the casing/cement and cement/formation
boundaries. Decreasing Young’s modulus will reduce de-
bonding to none if the value is around 5 GPa, the issue would
be the reduced strength associated with a lower Young’s
modulus. Increasing the Poisson’s ratio to around 0.4 radial
fractures occurred near the casing which was not present for
the base case of Poisson’s ratio of 0.2. Decreasing the
Poisson’s ratio will reduce the probability of de-bonding at the
cement/formation boundary, but will keep the de-bonding at
the casing/cement boundary and circumferential fractures
from occurring.

Conclusions

This paper discussed the effects of mechanical and thermal
loads caused by injection on cased wellbore integrity. This
was done using experimentally derived cement properties and
finite-element simulations on a typical cased well design in the
Wabamun area in Alberta, Canada.

The results of the simulations showed that the mechanical
load of injection did not result in wellbore failure or cement
de-bonding but the temperature load did result in cement
tensile failure (circumferentially) and de-bonding. Reducing
Young’s modulus reduces the potential for tensile failure and
de-bonding can be prevented. Increased Poisson’s ratio can
cause radial fractures to happen.

Low Young’s modulus and low Poisson’s ratio are the best
for preventing tensile failure and de-bonding, but the reduced
cement strength can cause shear failure and plastic yielding.
This shows the importance of balancing cement mechanical
properties and wellbore stresses for any given situation.

Nomenclature
A= Area of Sample, m*
a = Linear Thermal Expansion Coelfficient, ue/°C
C= Measured Compressive Strength, lb
C,= Unconfined Compressive Strength, MPa
[c]= Specific Heat Capacity, J/kg-K
D= Diameter of Sample, mm
E= Young’s modulus, MPa
& = Strain, m/m
F= Force on Sample, Ib
G= Shear or Rigidity Modulus, MPa
K= Bulk Modulus, MPa

L = Length, mm

q= heat flow rate, W
m= Mass, kg

u = Micro, 10°

v= Poisson’s ratio

P= Brazilian Load Strength, Ib

Q= Heat, J

p= Density, kg/m’

o= Stress, MPa

t= Thickness of Sample, mm

T = Temperature, Kelvin

T, = Tensile Strength, MPa

V,= P-Wave or Compressional Wave Velocity, m/s
V, =S-Wave or Shear Wave Velocity, m/s
x= Length, m
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