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Abstract

The cement sheath is one of the primary barriers to prevent
wellbore leakage and failure. The integrity of the cement
sheath begins at the cementing operation and what happens
there can greatly affect the long term integrity of the well.
This study investigates how the operating conditions at the
time of cementing affect the short term and long term cement
sheath integrity. The operating conditions considered were
circulation temperature, internal casing pressure, and cement
hydrostatic pressure. Simulations of the cementing operation
were conducted to calculate pressure changes behind the
casing and to predict short term integrity. The resulting
pressures were used in staged finite element simulations to
predict the long term integrity of the well after being loaded
by various operations. The results show that in certain
situations the cementing operation’s temperature changes can
result in fluid loss, formation fractures, or formation fluid
influxes in the short term. In the long term the initial setting
conditions can greatly dampen future loading and stress
changes which result in a much more resilient wellbore with
the only change being based on a simple fluid pressure. In
conclusion, the pressure and temperature conditions during the
cementing operation can greatly affect the integrity of the
wellbore. These simple adjustments can create a resilient
wellbore which can serve as an effective barrier throughout
the entire life of the well.

Introduction

The primary goals of the cement sheath are to isolate the
wellbore from the formation fluids and to support the casing.
The cement is designed to prevent fluid flow into adjacent
formations and to the surface by creating an impermeable
barrier in which formation fluid cannot flow past. In addition,
the cement sheath also prevents the wellbore fluids from
entering the formation during the drilling operation™.

The various leakage paths that can occur in the near
wellbore region are presented in Figure 1. The leakage paths
are divided into two categories, primary and secondary.
Primary leakage paths occur due to events and conditions
during the primary cementing, while the secondary leakage
paths are those that occur after the primary cementing is
complete. All of these leakage paths compromise the wellbore
integrity and can allow fluid to flow into the annulus or the

wellbore. In this study leakage paths #1 (incomplete annular
cement job does not reach sealing layer), #5 (channeling in the
cement), #7 (de-bonding due to tensile stress on casing-
cement-formation boundaries), and #8 (fractures in the cement
of formation) will be discussed.

PRIMARY

1. Incomplete annular cementing job, does
not reach seal layer

2. Lackof cement plug or permanent
packer

3. Failure of the casing by burst or collapse

4.  Poorbonding caused by mudcake

5. Channeling in the cement

6.  Primary permeabhility in cement sheath

or cement plug
SECONDARY
7. De-bondingdue to tensile stress on
casing-cement-formation boundaries
8.  Fractures in cement and formation
9.  Chemical dissolution and carbonation
of cement E

10. Wear or corrosion of the casing

Figure 1: Leakage paths in near wellbore region

Deep water and high pressure high temperature (HPHT)
wells have raised concerns about trapped annular pressure
becoming a design issue in well completions**. The issue with
trapped annular pressure with thermal loading was discussed
by Mitchell and Sweatman* who found that in HPHT wells the
change in fluid temperature resulted in significant pressure
changes along the well. Mitchell and Sweatman* found that in
an open annulus, where fluid is able to leave the annulus, if
the temperature increases the synthetic mud density decreases
resulting in a lower pressure and that if the temperature
decreases the mud density increases resulting in a higher
wellbore pressure. Additionally, Mitchell and Sweatman*
found that in a closed annulus, where the annulus is closed off
and no fluid can leave, that the changing fluid volume with
temperature changes results in a pressure development based
on the fluid compressibility.

The state of stress within the cement once it sets is the key
to determining cement sheath integrity. Nelson and Guillot,
Thiercelin et al.>, Bosma et al.?, Ravi et al.’, and Simon and
Boukhelifa® assumed that the initial effective state of stress
before shrinkage or expansion in the cement was equal to 0
MPa. Nelson and Guillot' used the observations from Cooke
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et al.” and Morgan™® to determine that the total stress in the
cement unloads as the gel strength develops and drops to at
least formation pore pressure. Therefore it would be predicted
that there is zero effective stress in the cement if the total
stress equals the pore pressure. The pressures calculated by
Bosma et al.® and Ravi et al.” also confirm the ideas of Nelson
and Guillot*. Under these zero effective stress conditions the
risk for a shrinking cement to fail under tension is high since
the shrinkage stresses could put the cement sheath under
tension. However, as pointed out in Gray et al.** and Bois et
al.'?, assuming zero effective stress with no shrinkage is an
insufficient assumption. Gray et al.'* and Bois et al.*? both
stated that the total stresses within the cement sheath would be
equal to the pressure in the cement column. Gray et al.™ notes
that the casing and formation are subjected to cement slurry
hydrostatic pressure and according to Newton’s Third Law, if
a body exerts a force on a second body then the second body
exerts the same force back. Bois et al.'? stated that as the
casing expands and contracts during cement setting, the
cement is in a plastic fluid state which means it is unable to
restrain these movements. Therefore, a negligible stress is
developed in the cement sheath. An in-situ stress condition
where the cement stress is equal to the slurry hydrostatic
pressure and effective stress is taken into account is the most
reasonable boundary condition assumption, because a zero
effective in-situ state of stress would result in persistent failure
and a total stress assumption would result in an overly resilient
wellbore™. Therefore, the authors suggests that an effective
stress in-situ stress condition is the case which best represents
the actual setting process.

The objective of this paper is to investigate the effect the
decision of having an open or closed annulus has on the
cement sheath integrity. The effects of casing and formation
expansion with temperature and pressure are considered for
both the change of temperature during cement setting and
throughout the lifetime of the well. Two very different cases
will be investigated. The first case will be a conventional
onshore well under the conditions of open and closed annulus
using actual well conditions. The analysis will be repeated for
a typical HPHT well in the North Sea.

Methodology

The analysis is conducted in two parts. First the changes in
pressure of the annular column will be calculated by the
various changes in the annular volume and fluid properties.
Adams? investigated these effects using finite element and
analytical modeling by proposing a general formula. Secondly,
the long term integrity conducted using the pressure results
from the first part as boundary conditions. Figure 2 is a
wellbore cross section showing the casing, cement, and
formation. The radii and pressures are labeled as they appear
in the equations. The volume changes of interest are those of
the annular space and the fluid in the annulus. The annular
space changes are a function of the casing and formation
displacements and the fluid volume changes caused by the
thermal expansion of the fluid. Additionally, there are piston
compression effects in the closed annulus that must be taken

into account to accurately model the section. Once the
pressures in the annulus have been determined the long term
integrity will be assessed using staged finite-element analysis
which will simulate the initial conditions of the well, the
drilling conditions, cementing conditions, production
conditions, depletion conditions, and the injection conditions.
These scenarios will be used to determine the long term
integrity of the cased wellbore.

Casing
Cement
Formation

» NC

<——

Figure 2: Wellbore diagram for equations

Casing Displacement

The casing displacement is governed by the temperature
changes as well as the internal and external pressure changes.
The material properties of the casing used are those of typical
steel which are provided in Table 1. Equation 1 is the solution
for radial displacement of a thick walled cylinder with
temperature and pressure compensation given in Timoshenko
and Goodier™,

1+v11 C2
u= ——aT(r? —ra®) + Clr + —
1—vr2 r

@ =20)A + [0 = v)(Pyr§ — Pard) + ETa(r — 12)]
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The equations describe u as radial displacement, v as
Poisson’s ratio, alpha as thermal expansion, T as temperature
and P, and P, are pressure at outside of the casing and at the
outside of the cement sheath, respectively. The displacement
of the casing will begin with the expansion due to the
temperature change. All pressures experienced at the start of
the cement job, such as the internal pressure of the casing and
the pressure in the annulus are not taken into account because
they are in place during the start of the cement job and the
cement goes in under these conditions. The changes in
pressure due to annular column height changes, density
changes, and compression will be taken into account. These
changes occur after the initial pumping of the cement job. The
change in volume of the annular space will be based on the
outer diameter of the casing and the hole diameter. The inner
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diameter of the casing changes should be calculated to reflect
the changes in casing dimensions.

Table 1: Casing Properties

Young’s Modulus, E 29,000ksi
Poisson’s Ratio, v 0.3
Linear Thermal Expansion, a 7.3pel°F

Formation Displacement

The formation is modeled as a linear elastic material and
the properties are given in Table 2. The formation and
therefore wellbore hole diameter will expand and contract
with temperature and pressure changes. Equation 2 gives the
solution for displacement of an infinite radius hollow cylinder
as described by Jo™.

c2 3 Ppyr2(1—1v)

u=Clr+=, C1=0, (2 = )

Due to the formation’s low thermal conductivity it will be
much more resistant to the temperature changes caused by
circulation. Therefore Equation 2 is simplified not to include
temperature changes because the formation will be assumed to
be at or very close to the formation in-situ temperature.

Table 2: Formation Properties

Young’s Modulus, E 3,627ksi
Poisson’s Ratio, v 0.27
Linear Thermal Expansion, a 5.6pe/l°F

Thermal Expansion of Fluid

The thermal expansion of the wellbore fluids is the
primary contributor to the increase in pressure of a closed
annulus and the reduction of fluid from an open annulus. The
volumetric thermal expansions (B) for water and oil based
mud are presented in Table 3. The oil-based mud properties
are taken form OBM1 from Zamora et al.*®. The expansion of
this fluid in a closed annulus will add to the compressibility
pressure increase. In the open annulus the expansion of fluid
will result in a lower density of the annular fluids. Equation 3
is used to calculate the change in volume (AV) of the annular
fluids

AV = BTV 3)

Table 3: Thermal Volumetric Expansion, 8

thermal expansion of the fluid is taken into account in the
previous step the problem can be simplified using the
isothermal compressibility. Equation 4, gives the change in
pressure required.

Ap = ks (4

where, k; is isothermal compressibility. The values of
isothermal compressibility are given in Table 4 for water and
oil-based muds.

The compressibility is calculated by taking the original
volume of the annulus before temperature change and
calculating the volume change caused by the casing and the
formation because of pressure. Then adding the thermal
expansion volume to that volume change gives the initial
volume change and initial piston pressure before any
relaxation of the casing. Once the change in pressure is
calculated the casing and formation displacements must be
recalculated with the new pressure using Equations 1 and 2,
then a new volume of the annulus is calculated. Then the steps
are repeated until there is no additional volume change and the
sum of the compressibility pressures are summed to get the
final pressure.

The reason for the iteration of calculations is due the fact
that when the first volume change is made the pressure will
increase. After that pressure increase the casing and formation
will expand and pressure will decrease. This pressure decrease
will then cause the casing and formation area to decrease,
which will then increase pressure. The calculation repeats until
there is no volume change between consecutive calculations.

Table 4: Isothermal Compressibility, k;

Water 3.101wW°F

Oil-Based Mud* 2.823u/°F

Water 0.0002140/°F

Oil-Based Mud* 0.0002546/°F

*Calculated from OBM1 from Zamora et al.™®

Isothermal Compressibility

The compressibility of the fluid is only taken into account
in the closed annulus. When the casing and fluid expand with
a temperature increases the volume will remain constant. This
requires an increase in pressure. The increase in pressure can
be calculated using the isothermal compressibility. Since the

*Calculated from OBM1 from Zamora et al.™®

Long Term Modeling

The approach followed in this study is based on replicating
the life of the well by including all loading steps occurring
throughout the wells life. Figure 3 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 are also illustrated on the right side of
Figure 3. The mesh for finite element study was constructed in
HyperMesh™ software’’ and the actual finite element
simulations were conducted in Abaqus™ software'®. The
three-dimensional mesh has one and five meter length in z and
(x,y) directions respectively and is composed of first order
elements. The decision on model geometry was based on
preventing unintentional boundary effects in the model as a
result of the temperature distribution reaching the boundary of
the model. The numerical model also assumes homogeneity in
all materials including casing, cement and formation.
Although heterogeneous considerations can be more realistic it
is outside the scope of this study. The main goal from
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numerical models is to propose a robust multi-stage modeling
approach for near wellbore integrity situations and to capture
the effect of dynamic loads on the near wellbore area.

The staged finite-element model uses the property of
superposition to build the model initial conditions before the
next step of loading is implemented. The advantage of
building the model in several steps is to observe and record
stress and deformation changes after each loading™.

Q)
Step 1- Loading the model
with in-situ stress (horizontal O
and vertical stresses) o

Step 2- Simulating of drilling o
step by removing wellbore
elements and applying mud
weight (o]

(o]
O

Step 3- Adding casing
clements to the model

o]

Step 4- Adding cement o

Cement elements to the model "‘.k )

§ Mechanical and O 0 O
Casing Thermal Loads o 0 O

Step 5- Cement hydration, N
temperature and volume 0 ()
changes =

Step 6- Applying mechanical =
and thermal loads to the casedO) ﬂ@j o]
wellbore =

o} o]

OO O

Figure 3: Staged finite element model steps

Details of the staged finite element steps modified from
Nygaard et al.’® to include a cement hydration step are
followed in the numerical simulations and are as follows:

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.
Additionally, an initial temperature reservoir temperature was
applied to all the nodes.

Step 2. Drilling step: In this step wellbore elements are
removed from the model, and mud pressure is applied to the
wellbore face. Stress equilibration was achieved at the end of
the step and near wellbore state of stress was imposed. This
step simulates the 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
with zero deformation but under initial hydrostatic slurry
pressure. The cement is not yet hardened and its internal stress
will be 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. Hydration: After the cement is in place, hydration
of the cement begins. The hydration includes a decrease in
temperature from the elevated temperature of hydration that
develops while the cement is in slurry state and develops no
strain. Shrinkage of the cement occurs as a volumetric strain,
according to Sabins and Sutton®® who found that 95% of
shrinkage occurs after the initial set. Pore pressure is reduced
in this step. For this analysis shrinkage and pore pressure
changes neglected.

Step 6. Applying pore pressure, 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.

Cement Properties

The cements that will be used in the analysis are described
in Table 5. The mechanical and thermal properties important
to this analysis are the slurry density, Young’s Modulus,
Poisson’s Ratio, linear thermal expansion coefficient, and
cement tensile strength. The slurry density is used in the
calculation of annular column pressure. The Young’s Modulus
and Poisson’s Ratio are used to describe the cement’s
mechanical response to mechanical and thermal loadings. The
thermal expansion coefficient is used to describe the strain
response due to thermal loading. The tensile strength is used to
identify failure of the cement in tension. The properties found
in Table 5 are experimentally derived using laboratory
experiments for each composition.

Table 5: Cement mechanical and thermal properties

Neat Barite
Slurry Density, p, ppg 16 17.5
E, ksi 1403 1212
v 0.214 0.22
a, pe/°F 54 4.0
Tensile Strength, To, psi 216 271

Onshore Wabamun Area Case Study

This case study looks at the well 100/02-01-046-01W5/00
as it is described in the Tour Report?* and Well Ticket?. This
well was drilled in 1987 and abandoned in 2003. The well has
been drilled into the Nisku formation and its integrity was
evaluated in the Wabamun Area CO, Sequestration Project
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(WASP)?. This well is used as a typical example of an
existing well design which could be repurposed from its
original design as a production well to a potential injection
well. When a well is to be used for another purpose other than
its original purpose, careful consideration must be made of the
well’s current integrity as well as the effectiveness of the older
well design to meet new design criteria. The integrity of the
design must be evaluated and this evaluation must begin with
the beginning of the life of the well, the cementing job. The
well was drilled and cemented using water based drilling
fluids and neat cement, 16ppg. The well is sketched in Figure
4. The point of interest to test for leakage and integrity is at
sealing formation above the production casing shoe. This point
is chosen because it is at this point that loss of integrity or
leakage would cause leakage from the sealing formation.

The 7” production casing, 261b/ft, is set at a TVD of 7493ft
in the Nisku formation in an 8 3/4”. The casing was cemented
to TVD of 7493ft using neat cement. The production casing
exits the sealing formation, the Calmar Shale, at TVD of
6663ft, making this the point of interest for the onshore well.

Well Name: 100/02-01-046-01W5/00 TVD
- oft
Belly River J L a10ft
- Cemented to 2067t
CalmarShale|-—- ]
= ot 6663ft
Nisku = L TD/7493ft

Prod Prod | Prod Surf Surf Surf
Casing | Casing | Hole | Casing | Casing | Hole
ID oD D ID oD D
6.28" 7" 8.75" | 8.92" | 9.625" | 13.75"
Figure 4: Onshore well 100/02-01-046-01W5/00 casing and

cement design

The temperature profile for circulation temperature and
formation temperature are presented in Figure 5. The
formation temperature is taken from well data from the
Wabamun area and the casing circulation temperature is taken
from Dillenbeck et al.**. The study gave the test results for a
heat of hydration test for the cement and found that the
temperature increases about 27°F%*. Assuming the circulation
temperature is 27°F less than the formation simplifies the
problem to a single temperature change. Two supposed
situations of the annular space are considered to compare the
effect annular pressures has on the cement. One is case when

the annulus outside the production casing was closed in when
cement was set. The second case is when the fluid in the
annulus is freely able to leave the annulus.

Temperature (°F)
0 50 100 150 200 250
0 1 1 1 1
1000 -~ Formation Temperature
2000 -
E 3000 - Casing Circulation
E 4000 4 Temperature
Q
[
© 5000 -
6000 -
7000 -
8000

Figure 5: Wabamun formation and circulating temperature
profiles

Open and Closed System

In the 100/02-01-046-01W5/00 well in the Wabamun area,
the results of the changes from a planned cementing design are
given in Figure 6. The density vs depth plot gives the pore
pressure and fracture gradients for the well®®. The gradients
are plotted from TD to the surface casing shoe. This plot
shows that the use of an open annulus results in a pressure
distribution throughout the column which is mostly unchanged
from the planned distribution. But in the closed annulus
situation the pressure increases due the volume reduction of
the annulus and the fluid volume increase resulting in higher
compressional pressures. It can be seen by the closed column
density line that at the casing shoe there will be leak off into
the formation as stated by Adams®. The primary difference
between these results and the Mitchell and Sweatman® results
are they assume the wellbore integrity is lost because of the
crossing over the fracture gradient of the formation, but the
fracture gradient is determined from leak off tests, LOT,
which only show the onset of fluid leaking into the formation.
It can be seen that once a fluid volume equal to the
compression pressure has been leaked off, the pressure in the
column will decrease until it no longer crosses the fracture
gradient line. In this situation it was found that 0.03bbl of
annulus fluid would have to leak off in order to move the
column pressure inside the fracture gradient. The fluid loss is
almost insignificant which means that there would not be a
loss of overall well integrity.
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Density (ppg)
8 9 10 11 12 13 14 15 16 17

1000 -
2000 -
3000 - :

4000 | :

Depth (ft)

5000  :
6000 - :

7000 - :

a» a» o Planned Column Density

Open Actual Column Density

Closed Actual Column Density

--------- Fracture Gradient

--------- Pore Pressure Gradient

Closed Actual Column Density after Leak Off

Figure 6: Wabamun onshore density plot of open and closed
annulus conditions with fracture gradient and pore pressure
gradient

Long Term Results

The simulation loading for the single casing at 6663ft is
described in Table 6. Table 6 also gives the production casing
and hole diameters used in the model. The production casing
cement is given as neat cement for the well. The cement
pressure will be determined from the cement type at its
associated density. The production cement is cemented from
TD to 2067ft, so the cement pressure will be based on 20671t
of fresh water at 8.34ppg and the interval of cement from
2067ft to 6663ft and density of the neat cement, 16ppg.
Additionally, the well will be loaded in a separate scenario
with a U-tube pressure in which the pressure inside the casing
is equal to the outside of the casing at the bottom of the hole.
This scenario would simulate a situation where the casing plug
was not seated and equalizing pressures of the inner casing
and outer casing was used to prevent flow.

The production temperature will be equal to the formation
temperature at the bottom of the well in the perforated section
at 7493ft with a temperature of 194°F. The production
pressure will be equal to the bottom hole pore pressure equal
to 3.25ksi. The depletion of the reservoir will be simulated
with the same production temperature but a production
pressure of half the bottom hole pore pressure.

The injection temperature for CO, injection was taken
from Ruan et al.”® who used numerical simulations to
approximate the fluid temperatures behind the tubing and at
the casing. The injection temperature and formation
temperature are given as 82°F and 174°F, respectively. These
values are determined from Figure 7 at a depth of 6663ft. The
hydrostatic and pore pressure of 2.89ksi is found by using a
fresh water density of 8.34ppg and the depth of interest. The

injection pressure assumes a 2.9ksi pump pressure at the
surface to compress the CO, gas to a supercritical state which
would result in a CO, density near that of fresh water,
8.34ppg.

Table 6: Long term simulation conditions for onshore well

At 6663ft:
Prod Casing ID | Prod Casing OD Hole D
6.276" 7" 8 %”
In-Situ Vertical Stress 3.34ksi
In-Situ Max Horizontal Stress 3.19ksi
In-Situ Min Horizontal Stress 2.90ksi
Production casing cement Neat Cement
Production Temperature 194°F
Production Pressure 3.25ksi
Depleted Temperature 194°F
Depleted Pressure 1.63ksi
Injection temperature 82°F
Formation temperature 174°F
Hydrostatic/Pore Pressure 2.89ksi
Injection Pressure 5.79ksi
Temperature (°F)
0 50 100 150 200
0 1 @ 1 1
1000 - Casing
Temperature

2000 -

3000 - ©® Formation
= Temperature
= 4000 -
=
& 5000 -

o

6000 -

7000 -

8000 -

9000

Figure 7: Wabamun formation and CO, injecting temperature
profiles

The in-situ stresses for each condition were determined in
the finite element model. The in-situ stress is a result of the
cement column pressure exerted at the depth of interest. This
pressure is dependent on if the annulus was open or closed
during cementing. In this case the depth of interest is the
Calmar shale at 6663ft. The inner casing pressure is dependent
on the internal pressure of the wellbore, when a plug is set the
internal pressure can be brought to hydrostatic by displacing
the cement with fresh water, as done in the Wabamun area.
The internal pressure may also be equal to the annular



AADE-14-FTCE-20

How Cement Operations affect your Cement Sheath Short and Long Term Integrity 7

pressure in the case where a plug is not set or fails to set. In
this scenario there is a U-tube effect in order to keep flow
from occurring. The cement stress is the effective stress so the
peak stress in the casing is equal to the stress in the cement
minus the pore pressure. From the in-situ stresses, Figure 8
and Figure 9 show the radial and hoop stresses, respectively,
along a vertical cut plane through the casing (dark grey),
cement (light gray) and formation (green). For the open
annulus scenarios, Figure 8 and Figure 9 show no risk of
failure under the in-situ conditions.

6
5 Open In-Situ U-Tube
7 Open In-Situ
= /, )
L2 4 - / Closed In-Situ U-Tube
§ ----- Closed In-Situ
S 3
wv
E -----
122 R e — Ei————
3
1 -
0 r r r
6 7 8 9 10

Diameter (in)

Figure 8: Wabamun onshore in-situ radial stresses

4 -
g e
w3
2
- /
g%
T Open In-Situ U-Tube

1 Open In-Situ

Closed In-Situ U-Tube
----- Closed In-Situ
0 T T T
6 7 8 9 10

Diameter (in)

Figure 9: Wabamun onshore in-situ hoop stresses

Under the production conditions described in Table 6, the
radial stresses in Figure 10 show that the U-tube conditions
have the greatest potential of radial de-bonding. This is due to
the larger pressure drop experienced from going from the
higher pressure of the U-tube, compared to the hydrostatic
condition, down to the production pressure. Figure 11 gives
the hoop stresses for production under each scenario. Here the
open annulus hydrostatic condition has the greatest potential
of tensile failure compared to the other scenarios. All
scenarios under production conditions are at no risk of failure.

Open Production U-Tube

Open Production
Closed Production U-Tube

----- Closed Production

Radial Stress (ksi)
w

—————
2 N /
1 -
0 T T T
6 7 8 9 10

Diameter (in)

Figure 10: Wabamun onshore production radial stresses

4 -
E
2 3
(]
g
g7
T Open Production U-Tube
1 Open Production
Closed Production U-Tube
ol g==e- Closed Production
6 7 8 9 10

Diameter (in)

Figure 11: Wabamun onshore in-situ hoop stresses

When subjected to the depletion conditions described in
Table 6, the radial stresses in Figure 12 show that the U-tube
scenarios for open and closed annulus have the greatest
potential of radial de-bonding. Additionally, the depletion
conditions have a greater potential of failure than the
production conditions, this is due to the decrease in wellbore
pressure which is reduced as the reservoir is depleted. Figure
13 gives the hoop stresses for depletion under each scenario.
Here the open annulus hydrostatic condition has the greatest
potential of tensile failure compared to the other scenarios.
Under depletion conditions the reduction in wellbore pressure
has reduced the potential of tensile failure of the hoop stress
compared to the production conditions. All scenarios under
production conditions are at no risk of failure.
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4.5 - Open Depletion U-Tube
A )
4 - ll Open Depletion
3.5 - [/

Closed Depletion U-Tube

————— Closed Depletion

Radial Stress (ksi)
N
w
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Figure 12: Wabamun onshore depletion radial stresses
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i Open Depletion
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Figure 13: Wabamun onshore depletion hoop stresses

Under the injection conditions described in Table 6, the
radial stresses in Figure 14 show that the open annulus U-tube
condition is at a much greater potential of radial de-bonding
compared to the other scenarios. This is due to the higher in-
situ stress in the cement column resulting in a smaller pressure
increase experienced by this scenario compared to the other
scenarios. Figure 15 gives the hoop stresses for injection
conditions under each scenario. Here the open annulus
hydrostatic condition has the greater potential of tensile failure
compared to the other scenarios and the closed injection U-
tube has the least potential of all the scenarios for tensile
failure in the hoop stress. All scenarios under production
conditions are at no risk of failure.

Open Injection U-Tube

Open Injection

Closed Injection U-Tube

Radial Stress (ksi)
w

Diameter (in)

Figure 14: Wabamun onshore injection radial stresses

Open Injection U-Tube
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Closed Injection U-Tube
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w
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Figure 15: Wabamun onshore injection hoop stresses

Offshore Case Study

This case study looks at a vertical offshore well which is
described below in Figure 16. This well was drilled using a
16ppg oil-based mud and cemented using 17.5ppg cement.
The casing of interest is the 9 5/8”, 70.3Ib/ft, production
casing which has a TVD at 10600ft. The hole diameter for the
section is 12 1/4” and intermediate casing is a 13 3/8”, 841b/ft,
casing with a TVD at 7200ft.
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Figure 16: Offshore well design

The bottom hole temperature of 293°F and the temperature
gradient will be linearly interpolated to the sea floor at 36°F.
The circulation temperature was based on simulation of
injection pressure temperature and it was found that for a
surface fluid temperature of 41°F the bottom hole injection
temperature would be 68°F. The circulation temperature was
set to be the same. This profile is shown if Figure 17.

Temperature (°F)
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8000 -

10000 -
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Figure 17: Offshore formation and injection/circulating
temperature profiles

Open and Closed System

In the offshore well, the results of the changes from a
planned cementing design are given in Figure 18. The density
vs depth plot gives the pore pressure and fracture gradients for
the well. The gradients are only plotted from the production
casing shoe to the intermediate casing shoe. What can be
found from this plot is that the use of an open annulus results

in a pressure distribution throughout the column that has
reduced to the pore pressure gradient. By the pressure
dropping to the pore pressure gradient, formation fluid could
begin to flow into the well. This flow into the well could lead
to channeling in the cement, a poor overall cement job, or a
fluid kick behind the annulus ultimately leading to a blowout.
In the closed annulus situation the pressure increases due to
the volume reduction of the annulus and the fluid volume
increase resulting in high compressional pressures. The result
of this compression increases the pressure so much that the
bottom hole pressure gradient in the annulus is 27ppg. Again,
the primary difference between these results and the Mitchell
and Sweatman* results is that they assume the wellbore
integrity is lost because of the crossing over the fracture
gradient of the formation. However, in reality one would
expect the fluid to leak off into the formation. It can be seen
that once a fluid volume equal to the compression pressure has
been leaked off the pressure in the column will decrease until
it no longer is crossing the fracture gradient line. In this
situation it was found that 11.2bbl of annulus fluid would have
to leak off in order to move the column pressure inside the
fracture gradient. The fluid loss overall is not a significant loss
of volume and the integrity of the wellbore would remain
intact.

Density (ppg)
10 12 14 18 20 22 24 26 28 30
7000 1 1 1 1 1 1 1 1
. @ e» @ Planned Column Density
7500 -
Open Actual Column
8000 - : Density
P — Closed Actual Column
8500 - 3 Density
= L oeeceennes Fracture Gradient
~'_’:-" 9000 -
E_ 9500 - --------- Pore Pressure Gradient
(=]
Closed Actual Column
10000 Density after Leak Off
10500 -
11000 -
11500

Figure 18: Offshore density plot of open and closed annulus
conditions with fracture gradient and pore pressure gradient

Long Term Results

The simulation loading for the single casing at 10600ft is
described in Table 7. Table 7 gives the formation’s in-situ
stresses and the production casing and hole diameters used in
the model. The production casing cement is given as neat
cement for the well. The cement pressure will be determined
from the annular column density. The production cement is
cemented to a depth of 8700ft, so the cement pressure will be
based on 8700ft of oil-based mud of 16ppg and the interval of
cement from 8700ft to 10600ft of neat cement of 17.5ppg.
Additionally, the well will be loaded in a separate scenario
with a U-tube pressure in which the pressure inside the casing
is equal to the outside of the casing at the bottom of the hole.
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As previously, this scenario would simulate a situation where
the casing plug was not seated and equalizing pressures of the
inner casing and outer casing was used to prevent flow. In the
case, when a plug is set, the cement will be displaced with the
oil based mud, 15.4ppg after temperature compensation.

The production temperature will be equal to the formation
temperature at the bottom of the well in the perforated section
at 11000ft with a temperature of 293°F. The production
pressure will be equal to the bottom hole pore pressure equal
to 9.14ksi. The depletion of the reservoir will be simulated
with the same production temperature but a production
pressure of half the bottom hole pore pressure.

The fracturing injection temperature and formation
temperature are given as 67°F and 283°F, respectively. These
values are determined from Figure 17 at a depth of 10600ft.
The hydrostatic pressure of 4.60ksi is found by using a salt
water density of 8.6ppg and pore pressure at 10600ft will be
7.65ksi. The fracturing injection pressure is 11.3ksi as to be
able to fracture the reservoir section.

Table 7: Long term simulation conditions for offshore well

At 10600ft:

Prod Casing ID Prod Casing OD Hole D
8.157” 95/8” 12 1/4”
In-Situ Vertical Stress 9.99ksi

In-Situ Max Horizontal Stress 9.76ksi

In-Situ Min Horizontal Stress 9.07ksi

Production casing cement Barite Cement
Production Temperature 293°F
Production Pressure 9.14ksi
Depleted Temperature 293°F
Depleted Pressure 4.57ksi

Injection temperature 67°F

Formation temperature 283°F
Mud Pressure, 15.4ppg 4.60ksi
Pore Pressure 7.65ksi
Injection Pressure 11.3ksi

The in-situ stresses for each condition were determined in
the finite element program. The in-situ stress is a result of the
cement column pressure exerted at the depth of interest. This
pressure is dependent on whether the annulus was open or
closed during cementing. In this case the depth of interest is
10600ft. The inner casing pressure is dependent on the internal
pressure of the wellbore, when a plug is set the internal
pressure can be brought equal to the mud density at elevated
temperature, 15.4ppg, by displacing the cement with oil-based
mud. The internal pressure may also be equal to the annular
pressure in the case where a plug is not set or fails to set. In
this scenario the pump pressure is increased to create a U-tube
in order to keep flow from occurring. From the in-situ stresses,

Figure 19 and Figure 20 show the radial and hoop stresses
along the horizontal distance from the wellbore center
(diameter) respectively, the open annulus scenarios are at the
greater risk of radial de-bonding of the cement sheath from the
casing or formation and tensile failure, but are at no risk under
the in-situ conditions.

10
° == Open In-Situ U-Tube
8 Open In-Situ
z 7
é‘, Closed In-Situ U-Tube
w 6
o s/ N To==s Closed In-Situ
&
® 4
5
e 3
2
;| I ———————
0 T T T T T
8 9 10 11 12 13 14

Diameter (in)

Figure 19: Offshore in-situ radial stresses
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Figure 20: Offshore in-situ hoop stresses

Under the hydraulic fracturing conditions described in
Table 7, the radial stresses in Figure 21 show that all scenarios
are at a significant risk of radial de-bonding at the casing-
cement interface. This is due to the large temperature change
experienced from injecting the cool fluids from the surface,
through the riser, and down to the reservoir formation. The
temperature reduction from 283°F to 67°F causes tensile
stresses to develop in the radial and hoop stress directions,
ultimately leading to de-bonding if the temperature change is
great enough. Figure 22 gives the hoop stresses for injection
conditions under each scenario. Here the open annulus
scenarios have a great risk of tensile failure. The hoop stress in
the open annulus scenarios is at nearly 200psi of tensile stress,
this means that if the cement is of poor quality at that depth or
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Figure 22: Offshore fracturing hoop stresses

Under the production conditions described in Table 7, the
radial stresses in Figure 23 show that the open annulus
conditions are at the greatest potential of radial de-bonding.
Compared to the radial in-situ stresses the open annulus
scenarios have slightly less risk and the closed annulus
scenarios have slightly greater risk. Figure 24 gives the hoop
stresses for production under each scenario. The closed
annulus scenario has the greatest potential of tensile failure in
the formation compared to the open annulus scenarios. If the
formation were to fracture that would create a leakage path at
the outside edge of the cement sheath. All scenarios under
production conditions are at no risk of failure.

Figure 24: Offshore production hoop stresses

When subjected to the depletion conditions described in
Table 7, the radial stresses in Figure 25 show that the open
annulus scenarios are at risk of radial de-bonding. If radial de-
bonding were to occur at the casing-cement interface then the
wellbore fluids could leak into the annulus and possibly to the
surface. Additionally, the depletion conditions are at a greater
risk of de-bonding than the production conditions, this is due
to the decrease in wellbore pressure which is reduced as the
reservoir is depleted reducing radial stress. Figure 26 gives the
hoop stresses for depletion under each scenario. Here the open
annulus conditions have the greatest potential of tensile failure
compared to the other scenarios. Under depletion conditions
the reduction in wellbore pressure has reduced the potential of
tensile failure of the hoop stress compared to the production
conditions. The open annulus conditions are at a high risk of
radial de-bonding in under depleted conditions, the radial
stress is very close to tensile stresses which means that any
slight variations in density or pressures could lead to radial de-
bonding at the casing-cement interface.
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Figure 25: Offshore depleted radial stresses
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Figure 26: Offshore depleted hoop stresses

Discussion
Short Term Integrity

When the pressure in the wellbore becomes greater than
the fracture gradient it is not sign of loss of overall wellbore
integrity. Under the conditions where the highest crossover
occurs below the previous casing shoe and above the cement
top the pressure and excess fluid may leak off into the
formation resulting in the pressure reducing until the fracture
gradient is no longer crossed. If the greatest crossover of the
pressure curve and fracture gradient were to occur below the
cement top then there would be an expected loss of cement
slurry resulting in a reduction of cement sheath integrity above
that point.

If the annulus pressure were to drop below the pore
pressure gradient then there is a significant risk of cement
sheath integrity loss. The risk of channeling and fluid kick
become very high and the integrity of the well is
compromised. In a situation where the pressure in the annulus
drops in a U-tube well there is a risk that the fluid in the
wellbore may flow into the cement sheath in the annulus. This
would be caused by the reduction of pressure in the annulus
and the higher pressure caused by the pump. While the pumps

would eventually correct to the proper U-tube pressure, there
may be a risk of channeling or poor cementing at the casing
shoe.

Long Term Integrity

In the Wabamun area the closed annulus U-tube scenario
had the overall lowest potential risk of all the scenarios, while
the open annulus hydrostatic scenario had the greatest
potential risk. There was no indication of failure in any of the
Wabamun scenarios but the model was run under elastic
conditions. If cycling were to occur under these conditions the
cement sheath would begin to fatigue and the tensile stresses
would occur for the conditions with the lowest radial and hoop
stresses first.

In the offshore well it was found that the open annulus
scenarios had the greatest risk of failure and may even result
in failure under elastic loading during fracturing and depleted
reservoir conditions. All scenarios will result in de-bonding
under the fracturing conditions. This means that during the
hydraulic fracturing job that the fluid injected into the
formation can travel between the casing and the cement
sheath. The depth that these fluids can travel is not described
but the potential is that these fluids could reach the surface,
which could cause catastrophic problems for the cased
wellbore integrity. The greatest probability of a secure
offshore well in this case study is a closed annulus using either
the drilling mud or a U-tube as the fluid inside the casing
during cementing.

Conclusions

This paper discusses the effects of open and closed annulus
cement jobs on the short term and long term integrity of the
well. The casing and formation displacement calculations
were described as well as the fluid expansion and
compression. Staged finite element simulations looked at long
term integrity by simulating in-situ, fracturing, production,
depletion, and injection conditions.

The results show that, for the two cases studied here, a
closed annulus cement job will result in a more resilient
cement sheath. While there may be a pressure greater than that
of the fracture gradient the fluid pressure would leak off into
the formation with similar damage to a LOT. Fracturing of the
well can result in many long term problems due to the high
risk of de-bonding and tensile fracturing of the cement sheath.
Overall there are a variety of complications that can occur if
the cement pressures are not monitored and the cement sheath
is not designed for the life of the well. The long term
simulations must also be updated based on the result of the
primary cementing job.

When thermal effects on the fluid and annulus are to be
accounted for there are two general conclusions that can be
made from these results. The first conclusion is that in a
closed system it would be expected that the pressure will
increase in the annulus and therefore the pressure will leak off
into the formation. The resulting annulus column pressure
would be equal to the first intersection with the fracture
gradient. The second conclusion is that in an open annulus the
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fluid density change with temperature controls the annular
pressure. The change in height of the cement column with
annulus volume change is negligible compared to the fluid
expansion.
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Nomenclature
E = Young’s modulus
v = Poisson’s ratio
1= Micro (10°%)
€ = Strain
a = Linear thermal expansion
u = radial displacement
T = temperature change
C1,C2 = Integration constants
P, = pressure change in the annulus
P, = pressure change inside of the casing
r = Radius of interest
r, = Inner casing radius
rp, = Outer casing radius
r. = Inner formation radius
B = Thermal volumetric expansion
Ap = Change in pressure
AV = Change in volume
V = Volume
kg = Isothermal compressibility
X,y,z = Cartesian coordinates
p = Cement slurry density
To = Tensile Strength
ID = Inner diameter
OD = Quter diameter

D = Diameter

References
1. Nelson, E. B. and Guillot, D., Well Cementing, 2" ed, (Sugar
Land, TX; Schlumberger, 2006)
2. Adams, A. (1991). How To Design for Annulus Fluid Heat-Up.
Society of Petroleum Engineers. d0i:10.2118/22871-MS
3. Halal, A. S., & Mitchell, R. F. (1994). Casing Design for
Trapped Annular Pressure Buildup. Society of Petroleum
Engineers. doi:10.2118/25694-PA
4. Mitchell, R., & Sweatman, R. (2013). Wellbore Stability and
Integrity Contributors Revealed by Thermal Modeling and Fluid
Analysis. Offshore Technology Conference. doi:10.4043/24072-
MS
5. Thiercelin, M. J., Dargaud, B., Baret, J. F., & Rodriquez, W. J.
(1998). Cement Design Based on Cement Mechanical Response.
Society of Petroleum Engineers. doi:10.2118/52890-PA
6. Bosma, M., Ravi, K., van Driel, W., & Schreppers, G. J. (1999).
Design Approach to Sealant Selection for the Life of the Well.
Society of Petroleum Engineers. d0i:10.2118/56536-MS
7. Ravi, K., Bosma, M., & Gastebled, O. (2002). Improve the
Economics of Oil and Gas Wells by Reducing the Risk of
Cement Failure.  Society of Petroleum  Engineers.
d0i:10.2118/74497-MS
8. James, S. G., & Boukhelifa, L. (2008). Zonal Isolation
Modeling and Measurements - Past Myths and Today&apos;s
Realities. Society of Petroleum Engineers. doi:10.2118/101310-
PA
9. Cooke, C. E., Kluck, M. P., & Medrano, R. (1983). Field
Measurements of Annular Pressure and Temperature During
Primary Cementing. Society of Petroleum Engineers.
d0i:10.2118/11206-PA
10. Morgan, D. R. (1989). Field Measurement of Strain and
Temperature While Running and Cementing Casing. Society of
Petroleum Engineers. doi:10.2118/19552-MS
11. Gray, K. E., Podnos, E., & Becker, E. (2009). Finite-Element
Studies of Near-Wellbore Region During Cementing
Operations: Part |. Society of Petroleum Engineers.
d0i:10.2118/106998-PA
12. Bois, A.-P., Garnier, A., Galdiolo, G., & Laudet, J.-B. (2012).
Use of a Mechanistic Model To Forecast Cement-Sheath
Integrity. Society of Petroleum Engineers. doi:10.2118/139668-
PA
13. Nygaard, R., Salehi, S., Weideman, B., & Lavoie, R. G. (2014).
Effect of Dynamic Loading on Wellbore Leakage for the
Wabamun Area CO2-Sequestration Project. Society of
Petroleum Engineers. doi:10.2118/146640-PA
14. Timoshenko and Goodier (1951), Theory of elasticity 2nd
Edition
15. Jo, H. (2008). Mechanical Behavior of Concentric and Eccentric
Casing, Cement, and Formation using Analytical and Numerical
Methods. University of Texas at Austin
16. Zamora, M., Roy, S., Slater, K. S., & Troncoso, J. C. (2013,
August 8). Study on the Volumetric Behavior of Base Oils,
Brines, and Drilling Fluids Under Extreme Temperatures and
Pressures. Society of Petroleum Engineers. doi:10.2118/160029-
PA
17. Altair (2010), Altair Hypermesh User's Guide
18. SIMULIA (2011), Abaqus/CAE User's Manual,
http://www.simulia.com/support/documentation.html
19. Nygaard, R., Salehi, S., & Weideman, B. (2012). Cement
Failure and Potential Wellbore Leakage Induced by Injection
Loads. AADE-12-FTCE-35



14

B. Weideman and R. Nygaard

AADE-14-FTCE-20

20.

21.

22.

23.

24,

25.

26.

Sabins, F. L., & Sutton, D. L. (1991). Interrelationship Between
Critical Cement Properties and Volume Changes During
Cement  Setting. Society of Petroleum  Engineers.
doi:10.2118/20451-PA

CRC (1987), 100/02-01-046-01W5/00, Operator: Gulf Canada
Resources LTD, Contractor: Nabors Drilling LTD
GeoWebworks (2009), Well Ticket 100/02-01-046-01WS5,
Operator:  ConocoPhilips  Canada  Resources  Corp.,
http://www2.geowebworks.com/Reports/WellTicket.aspx
Lavoie, R. & Keith, D. (2010), Wabamun area CO2
sequestration project (WASP),
http://www.ucalgary.ca/wasp/Executive%20Summary.pdf
Dillenbeck, R. L., Heinold, T., Rogers, M. J, &
Mombourquette, 1. G. (2003). The Effect of Cement Heat of
Hydration on the Maximum Annular Temperature of Oil and
Gas Wells. Society of Petroleum Engineers. doi:10.2118/87326-
PA

Bachu, S., Haug, K., & Michael, K.,: “Stress Regime at Acid-
Gas Injection Operations In Western Canada.” Alberta
Geological Survey, Alberta Energy and Utilities Board 2008
Ruan, B., Xu, R., Wei, L., Ouyang, X., Luo, F., & Jiang, P.
(2013), 'Flow and thermal modeling of CO2 in injeciton well
during geological sequestration,' International Journal of
Greenhouse Gas Control 19 (2013) 271-280



