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1
ABSTRACT

Numerical modeling methods such as the widely used finite element method
provide an excellent opportunity to analyze the wellbore state of stress for a variety of
applications such és wellbore integrity, wellbore design or hydraulic fracturing. However,
numerical modeling methods introduce errors by nature and may not precisely match the
analytical solution if the meshing of the numerical model is not carefully taken care of.
This study presents a parametric study of the meshing parameters mesh density, element
type, and model size for 2-dimensional and 3-dimensional vertical wellbore models under
three different types of boundary conditions, and a guideline for mesh optimization is
provided. The implications of the accuracy of numerical modeling results are shown by
calculating the safe mud weight window for different stress regimes for a non-optimized
wellbore mesh and an optimized mesh. Utilizing a non-optimized mesh for wellbore
stress analysis may lead to a significant misinterpretation of the minimum usable mud
weight and borehole collapse may result. Exemplary cases of wellbore stability during
drilling and wellbore integrity of CO, sequestration in a generic anticline structure have

been studied with the optimized 3-D wellbore model.
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1. INTRODUCTION

1.1. PREVIOUS STUDIES OF FINITE ELEMENT ANALYSIS FOR BOREHOLE

STRESS

The analytical solution of the borehole stresses for a linear elastic material is
given by the well-known solution derived by Ernst Gustav Kirsch [1] in 1898. Bradley
[2] and Zhang [3] further derived the effective wellbore stresses at the borehole wall for
an inclined borehole including pore pressure and mud pressure. However, the analytical
solution has limitations in handling complex formation geometry, material
heterogeneities and different rheological models.

As computers and commercial numerical software applications have become
readily available as a standard engineering tool, a variety of borehole stress studies utilize
2D and 3D finite element analysis for solving geomechanical problems associated with
borehole failure [4, 5, 6, 7]. It should be noted that numerical modeling methods
introduce errors by nature, as they represent an approximation approach [8], and often
utilize assumptions and simplifications for the practical problems. Thus, a common
problem of numerical studies is the validation and calibration to analytical solutions and
field data. Since this standard modeling procedure is sometimes not available, care has to
be taken with numerical codes to provide an accurate solution before the results can be
relied on for interpretation.

For wellbore stress analyses, the accuracy of numerical modeling results becomes
crucial especially at the wellbore wall where the state of stress changes rapidly.
Therefore, a high quality mesh, in addition to a constitutive material behavior and an
appropriate way to apply boundary conditions, is required to obtain accurate results. The
optimization of the model mesh may not be done in every study [9, 10], and to date only
few studies have focused on the significant influence by the mesh quality to the
numerical modeling results in geomechanical applications [11, 12, 13]. Grabinsky et al.
[11] studied the impact of different element types to provide good quality discretizations
for rock excavation for tunnels. Turon et al. [12] showed that results are sensitive to the
element size when handling pore cohesive elements in the wellbore fracture zone, and a

mesh size as small as 0.5mm in length is necessary to obtain converging solutions. Nipp



and McNulty [13] demonstrated how boundary conditions and element size can affect the
accuracy of solutions involving creep around a single borehole in an infinite medium. In
summary, these studies support the inference that the discretization parameters of element
size, element type, model size and boundary conditions are crucial regarding the accuracy
of numerical results. However the majority of numerical wellbore modeling studies
rarely consider these influences and an inherent need for an optimization procedure
becomes evident. This becomes most crucial when considering wellbore stability

scenarios where the mud window is very small.

1.2. STUDY OBJECTIVES

In the present study, the objective is to:

(1) present a parametric study of mesh parameters with comparison to Kirsch’s
analytical solution;

(2) provide a general guideline for optimization of 2-D and 3-D wellbore models to
minimize the numerical errors; and

(3) apply the non-optimized and optimized numerical borehole model in an
exemplary wellbore stability analysis and discuss the significance of the
numerical errors.

For the wellbore models, a parametric study of the discretization (i.e. mesh) is
based on the model size, element size, element type and the application of different types
of boundary conditions. The numerical results around the wellbore are to be compared
and validated with the analytical solution. An optimizing procedure is to be developed to
minimize the numerical errors according to the parametric study. For the case of an
exemplary wellbore stability analysis, i.e. the calculation of the safe mud weight window
for three different stress regimes, this study is to show the influence of the meshes to the
error of the numerical solution and the subsequent analysis of wellbore integrity. Optimal
well placement and CO; injection for a generic anticline reservoir on wellbore integrity is

further studied.



2. THEORETICAL BACKGROUND

2.1. BASIC THEORY OF STRESS

2.1.1. Stress at a Point. The following Chapter 2.1 summarizes brief stress
theory with reference to standard text books [14, 15, 16, 17]. Forces acting on a
continuous medium can be categorized into two types: body forces and surface forces.
The body forces act throughout the volume of the continuous medium and their
magnitudes are proportional to the mass involved (e.g. gravity). In contrast, surface
forces act on arbitrary surfaces of the medium. Surface forces can be resolved into two
components, one acting normal to the surface, and one acting parallel to the surface. For a
continuous medium which is loaded with a uniformly distributed normal force F over a

cross-section area A, stress can be defined as:

g =

L M)
To define the stresses at a point in the body, an infinitesimal cube with surfaces
oriented in three orthogonal directions is assumed (Figure 2.1). Each surface has a
normal stress and two shear stressed acting on it. Considering a surface normal to the x
direction, i.e., the x-plane), the normal stress is designated by o,,. The first subscript
denotes the x-plane that the stress is acting on, and the second subscript denotes the
direction of the stress. Similarly, oy, and o, represent the shear stress on the x-plane in
the y direction and z direction, respectively. Thus, there is a total of nine stress
components for a complete description of state of stress at a point, represented by the

stress tensor gj.

O-xx O-xy Xz
01’] = O-yx O-yy Gy: (2)
o o) (o)



X

Figure 2.1. Stress components in three dimensions.

Since forces and moments are in equilibrium throughout the body, no rotational

movement can be found at any point such that:

4 Ji (3)

Thus, the six shear stress components can be simplified as three independent

stress components.

2.1.2. Traction Vector. For an expression of stress on a plane in vector form, the
traction vector T represents a vector quantity of stress that acts at a point of a surface of
arbitrary orientation specified by the unit normal vector # on the body. The state of
stress at a point in the body is defined by all the traction vectors 7'(7) on a plane that pass

through the point:



—

F(@) = lim &
dA-0 d A (4)
From the force equilibrium in the Cauchy tetrahedron (Figure 2.2), the stress

vector 7'(7) at any point in a continuum medium associated with a plane with normal

unit vector n can be expressed as a function of »:

T(r)=0o,n

)

X

Figure 2.2. Traction vectors acting on a plane with normal unit vector n [14].

The equation shows that the stress vector on any arbitrary plane passing through

that point can be determined by merely knowing the state of stress at that point.



2.1.3. Principal Stresses. The stress tensor involves six independent stress
components, i.e. three normal stresses and three shear stresses, and is dependent on the
coordinate system of the imaginary infinitesimal cube. Through coordinate
transformation equations for stresses, the stress tensor for any coordinate system can be
obtained. In a specific coordinate system where all the shear stresses are zero and only
normal stresses exist, the normal stresses are referred to as principal stresses o, , > , and

03;. The stress tensor for the principal stresses can be expressed as:

o, 0 O
c’'={0 o, 0 (6)
0 0 o,

2.1.4. Mean Stress and Deviatoric Stress. The deformation of rock
corresponding to the stresses involves two types of change: changes in volume and shape.
The volume change is determined by the mean stress a,,, simply given by the arithmetic

average of the three principal stresses:

o, +0,+0
— 1 2 3
g =Dt 0 (7)
3
The shape change or distortion is associated to the deviatoric stress. The
deviatoric stress ¢’jj is defined by subtracting mean stress from the normal stress
components:
O-XX - O-ﬂl O-.X]/ O.\’Z
L.
G, = O )x O, =~ On O, (8)
o o.-0



2.1.5. Andersonian Stress Regime. The state of stress in the Earth’s crust is
commonly referred to as an Andersonian state of stress in which one principal stress is
the vertical stress and the other two are the horizontal stresses. Based on the relation of
the magnitudes three Andersonian stress regimes can be defined: (1) extensional stress
regime, in which g, is the vertical stress; (2) strike-slip stress regime, in which o, is the

vertical stress; (3) compressional stress regime, in which o3 is the vertical stress.

2.2. STRESS AROUND A WELLBORE

Wellbore instability and thus wellbore failure are directly dependent on the state
of stress around the wellbore. Therefore a fundamental understanding of the wellbore
state of stress is crucial and has been studied extensively.

Subsurface formations are subject to three in-situ principal stresses o, ¢, and o3,
and the state of stress of the rock is initially in equilibrium. When the borehole rock is
removed, e.g. during drilling, the acting loads are to be compensated in the adjacent rock
around the borehole by redistributing the stresses. After the redistribution of the stresses,
local stress concentrations occur in the close vicinity of the wellbore. The linear elastic
solution describing the radial and tangential stresses around a circular borehole was first
derived by Kirsch [1] in 1898, in which the axis of the hole opening coincides with one
axis of the principal stresses. The Kirsch solution is extended by Zhang et al. [3] to take
into account the pore pressure and the fluid pressure in the wellbore. For an Andersonian
state of stress that o, 6,, and o3 are the vertical stress and two far field horizontal stresses
[17] and assuming a constant pore pressure and a Biot’s coefficient of 1, the effective

stresses around the borehole for a vertical well can be obtained [3]:
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o, =0,-P, —VZIE‘: (o, —0,)c0s20 (11)
r
. (o,-0,)(, 2R 3R!).
T,p =— 5 ] 4oL [5in 28 (12)
r r

where 6, , 009, 0- and 7’ ,¢ are the radial stress, hoop stress, vertical stress, and
shear stress in the r-0 plane, respectively; oy , 0, , and o, are the maximum horizontal,
minimum horizontal, and the overburden stress, respectively; R,, is the wellbore radius,
and r is the distance from wellbore center; 0 is the angle with respect to the direction of
oy, v is the Poisson’s ratio.

Then the effective stresses at the borehole wall (» = R,,) can be written as:

o, =P,—P, (13)
Gp=0y+0,-P,—P -2(c, —0,)cos 20 (14)
o.=0, t 9 ~2v(o, —0,)cos 20 (15)

For the stresses at the wellbore wall, at = 90°/270°, the hoop stress reaches its
maximum and thus compressive failure or borehole breakouts may occur if the state of
stress exceed the compressive strength of the rock (Figure 2.1). The hoop stress is
minimum at » = R,, at § = 0°/180°, and when the hoop stress is in tensile and reaches the
tensile strength of the rock, tensile failure occurs (Figure 2.1).

The maximum hoop stress occurs in the direction of the minimum horizontal

stress (60 = 90°), and the hoop stress at the borehole wall is given by:
g =30, =0, P, - P, (16)

The minimum hoop stress occurs in the direction of maximum horizontal stress (0

= (0°), and the hoop stress at the borehole wall is given by:

61;9=3O-II_GH—Pp_Pm (17)



The radial stress at the borehole wall is given by the difference of fluid pressure

and pore pressure, regardless of the angle 6:

rr m p (18)

Figure 2.3. The effective stresses in cylindrical coordinate system and failure types
around the borehole.

2.3. ROCK FAILURE CRITERIONS

2.3.1. Compressive Failure. Compressive failure in a wellbore, which is also
termed breakout or collapse, occurs when the compressive strength of the formation is
exceeded and the wellbore wall fails in shear. In order to predict rock failure and
wellbore instability, different strength and failure criteria are commonly used. These
criteria can be categorized into criteria where failure is dependent on the differential
stress from the maximum and minimum principal stresses (o; [] a3) or into criteria which

additionally account for the intermediate principal stress (o,). The most widely used
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linear criteria are the Mohr-Coulomb failure criterion and the Drucker-Prager failure
criterion [18]. The Mohr-Coulomb failure criterion assumes that only the differential
stress is crucial for failure and that the intermediate principal stress has zero influence on
rock strength/failure. The Drucker-Prager criterion puts the same weight on the
intermediate principal stress as on the maximum and the minimum principal stresses [19].
It is known that the intermediate principal stress has a strengthening effect to the rock,
but this strengthening effect is not as profound as predicted by the Drucker-Prager
criterion [18]. Thus, the Drucker-Prager criterion tends to give over-optimistic rock
strength, while the Mohr-Coulomb criterion tends to give conservative rock strength.
Studies have shown that the choice of the applied failure criterion has a significant
influence on the prediction of the safe minimum mud weight [20, 21, 22].

The numerical models of this study are linear elastic and isotropic, i.e. consistent
with Kirsch’s solution, and no failure will occur in the numerical model. Thus, the
subsequent analysis on the rock failure is based on the numerical results from the elastic
model without permanent deformation or failure. The Mohr-Coulomb failure criterion
[23], as the most conservative criterion, is chosen for determining compressive failure
and predicting the minimum mud weight for wellbore stability. Rock would fail when
the shear stress, 1, developed on a specific plane reaches a value that overcomes the
cohesion of the rock and the internal friction force between the opposing planes. The

criterion is written as a linear function:

7=C,+0,tang (19)

where 7 is the shear stress, Cy is the cohesion, ¢ is the internal friction angle of the
rock, and o, is the normal stress on the failure plane. When the Mohr circle defined by o,
and o3 intersects with the failure envelope (Figure 2.2), shear failure will occur, and the

relation of o, and o3 at failure can be expressed in terms of Cp and ¢ as below:

cos¢ +1+sm¢

o, =2 o
' " %1-sing 1-sing °

(20)
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Nlohr-Coulomb Failure Envelope

e

Mohr Circle

To O3 01

Figure 2.4. Mohr circle diagram showing compressive failure as the Mohr Circle touches
the Mohr-Coulomb failure envelope.

2.3.2. Tensile Failure. Rocks hardly carry tensile stress and the tensile strength
of rocks is as low as a few MPa [16]. Tensile fractures occur around wellbores when the
hoop stress exceeds the tensile strength of the rock. This can be either a natural process or
associated to the drilling process that forms the joints (i.e. drilling induced tensile failure)
in rock. Hydraulic fracturing operations further increase the wellbore fluid pressure and
deliberately fracture the formations an application of the tensile failure to increase
formation permeability with the utilization of proppants to keep the fractures open.
Tensile failure may cause drilling fluid loss and lost circulation in the wellbore. The
criterion for tensile failure at the borehole wall is satisfied when the minimum principal

stress o 3 is equal or less than the formation tensile strength 7:

o, <-T, Q1)
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2.4. EFFECT OF PORE PRESSURE AND MUD PRESSURE TO FORMATION

FAILURE

Pore pressure and mud pressure change the state of stress around the wellbore,
acting as factors for wellbore stability. According to Equations (13) and (14), both pore
pressure and mud pressure influence the hoop and radial stresses around the wellbore.
Increasing pore pressure will offset the Mohr circle to the left in the Mohr circle diagram,
leading to a higher chance of borehole breakout or tensile fracture depending on the
magnitude of the differential stress (i.e. the size of the Mohr circle; Figure 2.5).

Increasing mud pressure will decrease the hoop stress and increase the radial
stress, contributing to a smaller Mohr circle such that wellbore stability is improved.
Nevertheless, if mud pressure is too high, it will cause tensile hoop stress and thus

drilling-induced tensile fractures may occur (Figure 2.6).

Figure 2.6. Influence of mud pressure toward formation failure.
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2.5. SAFE MUD WEIGHT WINDOW

Drilling mud serves several functions in well drilling: it lubricates and cools the
bit as it breaks up the rock at the bottom of the hole; it carries the rock cuttings to the
surface where the cuttings are removed from the drilling fluid before it is re-circulated; it
also helps control pressures in the wellbore to prevent from blowout; and it is a source of
downhole information. For wellbore stability, mud pressure is required to be higher than
the formation pressure to keep the formation fluid from entering the borehole, and should
also be higher than the collapse pressure, which is the minimum mud pressure in the
borehole to prevent the onset of shear failure. Thus, the lower limit of the safe mud
weight window for drilling is defined by either the formation pressure and or the collapse
pressure, i.e. the higher value determines the lower limit. The upper limit of the safe mud
weight window is defined by the breakdown pressure, the maximum mud pressure to
avoid the onset of tensile failure.

Based on the Mohr-Coulomb failure criterion, the collapse pressure can be
obtained at 90 degrees at the borehole wall by utilizing the 6,-03 relation in Equation (20)
and the fact that the center of the Mohr circles (i.e. the mean stress) stays the same

(Equation (22)) when the mud pressure changes:

O, +0g _03 10,

22
5 > (22)
O, + 0y —2C, 207
. o = rr 06 0 ]_Sin¢ 23
P 1+sing (23)
1+ -——=
1-sing
Thus, the collapse pressure can be obtained as:
m,collapse
=03~ O-;'r,‘)Odeg
' - cos ¢
G 90deg T C00.90deg ~ 2C, ]__m (24)
= l + Sin ?i - O-rr,90deg

1+

1-sing
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The breakdown pressure is the maximum mud pressure to prevent onset of tensile

failure for which the hoop stress at 0 degrees equals the tensile stress of the rock:

0-68,0 deg Pm,hreakdown = _TO
. (25)
= P, preakdown = Cp.0dex T Lo

2.6. FINITE ELEMENT ANALYSIS

2.6.1. Governing Equation in Finite Element Modeling. In continuum
mechanics, an object is treated as a continuous mass, instead of as discrete particles for
its kinematics and mechanic behavior. Based on the fundamental physical laws applying
on the continuum object partial differential equations describing deformation of a
continuous rock formation can be derived. From the law of conservation of momentum,

the continuum form of this principle can be derived as follows [8, 24, 25]:
—+pb = p——
e PDb; (26)

where p is the density of the material, and b; is the body force, and v; is the
velocity of the object. Neglecting the acceleration term (as considered appropriate for

rock deformation), Equation (18) can be expressed as

oo

)

~+pb, =0
% - el

This equation can also be derived from the law of equilibrium of forces acting on
an infinitesimal element of dimension dx, dy dz. The force equilibrium of the

infinitesimal element in x-direction is:
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oo oo,
Cn+——dx|dydz-o dydz +|o0, +——dx |dxdz -0 dxdz
' Ox ' ' Ox : (28)

+ (0'__,‘. + ag‘“ dx]dydz -o dydz +pb, =0
21

Similar equations can be derived for the y- and z-directions, and the same

equation as Equation (27) can be obtained.

Hook’s law provides a stress-strain relationship for linear elasticity, and the strain

tensor is presented in terms of displacement:

O-y' = c(jkl gk/ (29)
E. = l ai + _ai 30
To2(ax, ox 30)

Where c; is the stiffness matrix of the material, € is the strain tensor, and u; is
the displacement. Thus, Equation (27) can be re-written as the governing partial

differential equation for the stress-displacement problem:

- Ou,
A C'//k/l _6_11_,+ . +pb, =0
ox, | 7 2(0x, Ox
. . (31)

With appropriate boundary conditions, solutions may be obtained from the above

PDE for the continuum object.

2.6.2. Finite Element Method. However, partial differential equations may not
always have solutions when the physical problem is complex in geometry, material
properties, boundary conditions, etc. The finite element method provides a numerical
method to solve for approximate solutions of partial differential equations. In the finite

element method, the continuum of the object is broken into discrete elements, and the
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continuity of the solution is maintained at nodal points where the elements are connected
to each other. Each element is governed by a linear equation derived from the governing

PDE with the utilization of an approximation of the solution u:
Ku +f=q° (32)

where K° is the element stiffness matrix, f° is the element loading, and ¢° is the
internal force at the element nodes.
The solution u in the original PDE is approximated with # in each element, by

means of shape functions N, that account for the solutions between nodal solutions u;:

uzfl=ZN,u, (33)

Assembling the equations for all the elements in the discrete system, a global
matrix form of the equations of the physical problem can be obtained, and numerical
results, i.e. the displacement in the physical problem in this study, can be found

accordingly. Strain and stress can be subsequently derived from the displacement.

2.6.3. Error Source and Approximation. Figure 2.7 shows the steps of a
simulation process for physical problems [25]. Physical systems are often complicated
with numerous parameters to deal with, and thus are idealized into mathematical
equations including assumptions and simplifications describing the physical problem.
The mathematical model has to be adjusted and calibrated with experimental
measurements to present the physical system correct enough in a mathematical way.
Errors may occur in this idealization process since the physical problem is simplified
with assumptions. Another error results from discretizing the continuum itself. The
solution of the numerical model is sensitive to both the spatial resolution of the FE mesh

and to the order of the approximation functions (i.e. shape functions).
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The comparison of the numerical solution and the analytical solution is
demonstrated in Figure 2.8.Utilizing a fine discretization (shown in red lines), the
numerical solution provides a better fit to the analytical solution than the solution of the
coarse discretization (shown in blue lines). In addition to the discretization, a linear
approximation (later referred to as 1% order elements) between nodal solutions is another
important reason that the accuracy of the numerical solution is limited. Quadratic
approximations (later referred to as 2™ order elements) can effectively minimize the

errors generated by the continuum discretization.

Discretization and Solution Error

Physical Mathematical Discrete Discrete
System Model Model Solution

Idealization Error

Figure 2.7. Process for FE simulation of physical problem.
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Figure 2.8. A schematic view showing the analytical solution of the continuum and the
numerical solution of the two discrete systems. The continuum is discretized by either
blue lines or red lines. When a continuum is discretized into more sub-regions (shown in
red), errors from the numerical can be decreased. The use of linear approximation is also
a source of the errors, and the approximation can be improved by using quadratic shape
function.
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3. GEOMECHANICAL MODEL AND MODELING APPROACH

3.1. MODEL SETTINGS

An initial 2-D base model of a vertical borehole is setup as a reference for the
sensitivity check of the various meshing parameters. A compilation of various models
with changing model sizes, refinement of the discretization and different boundary
conditions (i.e displacement, stress, and drilling simulation boundary conditions) are also
generated. Parametric studies are conducted for these models and compared with the
base model and the analytic solution. Finally an optimization procedure of modeling and
meshing parameters to minimize the numerical error is developed.

The 2-D base model has a borehole radius of 0.1m (R,,) and horizontal dimensions
of 2m by 2m (Figure 3.1). For a clearer understanding the model is divided into several
regions. The near-wellbore region ranges from the borehole wall (R,,) to the outer circle
of the region (5R,,); the far-field region ranges from the outer circle of the near-wellbore
region (5R,,) to the model boundary (10R,,). The base model mesh consists of 1* order
quadrilateral 2-D plane strain pore pressure elements. Referring to Figure 3.1, for the
circumferential mesh density in the near-wellbore region, 20 elements per quarter
circumference are used; for the initial radial mesh density, 20 elements per 4R,, distance
are used; for the far-field region a radial mesh density of 10 elements per 5R,, distance is
used. These element densities are representative of commonly regarded good quality
meshes [26], i.e. we have a fine mesh in areas of rapidly changing stresses and the
element aspect ratio (optimal is 1) does not exceed 2.55 in the near wellbore region.

The geometry and mesh of the 3-D wellbore models are built from the 2-D base
and optimized 2-D models. An additional sensitivity check is conducted for the model
and element height as well as the element type. The 3-D model results are compared with
the 2-D models and the analytical solutions. For the sensitivity analysis, the 3-D base
model features the exact same discretization as the 2-D base model for the borehole
opening plane (i.e. horizontal plane).The model height is 10m and with an element height
of 1m (Figure 3.2). The element type used here is 1* order quadrilateral 3-D pore

pressure element.



The numerical models are solved with the commercial Finite Element software
package ABAQUS™.

2m

© Far-field
" Region Far-field Region

L_ 10 elements
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© Far-field
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Y
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Figure 3.1. The 2-D base model using a mapped meshing approach and varied mesh
densities in the sub-regions.
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Figure 3.2. The 3-D base mode] generated from the 2-D cross-section
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3.2. MAPPED MESHING APPROACH

The geometry of a borehole model has been constructed using the commercial
pre-processing software package Altair HyperMesh' ™. For the 2-D wellbore model, a
mapped meshing approach [27] was followed to have complete control on the size and
shape of the elements. By using this meshing approach, the overall wellbore geometry is
organized into several sub-regions such that the mesh generated by an automated
meshing algorithm in HyperMesh yields a minimal number of odd-shaped elements, and
the mesh size and aspect ratio of the elements around the borehole can be controlled most
conveniently. Referring to Figure 3.1, in the near-wellbore region, relatively fine circular
meshes aré used around the borehole, since the state of stress changes rapidly close to the
borehole wall. In the outer far-field regions, coarser meshes are used since the state of
stress in this region is given by the homogeneous far-field stresses. The near-wellbore
region is defined as four times of borehole radius (R,,), ranging from &,, to 5R,, from the
borehole center.

For the construction of the 3-D wellbore model, the model is built initially in 2-D
as the wellbore cross-section following the mapped meshing approach, and then dragged

along the wellbore axis to complete the 3-D model and mesh.

3.3. MODEL INPUT AND BOUNDARY CONDITIONS

The material behavior of the model is linear elastic, isotropic and homogeneous
throughout the overall geometry. The material uses common sandstone material
parameters of a Poisson’s ratio of 0.25 and a Young’s modulus of 15 MPa. The initial
anisotropic far-field stresses are: o = 40 MPa and o, = 20 MPa; the fluid pressures are:
P, =10 MPa and P,, = 15 MPa. For the 2-D model plane strain analysis is utilized.

The influence of the various meshing parameters on the quality of the results is
studied by using three types of boundary conditions:

(1) displacement boundary conditions: far-field stresses are generated by applying
displacements to the model boundary (Figure 3.3 (a));

(2) stress boundary conditions: far-field stresses are directly applied on the model

boundaries (Figure 3.3 (b));
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(3) drilling process simulation: the model initially represents an undisturbed
formation of rock (i.e. borehole is not existent) and is pre-stressed to simulate the initial
state of stress in equilibrium in the formation before drilling; with the removal of
wellbore elements, the drilling process is simulated and subsequently the stresses are

redistributed (Figure 3.3 (¢)).

u Displacement by o),

Displacement by oy, Displacement by oy

— g |

ﬂ Displacement by o),

(a)

0.

Oy On

1o

(b)

Formation in the
borehole region
initially exists, and is
Stresses induced by then to be removed.
oy and oy, are pre-
existed in the model.

(c)

Figure 3.3. Three types of boundary conditions: (a) displacement; (b) stress; (c) drilling
process simulation.



23

3.4. PARAMETRIC STUDY

For the 2-D wellbore model, sensitivity analyses are conducted for the following
parameters of the model/mesh: (1) model size; (2) element type; (3) mesh density in the
near-wellbore region and far field region.

For each parameter the modeled result is compared to the analytical solution, and
the influence of the model parameters is studied.

The model size is adjusted in terms of multiplying factors of the borehole
diameter. The model size is a crucial factor because if the model is too small with respect
to the borehole size, the modeled results will not yield homogenous far-field stresses
around the model boundary and thus the results are also influenced in the near-wellbore
region.

Different element types, i.e. quadrilateral 1% and 2" order and triangular 2" order
elements, are studied. It should be mentioned that triangular 1% order elements are not
considered in this study because they do not handle pore pressure. In the finite element
method, different element types have their unique shape function and thus will lead to
varied numerical solutions.

Utilizing a mapped meshing approach, the mesh density can be varied separately
for the near-wellbore region and the far-field region. This is convenient because the state
of stress changes rapidly in the near-wellbore region and is more uniform in the far-field.
The finer meshes in the near-wellbore region can accommodate for the dramatic changes
more precisely, while less elements in the far-field can sufficiently accommodate or the
minor changes without wasting computing resources or time. For the sensitivity analysis
the mesh density around the circumference of the borehole in the near-wellbore region
and the mesh density along the radial distance in the near-wellbore and in the far-field
region are investigated.

For 3-D wellbore model, the height of model size and element size is further
investigated. The influence of these parameters is compared to the 2-D modeled results
and the analytical sblution. Element types used in the parametric study are quadrilateral
1st and 2nd order elements, in full and reduced integration point of the element where

stress results are obtained in the finite element analysis.
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4. RESULTS

4.1. 2-D WELLBORE MODEL USING DISPLACEMENT BOUNDARY

CONDITIONS

4.1.1. Comparison of the Base Model Results to the Analytical Solution.
Figure 4.1 gives a general impression of the stress anisotropy (here for the S11
component) around a wellbore for the base case model. The far-field stress at 0° near the
boundary is homogeneous (34.2 MPa, corresponding to o 40 MPa) and near the
wellbore the magnitude changes from 6.8 MPa to 15.2 MPa. In order to assess the quality
of the numerical results the hoop and radial stresses at 0° and 90° is compared with the
analytical solution (Figure 4.2). The hoop stress at 0° with respect to oy or the radial
stress at 90° matches the analytical solution throughout the model. However, the hoop
stress at 90° and the radial stress at 0° show discrepancies. These misfits are especially
noticeable at the borehole wall for the hoop and radial stresses at either 0° or 90°. Table
4.1 shows the errors of the effective stresses at borehole wall of the base model. The
errors have maximum values of -8.23 MPa at the borehole wall for the hoop stress at 90°,
and 4.62 MPa for the hoop stress at 0°.

The significance of these numerical errors becomes obvious when considering
that the hoop stress at 90° is related to compressive failure of the wellbore, while the
hoop stress at 0° is related to tensile failure of the wellbore. This shows the inherent need
to develop a mesh optimization procedure that provides precise results for wellbore

models.

Table 4.1. Errors of the effective stresses at borehole wall for the 2-D base model.

Numerical Errors at Borehole Wall (MPa)
ogp at 0° or at 0° ogp at 90° o at 90°

4.62 2.58 -8.23 0.10




Figure 4.1. S11 distribution in the 2-D wellbore model.
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Figure 4.2. The modeled results from the base model as compared to the analytical
solution.



26

4.1.2. Sensitivity Analysis of Model Size. For the sensitivity analysis of the
model size, in addition to the base model (2m by 2m; i.e. 10x of borehole diameter),
models of 1.5m by 1.5m (7.5x of diameter), 3m by 3m (15x of diameter), 4m by 4m (20x
of diameter), 10m by 10m (50x of diameter) are investigated.

Choosing the overall model size is the first step when modeling a geometric
structure. If the model size is chosen appropriately, the state of stress at the boundary of
the model should reach the homogeneous far-field stresses o and a;,. The sensitivity
analysis of the model size shows that the finite element results.are affected by the model
size, not only as expected for the far-field region but also in the near-wellbore region
(Figure 4.3). This can be seen most clearly for the radial stress at 0° (Figure 4.3(b)).

Larger model size provides an overall better fit of the model results to the
analytical solution. Further, increasing the model size specifically improves the model
results for the hoop stress at the borehole wall at 90° (Table 4.2), which shows the largest
error in the base model. However, the errors at the borehole wall do not decrease to a
satisfactory degree. From the 1.75m model to the 10m model, the hoop stress at borehole
wall at 90° is improved by 2.34 MPa, but the error in the 10m model is still as high as -
6.91 MPa.

The 3m and 4m models, which are 15 and 20 times of the borehole diameter (0.2
m), respectively, produce a result in good agreement with the analytical solutions for the
effective stresses, and larger model dimension as 50 times of the borehole diameter only
improves the fitting marginally.

When the model dimension is not large enough, the modeled far-field stresses
have a great discrepancy to the actual far-field stresses acting on the model, and
simultaneously the modeled stresses in the near-wellbore region is adversely affected in
matching the analytical solution. It should be noted that wellbore failure may occur on
the wellbore surface and inside the formation [28], thus the importance of the fitting in

the near-wellbore region, in addition to at the borehole wall, should not be ignored.
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Table 4.2. Sensitivity analysis of the model size using displacement boundary

conditions.
Model Size (m) Numerical Errors at Borehole Wall (MPa)
Ogg at 0° o at 0° Ogp at 90° o at 90°
1.75 5.02 2.55 -9.25 0.11
2 4.62 2.58 -8.23 0.10
3 4.38 2.64 -7.37 0.09
4 4.25 2.62 -7.14 0.10
10 4.14 2.63 -6.91 0.09

4.1.3. Sensitivity Analysis of Element Type. For the sensitivity analysis of the
element type, 15"(base model) and 2" order quadrilateral and 2" order triangular pore
pressure elements, which are referred to as CPE4P, CPE8P, and CPE6P in ABAQUSTM,
are studied. 1% order triangular elements are not used here because pore pressure cannot
be applied for this element in ABAQUS™.

The results show that all three types of elements yield very similar results beyond
r/R,, = 2 (Figure 4.4). However, at the borehole wall, quadrilateral 2" order elements and
triangular 2" order elements greatly improve the results compared to quadrilateral 1%
order elements, and the maximum error at the borehole wall can be greatly reduced to
around -1.25 (quads) or -0.13 (trias) MPa from -8.23 MPa of the base model (Table 4.3).
Although the 2" order triangular element produces Slightly better results than the
quadrilateral 2™ order element at the borehole wall, the results from quadrilateral i
order elements generally have less discrepancies compared to the analytical solution in
the region of #/R,, = 1 to 2. Thus the quadrilateral 2™ order element should be chosen
over the triangular 2" order element to obtain an overall better fitting to the analytical

solution.

Table 4.3. Sensitivity analysis of the model size using displacement boundary

conditions.
Element Type Numerical Errors at Borehole Wall (MPa)
Ogp at 0° o at 0° Ogo at 90° O at 90°
1st Quad 4.62 2.58 -8.23 0.10
2nd Quad 0.50 -0.80 -1.25 0.50

2nd Tria 1.11 -0.63 -0.13 0.06
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Figure 4.4. Influence of element type for the hoop stress at 90°.

4.1.4. Sensitivity Analysis of Mesh Density. For the sensitivity analysis of the
mesh density in the near-wellbore region, the base model has a mesh density of 20
elements per quarter wellbore circumference and a mesh density of 20 elements per the
radial distance. Mesh densities of 10, 30 and 40 elements per quarter wellbore
circumference, mesh densities of 10, 30, 40, 50 elements per the 4R,, radial distance are
studied.

A change in the circumferential mesh density has almost no effects to the model
results near the borehole or for the overall fitting of the results in the entire model (Table

4.4). An increase in mesh density would adversely cause a slightly larger error, resulting
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from a poorer aspect ratio of the elements due to the elongated shape, if the radial mesh
density is remained fixed.

A change in the radial mesh density significantly alters the model results and by
utilizing higher densities significant improvement can be obtained (Figure 4.5). This
becomes most apparent for the hoop stress at 90° where the difference between the model
results and the analytical solution decreases from -12.89 MPa for 10 elements to -4.72
MPa for 50 elements (Table 4.5). Also the difference for the radial stress at 0° decreases
from 4.94 MPa for 10 elements to 1.08 MPa for 50 elements (Table 4.5). The influence of
increasing the radial mesh density marginally decreases, and the accuracy of the effective
stresses can be only enhanced to some degree by refining the mesh.

For the sensitivity analysis of the mesh density in the far-field region, the
sensitivity analysis of 20 (base), 30, and 40 elements per the 5SR,,-to-10R,, distance from
the borehole center shows no distinct differences in the modeled results. The mesh

quality in the far-field is of no major concern to the results.

Table 4.4. Sensitivity analysis of the mesh density around the borehole circumference
using displacement boundary conditions.

Circum. Density Numerical Errors at Borehole Wall (MPa)
(elements) Cgp at 0° & at 1° Ogg at 90° o at 90°
10 4.80 2.79 -8.39 0.05
20 4.62 2.58 -8.23 0.10
30 4.65 2.56 -8.22 0.13
40 4.65 2.55 -8.22 0.14

Table 4.5. Sensitivity analysis of the mesh density along the radial distance in the near-
wellbore region using displacement boundary conditions.

Radial Density Numerical Errors at Borehole Wall (MPa)
(elements) Ogg at 0° o at 0° Ogp at 90° o, at 90°
10 7.12 4.94 -12.89 -0.02
20 4.62 2.58 -8.23 0.10
30 3.58 1.76 -6.31 0.11
40 2.95 1.34 -5.28 0.08

50 2.93 1.08 -4.72 0.07




32

80 —
70 — Go, 90°
~ 10 elements
- - 20 elements
- 30 elements
E - 40 elements
60 — .
s 50 elements
Mo
(7))
(7] -
o
whd
(/7]
o 50 —
2
)
(5]
Q -
S
w
40 —
30 — .
' I ' I ' l ' |
0 2 4 6 8 10

'Ry,

Figure 4.5. Influence of the radial mesh density in the near-wellbore region for the hoop
stress at 90°.

4.1.5. General Meshing Guideline. From the sensitivity study presented for the
displacement boundary conditions, a general guideline for meshing and the choice of
meshing parameters can be obtained. To achieve good quality numerical results of
borehole models, a general guideline of meshes can be summarized as follows:

(1) use an appropriate model size to yield a good match to the analytical solution
throughout the model;

(2) use 2™ order quadrilateral elements to increase the accuracy of effective stresses
at the borehole wall;

(3) use a finer mesh along the radial distance in the near-wellbore region to further

improve the results;
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(4) select appropriate mesh density along the borehole circumference corresponding
to the mesh density in the radial distance in the near-wellbore region to ensure a
good aspect ratio of the elements;

(5) select appropriate mesh density in the far-field region corresponding to the mesh

density in the near-wellbore region to keep good aspect ratio of the elements.

4.2. OPTIMIZATION OF 2-D WELLBORE MODEL
According to the parametric study and the guideline obtained above, an optimized
model is constructed using the following parameters:
e Model size: 4m by 4m, which is 20x the borehole diameter.
e 2" order quadrilateral element.
e Radial mesh density in the near-wellbore region: 40 elements along the
4R,, distance.
e Circumferential density in the near-wellbore region: 40 elements per
quarter wellbore circumference.
e Radial mesh density in the far-field region: 40 elements along the SR,
distance.
Comparing the numerical results from the optimized model to the analytical

solution shows a very good agreement (Figure 4.6). The errors at the borehole wall are

minimized to less than 0.5 MPa (Table 4.6).

Table 4.6. Errors of the modeled results from the optimized 2-D model compared to the

base model.
Model Numerical Errors at Borehole Wall (MPa)
Ogg at 0° o at 0° Ogg at 90° o at 90°
Base 4.62 2.58 -8.23 0.10

Optimized 0.09 -0.29 -0.28 0.50
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Figure 4.6. The modeled results from the optimized 2-D model compared to the
analytical solutions.

4.3. 2-D WELLBORE MODEL USING STRESS BOUNDARY CONDITIONS AND

DRILLING SIMULATION BOUNDARY CONDITIONS

The models using stress boundary conditions and drilling process simulation
boundary conditions shows very similar results to the results for the displacement
boundary conditions and the same trend in the sensitivity check of the meshing
parameters. Therefore, the majority of these sensitivity analysis data is not repeatedly
shown here again. The one worthy notice is that the stress boundary conditions show
relatively large discrepancies for the sensitivity check on the model size. Specifically, the

hoop stress at 0° using the stress boundary conditions hardly converges to the far-field
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stress at the model boundary. This effect can be improved by increasing model size but it
does not reduce to a satisfactory degree (Figure 4.7).

The comparison of the base model case using the three different boundary
condition scenarios is shown in Figure 4.8. While the stress boundary conditions seem to
provide the best solution at the borehole wall, especially for the hoop stress at 90° (Table
4.7), the discrepancies at distances larger than 7/R,, = 1.2 become larger. The mean error
and the standard deviation of the error of the hoop stress at 90° between 1.2<r/R,, <2 for
the stress boundary conditions are 1.04 MPa and 0.55MPa, respectively, compared to -
0.53 MPa (mean error) and 0.13 MPa (standard deviation) for both displacement
boundary conditions and for drilling simulation boundary conditions. Due to the
similarity of the sensitivity analysis for all the three boundary conditions the same
meshing guideline can be applied, and an optimized model according to the suggestion
above can be obtained. In the optimized model the results for each boundary condition
scenario are improved. In contrast to the base model, after optimization, the displacement
bounydary conditions and the drilling simulation boundary conditions now yield the
smallest errors also at the borehole wall (Table 4.7) and are thus preferred over the stress
boundary conditions. It should be noted that the drilling simulation boundary conditions
increase the complexity of the modeling approach by their nature of implementation and

thus displacement boundary conditions are recommended for wellbore stress analyses.

Table 4.7. Errors at the wellbore surface for the base model and the optimized model
under the three types of boundary conditions.

Model Numerical Errors at Borehole Wall (MPa)
o at 0° Gy at 0° Ogp at 90° o, at 90°
Base
Displacement 4.62 2.58 - -8.23 0.10
Stress 3.11 2.71 -5.28 0.05
Drilling Sim 4.67 2.59 -8.23 0.10
Optimized
Displacement 0.09 -0.29 -0.25 -0.50
Stress 0.40 0.30 0.60 0.51

Drilling Sim 0.08 -0.29 -0.25 0.50
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Figure 4.7. Hoop stress at 0° showing a great discrepancy near the far-field for the base
model under the stress boundary condition.

80 —

60 —

Oy, o- (@nalytical)
o, o- (analytical)
Oy, o0 (@nalytical)

0, o (@nalytical)

+ Displacement Boundary
« Stress Boundary

+ Drilling Simulation

20 -~

Effective Stress [MPa]

r'IRy,

Figure 4.8. Base model using three boundary conditions and compared to the analytical

solutions.
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4.4. 3-D WELLBORE MODEL BUILT BASED ON 2-D WELLBORE MODEL
4.4.1. Comparison of the 3-D Base Model Results to the 2-D Base Model and
the Analytical Solution. The 3-D model results show very similar results compared to
the 2-D base model where it is generated from (Figure 4.9 and Table 4.8), and both have
the same errors magnitudes in comparison to the analytical solution at the borehole wall.
Thus, the 2-D wellbore model which serves as the borehole cross-section of the 3-D
model can be used as a preliminary evaluation of the quality of the numerical results of

the 3-D model to be built.
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Figure 4.9. 2-D and 3-D Base models using displacement boundary conditions with
comparison to the analytical solutions.
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Table 4.8. 2-D and 3-D model results compared to analytical solutions

Results at Borehole Wall (MPa)

ogo at 0° o at 0° Ogp at 90° o, at 90°
Analytical -5 5 75 5
2-D Base -0.38 7.58 66.77 5.10
3-D Base -1.09 6.90 68.73 6.63

4.4.2. Sensitivity Analysis of Model Height and Element Height. Different
heights of the model and individual elements yield the same results as the base model,
and thus identical errors compared to the analytical solutions (Tables 4.9 and 4.10). For a
more complex material behavior or inclined wellbores, the element height is expected to
have influence to the results due to the non-linear deformation of the model and the

influence of the vertical stress in inclined wellbores [29].

Table 4.9. Sensitivity analysis of the model height for the 3-D model.

Model Height Numerical Errors at Borehole Wall (MPa)
Cgp at 0° o at 0° oo at 90° o, at 90°
Sm 4.62 2.58 -8.23 0.10
10m 4.62 2.58 -8.23 0.10

30m/50m / 100m 4.62 2.58 -8.23 0.10

Table 4.10. Sensitivity analysis of the element height for the 3-D model.

Element Height Numerical Errors at Borehole Wall (MPa)
ogo at 0° o at 0° Ogo at 90° o at 90°
0.5m 4.62 2.58 -8.23 0.10
Im 4.62 2.58 -8.23 0.10
Sm/ 10m 4.62 2.58 -8.23 0.10

4.4.3. Sensitivity Analysis of Element Type. For the sensitivity analysis of the
element type, 1% order brick element(base model), 1* order brick reduced integration
point element, and 2" order brick element with full and reduced integration elements are

studied (all listed elements are capable of handling pore pressure), which are referred to
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as C3D8P, C3D8RP, C3D20P, and C3D20RP in ABAQUS™, respectively. The stresses
at the nodes of the model are extrapolated from the results at the integration point where
the stresses are initially computed in the FE model. Thus, theoretically, the nodal stresses
are not as accurate as the stresses at the integration points, and a further decrease in
number of integration points generates worse errors. At the borehole wall, the 2" order
brick element provides the smallest errors when compared to the other element types
(Table 4.11).However, it should be noted that the processing time is about 20 times the

processing time of the1® order brick reduced-integration element.

Table 4.11. Sensitivity analysis of the element type for the 3-D model.

Element Type Numerical Errors at Borehole Wall (MPa)
Ogp at 0° o at 0° Ogo at 90° o at 90°
1st Brick 3.91 1.90 -6.27 1.63
1st Brick (Reduced) 6.40 0.53 -11.97 4.54
2nd Brick 0.28 -0.83 -0.20 1.67
2nd Brick (Reduced) 1.44 -0.43 -2.16 0.87

4.4.4. Optimized 3-D Wellbore Model. An optimized 3-D wellbore model is
generated from the optimized 2-D wellbore mesh. The accuracy of the stresses at the
borehole wall is greatly improved (Table 4.12). The largest error 0.51 MPa (for o, at 90°)

in the optimized 3-D model is very similar to the largest error 0.50 MPa in the optimized
2-D model .

Table 4.12. 3-D and 2-D optimized model results compared to the analytical solutions

Results at Borehole Wall (MPa)

ogg at 0° o at 0° Ogp at 90° o at 90°
Analytical -5 5 75 5
2-D Optimized -4.91 4.71 74.75 5.50

3-D Optimized -4.94 4.70 74.79 5.51
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S. DISCUSSION

5.1. 2-D MODELS USING DISPLACEMENT BOUNDARY CONDITIONS

The numerical study presented in this paper shows that, considering the general
availability of numerical modeling tools such as the finite element (FE) method, care has
to be taken when these methods are applied for wellbore stress analysis. It is obvious that
for the case of a homogeneous, isotropic, linear elastic material the analytical solution
provides the accurate solution and numerical analysis is not necessary. However, many
applications for wellbore stability or hydraulic fracturing require composite materials
(e.g. cementing analysis; [30]) where analytical solutions do not exist. Therefore,
numerical wellbore stress analysis for a homogeneous, isotropic, linear elastic material
provides an excellent opportunity to test the influence of the various discretization
parameters on the existing analytical solution [3] and to provide conclusions for meshing
and model optimization requirements for all types of wellbore stress analyses. A variety
of studies have shown that the accuracy of results of FE studies are highly dependent on
discretization approaches and parameters [31, 32, 33]. Even if errors of the modeled
results are within 1 to 3 MPa [10], these should be taken seriously, otherwise the
subsequent study based on the modeled results might be questionable.

This study shows that the most prominent improvement on the accuracy of the
modeled result is obtained by using 2" order elements. The -8.23 MPa error of the hoop
stress at 90° in the base model using the displacement boundary is decreased to around 1
MPa by merely changing the element type with other modeling parameters fixed, and at
no cost to the increase of the numbers of the elements, although more nodes arc used. In
the sensitivity analysis, the increase of the radial mesh density in the near wellbore region
reduces the error to around 5 MPa, and its influence marginally diminishes. Thus
choosing 2™ order elements has the highest priority before the increase of mesh density.

In the context of the significance of the numerical errors, it should be noted that
the FE method inherently introduces errors as it is a method of approximation [8]. This
becomes most evident when comparing the stress results at the borehole wall, where the
numerical model yields the largest error. One has to understand that the FE method

calculates stresses at the element integration point using Gaussian integration [34], which
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is situated inside the element (Figure 5.1) and thus cannot reproduce the absolute exact
result at free surfaces like the borehole wall. To compare FE model stresses to the
analytical solution the element stresses from the integration points have to be
extrapolated to the nodal coordinates (Figure 5.1). This procedure generally provides
very accurate agreements for nodes attached to 4 elements but at the free surface of the
borehole wall an error is introduced. Here, the stress changes rapidly and the stress at this
node is extrapolated from the two integration points inside the formation only. This
extrapolation will always return a non-zero stress value for the radial stress (if no fluid
pressure is applied) and thus cannot obey the rule that normal stresses do not exist at a

free surface.
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Figure 5.1. Stresses at the element integration points extrapolated to the nodal positions
introducing greater errors, especially near the borehole wall.
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5.2. COMPARISON OF MODELS USING DIFFERENT BOUNDARY

CONDITIONS

The displacement and drilling simulation boundary conditions produce almost
identical results and yield smaller errors than the stress boundary conditions.
Displacement boundary conditions are a numerically less complicated for wellbore
modeling because the drilling simulation boundary conditions require an additional initial
pre-stressing procedure. For a 3-D wellbore model, if the model is to simulate non-
uniform stresses along different depths, then using the drilling displacement boundary
conditions is a better option since it is more manageable and precise to apply the pre-
stressing to the model with the given in-situ stresses, rather than converting them to

boundary displacement at varied depths of the model boundary.

5.3. UTILIZATION OF 3-D MODELS

In general, the 3-D model is better suited for a comprehensive wellbore stability
analysis, e.g. considering directional drilling, complex geological structures, material
anisotropy, hydraulic fracturing, etc [30]. From the presented analysis of a vertical
wellbore it can be inferred that stress around the borehole is majorly determined by how
the mesh is organized in the well opening plane.

The need for 3-D models becomes evident when considering the vertical model
size and mesh resolution. While, as presented here for a vertical wellbore, the vertical
dimension model parameters have no influence on the results (even though those
elements all have a very high aspect ratio, from 50 up to around 1000), it is crucial to
optimize these parameters for inclined wellbores. For inclined wellbores the hoop stress
and hence the maximum and minimum tangential stress at the borehole wall, which are
responsible for borehole failure, are directly dependent on the vertical stress [29]. It
should be noted that the general validity of the presented mesh optimization is fully
granted for inclined wellbores when the coordinate system is chosen appropriately (i.e.

borehole coordinate system).
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5.4. IMPLICATIONS OF SAFE MUD WEIGHT PREDICTION

In order to demonstrate the significance of the numerical errors for wellbore
stability applications we predict the safe mud weight window for the base model, the
optimized model, and for the analytical solution under three different stress regimes:
normal or extensional faulting (NF), strike-slip (SS) faulting, and compressional or
reverse faulting (RF) regime. It should be noted again that the evaluation of an
appropriate failure criterion for wellbore stability analyses is beyond the scope of this
thesis and that each failure criterion is affected differently by the numerical errors. We
use the Mohr-Coulomb failure criterion as the most conservative [16] criterion for this
analysis to point out the general implications for wellbore stability.

The magnitudes of the horizontal stresses are based on a vertical well at 2000 m
depth with a hydrostatic pore pressure of 19.62 MPa (i.e. using a pore fluid density of
1g/cm®) and an overburden stress of 44.15 MPa (i.e., using an overburden rock density of
2.25 g/cm3 ). The rock formation is based on a typical sandstone, which has a cohesion of
5.10 MPa, a friction angle of 33° and a Poisson’s ratio of 0.25 [35]. Table 5.1 lists the

stress magnitudes for the different regimes applied for the far-filed stresses.

Table 5.1. State of stress for the different stress regimes applied to the wellbore models.

Stress Regime oy (MPa) oy (MPa) oy (MPa)

NF 44.15 35.97 27.80
SS 44.15 52.97 33.11
RF 44.15 66.22 55.18

The numerical results of the hoop and radial stresses at the borehole wall for the
base (non-optimized) model and the optimized model are compared to the analytical
solution, and the errors for each stress regime are shown in Table 5.2. The results for the
base model show that for all stress regimes considered the highest errors occur at the
locations prone to borehole breakouts, i.e. for the hoop stress at 90° (-6.42 MPa for NF, -
10.93 MPa for SS and 10.78 MPa for RF). The stress errors for the radial stress at 0° and
90° and the hoop stress at 0° are less, but still significant. In comparison, the errors

obtained from the optimized model are less than 0.65MPa for all locations.
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Table 5.2. Stress errors at the borehole wall of the base model and optimized model under
the three stress regimes.

Model Numerical Errors at Borehole Wall (MPa)
oo at 0° oy at 0° o at 90° o, at 90°
Base
NF -1.17 3.38 -6.42 2.36
SS 0.43 5.07 -10.93 2.87
RF -5.65 6.14 -10.78 4.77
Optimized
NF -0.13 0.06 -0.25 0.38
SS -0.12 -0.05 -0.38 0.65
RF -0.25 0.20 -0.45 0.63

To accurately predict the safe mud weight window, the optimized 2-D model
using displacement boundary conditions is used. The results show that the collapse
pressure gradient and the breakdown pressure gradient for the optimized model have a
maximum error of -0.03 specific gravity (s.g.) or -0.25 ppg. This error is within the

practical limit of mud density control [36].

Table 5.3. Predicted safe mud weight window using the Mohr Coulomb failure criterion.

Stress Regime Safe Mud Weight Window (s.g.)
Analytical Optimized Base
NF 1.26-1.55 1.24-154 1.09-1.49
SS 1.76 -1.83 1.73-182 1.52-1.85
RF 1.99-4.19 1.96-4.18 1.68-4.01

However, if the safe mud weight window for the base (non-optimized) model is
predicted (for all three stress regimes), the errors become significant. For the collapse
pressure gradient the model yields a much lower collapse pressure compared to the
analytical solution. With errors of -0.17, -0.24, and -0.31 s.g. (or 1.4, 2.0, and 2.6 ppg) for
NF, SS, and RF regimes, respectively, this would lead to an over-optimistic prediction for
the mud weight. If these errors from the modeling were neglected, mud weights causing

borehole breakouts might be chosen.
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This is most noticeable for the strike-slip regime where vertical wells represent
the least stable well direction. For the example case the analytical solution shows that the
safe mud weight window is very narrow (1.76 to 1.83 s.g. or 14.67 to 15.23 ppg), while
the non-optimized model results predict a mud weight window of 1.57 to 1.85 s.g. or
13.05 to 15.43 ppg. This clearly overestimates the range of actual applicable mud weights
and a stable borehole cannot be guaranteed.

The breakdown pressure is determined by the hoop stress at 0°. Though the base
model only yields an error of 0.02 s.g. of the breakdown pressure gradient in the strike-
slip stress regime, the breakdown pressure for the normal faulting and reverse faulting
regime shows significant errors of -0.06 and -0.18 s.g. (or 0.5 and 1.5 ppg),
respectively. Such errors are of less importance for the reverse faulting regime because
the safe mud weight window is rather wide. However, for hydraulic fracturing
applications the error accounts for an underestimation of 1.5 ppg of the fracture gradient.

Although only the Mohr-Coulomb failure criterion is used in the wellbore
stability analysis, this study shows that the choice of boundary conditions and meshing

parameters has crucial implications to the applications of wellbore stress analyses.

5.5. APPLICATION OF THE WELLBORE MODEL ON GEOLOGICAL

STORAGE OF CO; IN A GENERIC RESERVOIR

5.5.1. Geomechanical Modeling for Carbon Storage. The Greenhouse gas
effect is widely regarded as the main cause of global warming [37]. Carbon dioxide
represents the largest contribution from human activities. To prevent environmental
damages from releasing CO, into the atmosphere, carbon capture and storage has been
very an important topic in recent research projects. The current options for CO; storage
are underground geological storage, ocean storage and mineral carbonation storage. For
geological storage, depleted oil and gas reservoirs, coal formations and saline formations
can be used. Liquid-phase CO, proviaes an efficient use of the underground storage space
in the pores of sedimentary rocks. Carbon dioxide can be stored underground by trapping
below an impermeable caprock formation; dissolution in the formation fluids; and

adsorption as organic matter in coal and shale. The risk of CO; leakage through the cap
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rock and fracture networks has been an issue in successful sequestration of the CO,.
Assessment of cap rock stability, fracture generation and reactivation and wellbore
integrity due to injection related pore pressure increase becomes of major interest.
Geomechanical modeling of the underground storage will help to find suitable conditions

for possible CO; sequestration sites.

5.5.2. Reservoir-Scale Model and Wellbore-Scale Model. In the context of
CO; sequestration anticline structures become prime targets for geologic sequestration of
CO; [37] and thus risks associated to wellbore stability in this geological structure are of
importance. Accordingly, a generic 2-D reservoir scale model comprising a multi-layer
anticline structure is presented [38; Figure 5.2] to model the in situ stresses in the
reservoir layer under the compressive forces from the far-field stresses, and the optimized
3-D wellbore model of this present study is used to address wellbore integrity and
optimal wellbore placement in the geological stfucture. For the generic anticline reservoir
wellbore integrity is studied at different injection locations in the anticline structure (i.e.

crest, limb and syncline) before and after CO; injection.

Production Well Injection Well Production Well
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Figure 5.2. Reservoir model of anticline for CO, storage.
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The anticline structure of the reservoir model is subjected to three different stress
regimes, reflecting extensional, strike-slip and compressional stress regimes. Plane strain
finite element analysis is used in the 2-D reservoir scale model, and thus three principal
stress components can be simulated in 2-dimensions.The k ratio, defined by the ratio of
the mean horizontal to the vertical stress, is used to determine the relationship among the
horizontal stresses and vertical stress for the three stress regimes. k ratios of 0.5, 1, and
1.15 are chosen for extension, strike-slip, and compression, respectively. The vertical
stress is calculated at a depth of 1350m, and then the corresponding horizontal stresses
can be obtained from the k ratio for each stress regime. The detailed data of the reservoir
structure and material properties is listed in the Appendix.

The anticline structure is modeled as a flexural-slip fold system where layer
parallel slip between the folded strata is allowed. To simulate the decoupling of the
bedding planes, the friction coefficient between the layers in the 2-D reservoir model is
studied for settings of p=0.05 and p=0.8.

By using the in-situ effective stress modeled from the reservoir scale models with
hydrostatic pore pressure, 3-D wellbore models for wellbore placement and orientation at
different locations, i.e. crest and limb of the anticline and the syncline, of the geological
structure are studied (Figure 5.2). The 3-D wellbore model with the optimized mesh

presented in the previous chapters is utilized.

5.5.3. Wellbore Stability of a Vertical Well in the Reservoir Layer. In the
case of a vertical wellbore, the wellbore stability during drilling operation can be
achieved only in the extensional region case. For the first scenarios presented the
different layers of the anticline structure are decoupled, as represented by a low
coefficient of friction between them (n=0.05). Figure 5.3 shows the safe mud weight
window for the extensional regime for the different drilling locations at the crest, the
limb, and the syncline of the geological structure. Drilling through the crest has the
narrowest safe mud window among the three locations, and the safe mud weight window
is narrower at the bottom (an interval o‘f 0.5 ppg) of the reservoir then at the top (an

interval of 0.9 ppg). This is due to the distribution of stresses within a fold structure
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where higher compressive stresses are at the bottom of the crest zone. At the syncline,
where the compressive stress is higher at the top than at the bottom of the layer, a larger
interval of the mud weight window can be obtained when it gets deeper to the bottom of
the syncline layer. At the limb, the state of stresses shows that the maximum principal
stress is in the direction of the bedding plane thus the vertical wellbore can be regarded as
an “inclined” wellbore with respect to the bedding plane of 11.8°. It can be observed
from Figure 5.3 that the difference for the collapse pressure is not large for all three
locations. However the breakdown pressure shows significant differences and a larger
safe mud weight window can be achieved. Figure 5.3(b) shows that the safe mud weight
window at the limb, i.e. 1.76 ppg, is the widest among the three locations.

For the strike-slip and compressional regime the collapse pressure exceeds the
breakdown pressure and thus no appropriate drilling fluid can be used to keep the
borehole stable (Figures 5.4 and 5.5). In such cases any mud density chosen will cause
borehole breakdown, drilling-induced tensile failure, or both. Among the three stress
regimes, the compressional model is most prone to breakouts because of the largest
difference in the maximum and minimum horizontal stresses.

In the case of a stronger coupling between the layers (u= 0.8), the models exhibit
a different stress distribution than the models with a low friction coefficient. These
effects are more profound in the compressional regime due to the high maximum
horizontal stress. Due to the strong coupling the various layers act almost as a singular
unit and the observation of lower compression at the top of the crest compared to high
compression at the bottom of the crest cannot be validated for this case. However, the
reservoir layer is thin enough (50m) such that the in-situ stresses in the reservoir for the
two friction coefficients are of similar order of magnitude such that no improvement to
wellbore instability issue can be found in the reservoir layer (Figure 5.6).

A wellbore stability analysis for the complete depth range of a vertical well
through the crest of the anticline under the extensional stress regime shows interesting
implications for the safe mud weight window (Figure 5.7). The mud weight window
shows step function since the stress distribution is not continuous from layer to layer due
to the material heterogeneities. In the decoupling model, the layers are allowed to slip

between each other and experience buckling behavior, resulting in higher compression at
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the top of the fold (Figures 5.8). Nevertheless, in the coupling models the slip
movements between layers are limited that it shows reverse results: lower compression at
the top of the fold, and higher compression at the bottom (Figures 5.9). It should be noted
that the change in stress along the depth in the layers of the coupling models are not as
obvious as in the decoupling models. The stress distribution in the reservoir model for the
decoupling and the coupling cases are in an opposite manner in each layer such that the
model of p=0.05 has a wider safe mud weight window at the top of each layer, while the
model of p= 0.8 has a narrower safe mud weight window at the top of each layer. These
effects in the decoupling and coupling models are more remarkable in the compressional

stress regime since the S11 is the highest among the three stress regime.
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Figure 5.3. Mud weight windows of the reservoir layer of vertical well at (a) crest, (b)
limb, and (¢) syncline under the extensional stress regime.
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Figure 5.4. Mud weight windows for the reservoir layer of vertical wells at (a) crest, (b)
limb, and (c¢) syncline under the strike-slip stress regime.
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Figure 5.6. Mud weight window of the vertical well at the crest of the anticline under the

compressional stress regime. No stable wellbore can be sustained for both coefficients of
friction (0.05 & 0.8).
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5.5.4. Wellbore Stability of Inclined Well in the Reservoir Layer. For the
exemplary cases presented, vertical wells are not stable under the strike-slip and
compressional stress regime, regardless of the drilling locations. To ensure stable
wellbore conditions during drilling, inclined wells of 45 degree and 90 degree
(horizontal) to the azimuth of o are investigated for all three stress regimes at each
location. Both inclination angles under all three stress regimes can provide stable
wellbore at all three locations. Figures 5.10 and 5.11 show that for the 45°-inclined
wellbore the breakdown pressure becomes larger than the collapse pressure and that the
mud weight window becomes large enough to ensure stable drilling through the reservoir
layer. Inclination of the wellbore decreases the maximum normal stress acting on the
borehole axis along with the generation of shear stress on the x-z plane. Accordingly the
hoop stress at 90° is decreased resulting in a lower collapse pressure while the hoop stress
at 0° is increased resulting in a higher breakdown pressure. It is important to note that
while vertical wellbores do not account for stable drilling conditions in the strike-slip and
the compressional stress regime, inclined wellbore provide solutions for stable drilling
conditions. Figures 5.12 shows the safe mud weight window for a horizontal well at crest
under three stress regimes. The lower limit of the mud weight window is governed by the

pore pressure instead of collapse pressure to prevent a kick.
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Figure 5.10. Mud weight windows of a 45°-inclined well (with respect to o) at (a) crest,

(b) limb, and (c) syncline of the reservoir layer under the strike-slip stress regime.
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Figure 5.11. Mud weight windows of 45°-inclined well at (a) crest, (b) limb, and (¢)
syncline of the reservoir layer under the compressional stress regime.
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Figure 5.12. Mud weight windows of horizontal well at crest of the reservoir layer under

(a) extensional, (b) strike-slip, and (¢) compressional stress regimes.
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5.5.5. CO; Sequestration Model. CO, injection into the reservoir layer increases
the fluid pressure over time, and thus the effect of that pressure increase on wellbore
integrity is studied. The CO; injection is modeled using a reservoir simulation model
(ECLIPSE™) which shares the same discretization as the FE model. The reservoir
simulation is necessary because the reservoir simulator can better model the multi-
component, multi-phase fluid flow in porous media than the geomechanical simulator.
The reservoir is initially fully saturated with water, and CO; is injected at the crest of the
anticline. Two water production wells are set up 2.5 km away from the injection well.
The CO; injection rate is 5000 m>/day, and the water production rate is 7 m*/day for each
production well. A coupling procedure [39] is used for the CO; injection model: the
reservoir simulator Eclipse is used to retrieve the pore pressure after a period of injection
time, then the pore pressure is applied to the geomechanical model for wellbore integrity
analysis.

It should be noted that the presented wellbore integrity analysis of the CO,
injection scenario is valid for an open-hole analysis only, since the FE model utilizes
homogeneous elastic material without simulating a composite wellbore completion

including cement and casing.

5.5.6. Wellbore Integrity after CO; Injection. From the wellbore stability
analysis for a {fertical well discussed in the previous paragraph, a stable vertical well can
only be maintained in the extensional case. For an exemplary case of CO; injection at the
crest of the anticline, wellbore integrity is investigated for the open-hole section in the
reservoir layer. At the first day of CO; injection, the bottom hole pressure of the CO; is at
15.2 MPa to maintain the 5000 m3/day injection rate. However, the critical collapse
pressure for this openhole section is 21.57 MPa, which is higher than the bottom hole
pressure such that borehole breakouts will occur (Figure 5.13). It is clear that for a
vertical well, injection at an open-hole section of the wellbore is not feasible because the
bottom hole pressure is not high enough to sustain the borehole wall. No further injection
can be done since wellbore integrity cannot be maintained in the open-hole section. This

study does not cover a completion well for the wellbore integrity analysis because a
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completed well for the evaluation of CO, leakage mechanism is not available yet at this

time.
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Figure 5.13. Collapse pressure and breakdown pressure due to CO, injection of the
vertical well in the extensional case at day 1.

For the case that borehole pressure that sustains the wellbore is not considered,
after 25 years of injection, the pore pressure will rise from 13.5 to 19.9 MPa, and then the
in situ effective stresses will change in the reservoir. This will in turn cause higher hoop
stress at 0 degrees and higher radial stress at 90 degrees of the wellbore wall, increasing
the breakdown pressure and collapse pressure (Figure 5.14). The increase in the collapse
pressure is greater than the breakdown pressure that leads to collapse pressure exceed the
breakdown pressure such that no pressure can keep the wellbore from failure. The
analysis is base on a non-completed well, and it shows the need to investigate short term
and long term effects of the pore pressure to the wellbore integrity. The in-situ stress
change due to the pore pressure causes increase in both breakdown and collapse
pressures, and the increase in collapse pressure is much higher than the increase in the

breakdown pressure that no interval for safe mud window exists. The wellbore must



have failed before the 25-year injection, and the critical injection time has to be further
studied.
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Figure 5.14. Collapse pressure and breakdown pressure due to CO, injection of the
vertical well in the extensional case after 25 years.

5.6. OUTLOOK

In this study, only vertical wells and deviated wells of 45 and 90-degrees are
studied. More comprehensive studies f wellbore stability in the generic reservoir can be
further studied by utilizing the 3-D wellbore model for deviated wells in varied azimuths
and inclined angles for the placement of the wellbore. Then suggestions for the optimal

well placement in a generic anticline reservoir, i.e. trajectories and locations at the

anticline structure to drill through (Figure 5.15), under different stress regimes can be
made to minimize drilling-induced failures.

Due to the complexity of the modeling of a completed well, the wellbore integrity

for CO; sequestration is investigated in an openhole section. This is because the

homogeneous elastic model for validating the mesh optimization of the numerical model

can only be applied for an openhole well scenario. Future works comprise modeling a

62
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completed well with composite materials (casing and cement), cement failure mechanism
and an appropriate interface debonding mechanism and applying such models for the
evaluation of the risks of CO, leakage from the well. With the coupling module linking
geomechanical and reservoir simulations, the influences of CO; storage factors such as
injection rate, production rate, and storage time and the in-situ stresses and pore pressure

changes from the CO; storage to the wellbore integrity can be analyzed in more detail.

(a) (b)

Figure 5.15. Evaluation of optimal wellbore path based on (a) locations of the anticline
and (b) wellbore trajectories.
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6. CONCLUSIONS

The use of finite element analysis in geomechanics provides an excellent tool for
complex problems where analytical solutions do not exist, such as composite well
completion systems necessary for well integrity analysis after CO, injection. The
majority of numerical wellbore modeling studies rarely consider the influences of the
way a model is discretized and the subsequent results deviated from the governing
equation are often neglected. Since the wellbore integrity analysis relies on accuracy
representation of state of stress at borehole wall, this study shows the inaccuracy from the
numerical method may lead to a false interpretation of wellbore integrity. For the case of
wellbore stress analyses the accuracy of the numerical results at the borehole wall and in
its direct vicinity ensures the applicability of these results to wellbore stability, wellbore
design, and cementing analyses, as well as hydraulic fracturing processes.

The present study shows that boundary conditions and meshing parameters, i.e.
model size, element type and mesh density in the near-wellbore region, have a significant
influence on the accuracy of results and if not appropriately chosen, the effective stresses
in the near-wellbore region show significant errors (as high as 11 MPa) when compared
to the analytical solution. This misfit shows the inherent need to conduct a mesh
optimization for numerical wellbore stress analyses to minimize the errors. For 2-D
wellbore stress analyses, displacement boundary conditions provide the best fit to the
analytical solution for both the near-wellbore region and the far-field. The use of 2™
order quadrilateral elements and a relatively fine mesh in the near-wellbore region are of
first priority to obtain accurate results. Further, the overall model size has to be chosen
carefully.

With the meshing guideline presented in this study, a good match to the analytical
solution throughout the model can be obtained and the error at the borehole wall and in
the near-wellbore region can be minimized. It is expected that this general modeling
technique also applies to more complex models. If discretization parameters are not
optimized, the modeled results are of question and the subsequent analysis should not be
relied on. Although the optimized mesh will significantly increase the computational

processing time, the accuracy of the numerical should not be sacrificed.
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This conclusion becomes evident for the cases of exemplary wellbore stability
analysis in this study. Predicted safe mud weight windows from a non-optimized model
for three different stress regimes show differences of up to -0.24 s.g. or 2.6 ppg compared
to the analytical solution. For the cases presented this may specifically lead to a
significant misinterpretation of the minimum usable mud weight and borehole collapse
may result.

For the case of an exemplary generic anticline structure wellbore integrity
analysis is studied for a drilling stage and a subsequent CO; injection stage. A wider mud
weight window will give more options for the design of well trajectory, casing, shoe
settlement, mud fluid, and also the wellbore stability; whereas a narrow mud weight
window may require additional operations, for example, reducing penetration rates or
setting of intermediate casing strings or drilling liners, which can greatly increase the
total cost of the well. In summary, in an anticline structure, vertical drilling through the
limb under the extensional stress regime shows favorable stability conditions because of
wider mud weight window than at the crest or at the syncline. With a wider window, total
depth can be reached with fewer casing strings. Inclined wellbores provides solutions for
wellbore stability in the case that vertical well cannot be drilled in the strike-slip and
compressional stress cases. This study only consists of vertical wells, 45°-inclined wells,
and horizontal wells for the generic reservoir cases. Future study may continue to focus
on the optimal trajectory of the wellbore placement.

Due to the limitation of the elastic model in the present study, the wellbore
integrity of CO; injection is not practically analyzed in a completed well. A completed
well model may consist of formation, cementing and casing, and the mechanism of the
interfaces between the formation and cementing as well as casing and cementing. Since
no analytical solution is available for the composite completed wellbore due to the
complexity of the material heterogeneity, interface mechanism, failure mechanism, a
geomechanical model utilizing FE 3-D wellbore is required for the evaluation of the risk
of CO; leakage, and the coupling module helps identify the time of failure initiation and
then a readjustment of the injection rate has to be undertaken.

The failure mechanism in a completed well is more complicated and the

modeling procedure should be properly planned. Several factors have to be considered
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for failure: pore pressure increase due to injection, corrosive CO; that can change the
material properties and degrade the material strength, temperature effects, micro-fractures
propagation in the cement, and debonding in the cement-formation and cement-casing
interfaces. The numerical results should be carefully verified with field data or
experiment data before being applied in the wellbore integrity analysis, to avoid errors
resulting from the modeling such as presented in this study which shows erroneous leads

to false conclusions in wellbore integrity analyses.
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Table A1. Model settings of the reservoir model.
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Layer Name Material Name
(Top to Bottom)
Overburden Overburden; 950m
Shalel Shale; 100m
Sandstone 1 Sand; 100m
Cap Rock Shale; 100m
Reservoir Sand; 50m
Shale 3 Shale; 150m
Basement Basement; 1050m

Material Name

Material Property

Overburden

Shale

Sand

Basement

Density: 2.6E3 kg/m’
Young’s Modulus: 15 GPa
Hydraulic Conductivity: 1.0E-6 m/s

Density: 2.5E3 kg/m’
Young’s Modulus: 15 GPa
Hydraulic Conductivity: 3.227E-18 m/s

Density: 2.6E3 kg/m’
Young’s Modulus: 20 GPa
Hydraulic Conductivity: 1.6135E-6 m/s

Density: 2.65E3 kg/m’
Young’s Modulus: 15 GPa
Hydraulic Conductivity: 1.0E-6 m/s

Rock Strength of the Reservoir Layer

Cohesion 12 MPa
Friction Angle 42°
Tensile Strength 5 MPa
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