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ABSTRACT

Selecting a good practical prediction method of wellbore instability has extensively
become an important issue in order to overcome the resulting instability problems during
drilling. Therefore, the aim of this paper is to simulate the actual stresses around wellbore
using elastoplastic rock behavior in order to describe the actual cases of wellbore
instability problems. The description of the stress state around wellbore, as well as
common failure criteria are presented further in this paper. We also made a selection of
the most applicable equations for description of stress state using elastoplastic rock
behavior. Experimental data are used to calculate the cylindrical stresses surrounding the
drilling hole wall at various diameters. Furthermore, a sensitivity analysis is done to test
changing the radial stress with overbalance support and wellbore radius.

Keywords: Elastic-plastic rock, instability problems, stress state, radial stress, tangential
stress.

INTRODUCTION

In oil and gas fields, a stable borehole is drilled with different mud and completion brines
S0 as to prevent the resulted well instabilities and casing damage problems that occur due
to activities of drilling and production. These issues can occur due to a variety of
circumstances and causes because of drilling activities and operations. For instance; the
main causes may be various stress circumstances, well inclination and direction,
deepwater processes, HPHT layers (high pressure, high temperature), anisotropic and
non-homogenous pay zone, layer cuttings and drilling fluids interaction, and poor
technologies and methods used [1,2]. To do a good analysis of borehole problems and
issues like wall deterioration, mud losses, formation breaking-down, and fine sands
migration towards wellbore; it is highly necessary to compute the Cartesian and
cylindrical stresses circumstances surrounding drilling well walls [1,2].

Several authors have presented solutions and models for wellbore stability assuming
linear elastic, non-linear elastic, poro-elastic, ideal plastic, plastic, or elastic-plastic rock
behavior around the wellbore. However, few of them presented stress distribution and the
description of wellbore behavior in elastic-plastic although it expresses the actual case
that exists around the wellbore. This is because their equations are long and difficult to
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be solved. Therefore, few of them solved these equations analytically and the most solved
them numerically. Durban [3] presented a nonlinear problem of a spherical cavity
surrounded by an infinite elasto-plastic medium, and subjected to uniform radial loads.
Bratli [4] discussed elastic, plastic and elastic-plastic stress solutions, arch and wellbore
model, for wellbore stability. Detournay [5] presented elastoplastic model of a deep
tunnel for a rock with variable dilatancy. Durban [6] explained some related topics
including a solid behaves as an elastic-perfectly plastic material, a thin-walled shell and
the Mohr-Coulomb material. Peng [7] discussed wellbore stability while drilling and
wellbore stability using elastic solution and elastoplastic solution. Fjaer [8] presented the
borehole stability analysis for well design: Incorporating effects of nonlinear elasticity,
plasticity and rock anisotropy. Integrating aspects of nonlinear elasticity theory,
formation heterogeneity, and plasticity theory, Fjaer [8] analyzed the stability issues for
wellbore construction. Pourhosseini [9] developed a constitutive model to describe the
nonlinear behavior of intact rocks under static loading. This constitutive model contains
the pre-peak elastic and the post-peak strain-softening behavior, as well as dilation.

A good understanding of the preceded various wellbore stability discussion, their
techniques and calculations is essential for selecting good practical instability prediction
method for overcoming the resulting drilling instability issues. Consequently, there is a
growing need to create mathematical and numerical approaches, algorithms, and
simulations to evaluate oil and gas wells difficulties caused by exploration activities.
Petroleum production is tough due to harsh lithological conditions such as deepwater
exploration and HPHT formations, the importance of a better and more precise stability
comprehension of drilling wells grows exponentially. This is particularly true when
drilling greatly inclined, underbalanced, and horizontal wells; and drilling into deeper and
ambiguous or unexplored zones with a cracked rock naturally, as well as other geological
difficulties.

Therefore, the aim of this paper is to simulate the actual stresses around wellbore using
elastoplastic rock behavior in order to describe the actual cases, which previously
explained, of wellbore instability problems. Description of stress state around wellbore is
presented. Common failure criteria are also presented. Selection of the most applicable
equations for description of stress state using elastoplastic rock behavior.

1. STATE OF STRESSES AROUND A WELLBORE

Prior to any drilling of a borehole and assuming no adjacent seismic activities, the stress
state of the rock layer is typically stable (static), with little or no tectonic activity. In this
state, there are three major stresses known as in-situ stresses. The stationary stress
conditions would be altered after drilling, resulting in hole instability issues. The drilled
zone would subsequently be subjected to a variety of yields due to the unsymmetrical in-
situ stress conditions. Figure 1 depicts the in-situ conditions of stresses that exist in the
zone surrounding the wall of drilled hole. The first phase in making stability analysis of
any rock zone is to identify this stress state. In order to study stress state around the
wellbore, the insitu stress plate which represents the primary phase rock formation before
drilling (Figure 1) must be converted to those shown in Figure 2-A [1].

The stress condition changes as a borehole is cut into the formation layer because the
cylindrical wells produces a stress concentration that can reach a few inches away from
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the wall. Because of the altered geometrical position, the stress state surrounding the
borehole wall will be changed (Figure 2-B). In short, while boring into rock, there are two
types of constraints to be considered: (1) in-situ stresses and (2) their distribution
surrounding the well. The stress distribution surrounding the wellbore may surpass the
rock strength, resulting in formation failures [1].

Identifying the pressures surrounding the wellbore during cutting formations, each rock
type should also be identified. Additionally, the type of formation failure, which will
happen, should be presented. Further, the suitable failure diagram of the rock formation
should be described. Figure 3 shows the most common rock yield criteria during drilling
activities and operations. Elevated formation pressure, a drilling disturbance induced into
a stable zone, and probable chemical interactions between the drilling muds and rock are
the major reasons of wellbore instability. Based on Figures 1 through 3, the stress state
before and after drilling must be determined so as to do well design and stability analysis
of the wellbore. Consequently, the general procedures of implementing a safely well
design and stability study are illustrated in Flow Chart 4.

Figure 1. Insitu stresses around a wellbore [1].

Figure 2: (A) rock piece with a homogeneous stress state, and
(B) rock layer with a distributed hole stress conditions [1].

Figure 3. Some instability problems during drilling [2].
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Figure 4. A general methodology for making hole design and stability analysis [1].

2. STUDY GENERAL ASSUMPTIONS

In the plotted cross section of the wellbore (Figure 5), the following assumptions are taken
into consideration:

a. Non-linear elastic, elastic-plastic stresses around the wellbore
b. A non-linear elastic, and a plastic zone is formed surrounding the wellbore
c. Different failure models used

Figure 5. Wellbore schema.

3. ROCK FAILURE CRITERIA

In order to identify, clearly and definitely, stress conditions at rock failure, failure criteria
are used. There are several failure criteria which are classified based on the middle stress
and the behavior of rock (linear or no-linear). The common formation failure criteria are
presented by authors [10,14] as shown in Table 1.
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Table 1. Common rock failure criteria

Failure Criterion Failure Criterion Formula
Name
Mohr-Coulomb T=po +c,pu=tand

1+sing _ 2ccosp

1-sing ’ °  1-sin®

Where c is the rock cohesion, , p is the coefficient of the internal friction
angle (@), and Co is the uniaxial compressive strength (UCS)

or o, = qo3 + C, where q =

Mogi-Coulomb Tt =a+boy,
1 1
Toct = 3 V(61— 062)2 + (61 — 63)2 + (62 — 63) 6y 2 = 3 (o1 + 03)
_2VZ G _2Zaqt
T 3 q+1’ T 3 q+1
Where 1, is octahedral shear stress and oy, , is mean normal stress
Tresca (04 +03) Co
=C= Tyax - =C

Or as a special case of Mohr-Coulomb
6, =qo3 +C,,when @ =0,

_1+sin(b_0th —c
q_l—sin(z)_ enoy; — 03 =4,
Von Mises
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6 3
Where J, is the invariant of the deviatoric stress
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Where k and a are the material constants and related to the cohesion of rock

and frictional angle of rock, and is the mean effective J; confining stress

for Circumscribed Drucker — Prager

Hoek-Brown 2
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Where m and s are constant depending on both rock and fracture properties
and parameter s for intact rock is equal to 1
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Where m and n, are material constants, pa is atmospheric pressure and 11,
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4. ELASTIC-PLASTIC STRESSES

When a borehole is drilled to an intact formation, a plastic zone is formed in the vicinity
of the borehole, covering a few borehole diameters before an in-situ elastic zone appears,
as shown in Figure 2. During drilling activities, the plastic region may generate many
well instability issues. Because of hydrocarbon production, the plastic region in the study
area may spread deeper into an oil or gas reservoir, resulting in producing sand. Borehole
wall yield may occur in fractured rocks unless a heavy mud weight is applied. For
applications like borehole, operations of perforation, and sand extraction, the extent of
the plastic region must be evaluated [11]. Bray [12] established the premise which micro-
fractures with shaped log spirals at deviated angles ¢ in the radial direction form in the
plastic range (Figure 6). Furthermore, Goodman [11] provided an overview of stresses
surrounding the hole wall for elastic-plastic formation behavior, and they are briefly
expressed as following:

l TH.min = FH.max = ©

Figure 6. The description of plastic and elastic areas based Bray's assumption [11].

We will analyze a theoretical model given by Bray [11] to acquire a stronger insight to
provide a mathematical model for determining efficient wall upholding techniques by
studying the physics of a borehole wall. According to the Mohr-Coulomb theory, the
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well's construction generates undesirable stress issues, leading the rock to yield. The
simple assumption that the condition of stress is axisymmetric, that is, K=1, is made to
allow the study of the extent of breakdown, the plastic region. Bray presumed inside this
zone that the micro-fractures would be log spirals shaped at circular & degrees in the
direction of wellbore radii, which extends to radius ry, as anticipated by a rigorous
application of the Mohr-Coulomb theory (Figure 6). This method is ineffective for many
rocks, because the fissures will create spiral cracks parallel to the hole walls and floor.
However, Bray's hypothesis is considered an applicable suggestion for clay and shaly
formations. The appropriate value of § for minimal strength is 45+ ¢ /2, but the value of
& will be treated as a solution's self-supporting parameter. It could be used to specify a
quantity Q as follows:
tané

= e ! @

The radius of rp of the elastic-plastic zone is provided by Equation 2 supposing that the
yield formation inside the plastic region has shear strength spiral patterns, t, = S; +

o tan ¢;.

1
2 cr’—Co+[1+tan2 (45+§)] Sjcote; /e

rpl =

Tw [1+tan2(45+2)] (Pi+ 5j cot ¢) (2)
Where o' is the original rock stress (cv=on=c"), Co is the rock unconfined compressive
strength, pi is the wellbore internal pressure provided by the supports, and ¢ is the rock
internal friction angle. If we apply the Mohr-Coulomb and assuming cHmin = GHmax =0,
and in terms of the experimentally determined cohesion for jointed rocks (Cj), pressure
difference between drilling fluid and pore pressure (Pw-Pr), and the internal friction angle
for jointed rocks (¢j); the radius of the plastic zone, rpl , will be:

2 a’—co+(1+iiﬁi) Cjcote; e ‘)
T =n sin
pl = ‘w (1+1fsin$) ((PW—PT)+ o cotd)j)
and
) H
O-U:gfo pp dH — ab. (4)

Although field measurements is the best technique to calculate stress, if laboratory is
un-obtainable, we can use the following approximation:

o) =11H — aP, ()

The effective onmin and onmax Can also be estimated as follows, assuming an elastic,
tectonic activity relaxed, and transverse confined formation:

v I

O-I{I,min =1, % (6)
Pl
O-I{I,max = w (7)

Where Py is the formation overburden bulk density and H is the depth. Bray's solution for
cylinderical stresses inside the elastic and plastic zones is provided by:
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(m—l) o'+ C,
0',1 =0 — Tyl [ 1r2(1¢;s%n$+1) l (8)
1-sin
(1+sin¢_1) o +C

/ I —sin ¢ °

Ogg =0 — Tpi I 1r2(1+s?n$)+1 l 9)
1-sin
For the elastic zone, and
Q
O = ((PW —B) + Cjcot qu) (i) — Cjcot¢; (10)
, tan Q

049 = ((Py — B) + C; cot ¢;) —tan?ér'l—¢j) (%) — Cjcot¢p; (11)
For plastic zone
The radially inward displacement, ur is given by:

1- 9+1 t
ur=Tv<Pier _Pr)+ﬁ 4
Where
1- ' r Q 1—
tva = [(O‘ + S; cotp;) — (p; + Sj cot ;) (7’”[) ]+Tvb (13)
1+tan2(45+2)]o’+c,
b= [+an( +fﬁ)]a+ (14)
tan2(45+5)+1

5. EXPERIMENTAL DATA

A rock sample is taken from a wellbore wall where a plastic area formed surrounding a
borehole wall with micro-cracks, with internal friction angle of joint = 30° and no joint
cohesion, and log spirals inclined with 45° of joint. Table 2 lists the mechanical
characteristics of the elementary rock. The in-situ stresses are also given Table 2.

Table 2. Experimental data of rock sample [11]

Parameter Value Unit
Cobhesion of joint, Cj 0

Internal friction angle of joint, ¢@j 30 degrees
Log spirals inclined of joint, & 45 degrees
Mechanical properties of the virgin rock mass
Compressive strength, Co 1300 Psi
Internal friction angle, ¢ 39.9 degrees
OHmin-OHmax 4000 Psi
Pw-Pr 40 Psi
Young Modulus, E 107 Psi
Possion's ratio 0.2 -

Rock density 150 Lb/ft
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If the plastic region must be solidified in a weakly consolidated structure, these statistics
are critical. The zone can be investigated as a skin caused by the formation's plastic
deformation via well-testing. The stresses displacements in the elastic and plastic regions
will be determined based on Bray's solution. A sensitivity analysis will be done to study
the effect of fluid support and wellbore radius on rock displacement.

6. RESULTS AND ANALYSIS

Wellbore stability are studied and simulated by using elastoplastic equations presented
by Goodman [11]. Also, the Bray solution proposed for these equations was used.
Additionally, the experimental data (Table 2) presented by Goodman [11] was utilized
surrounding the wellbore to describe cylindrical stresses (i.e tangential &radial stresses).
The cylindrical stresses surrounding the borehole wall are depicted in Figures 7 through
10 in case of elastoplastic rock behavior for different radii around the borehole wall
(Figures 5 & 6). Figure 11 shows also the comparison of these stresses with various
borehole diameters. Obviously, the trendlines firstly appear in Figures 7 through 11 is
completely different from which presented by Kirsch equations [1,11-13]. These
equations for elastic rock behavior and result in decreasing tangential stress and
increasing radial stress around wellbore to a certain point. Then, both of them starts to be
contant with a wider distance from the wellbore. However, there is a small area formed
around the wellbore and behaves as plastic materials, and then it behaves as elastic
materials. This happens due to the effect of formation pressure and the drilling fluid
density.
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Figure 7. Cylindrical stresses (tangential and radial) for elastic-plastic case (rw=1).
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Figure 8. Cylindrical stresses (tangential and radial) for elastic-plastic case (rw=0.1).
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Figure 9. Cylindrical stresses (tangential and radial) for elastic-plastic case (rw=0.2).
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Figure 10. Cylindrical stresses for elastic-plastic case (rw=0.3).
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Figure 11. Comparison of wellbore stresses for various hole diameters.

Further, changing the diameter of wellbore means that various hole section to be drilled.
It is clear that both stresses are significantly important and may lead to borehole wall
failure or yield. However, the most important is the tangential stress which may reach to
a higher values than radial stress as shown in Figures 7 through 11. Hence, this requires
a higher mud density to stabilize the wellbore during drilling (Figures 8 &11). Moreover,
drilling geological sections with higher diameter results lower tangential stresses that
those of lower diameters and they require therefore lower mud densities which is logically
correct (Figure 11). Therefore, drilling lower sections of higher depths needs higher
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densities of drilling fluids. Regarding the rock displacement, the radial displacement
decreases with increasing the the drilling fluid support pressure (Figure 12). The more
radial displacement, the higher wellbore/radius surrounding the rock plastic zone (Figure
13). Thus, the elasto-plastic rock behavior represents the actual wellbore wall behavior
during drilling and helps to select the best mud weight and trajectory for safely passing
all rock zones.
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Figure 12. Changing of radial displacement with overbalance support.
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Figure 13. Variation of radial displacement with r/rw.

CONCLUSIONS

Based on the results and analysis, the following conclusions and recommendations are
extracted:

1. Elastoplastic rock behaviour represents the actual situation occurred during drilling
geological layers.

2. Calculated stresses from elastoplastic case consider the optimum stresses for selecting
the appropriate drilling fluid properties.

3. The larger hole diameter is, the lower tangential and radial stresses are, and the lower
mud densities require.
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Although this study is done based on experimental data, it can be done if the logging
data are available.

Although elastoplastic calculations are quite complex, they give the most accurate
and optimum results.
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