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The study of factors affecting wellbore stability has become very important
in the oil and gas industry because they will save time and costs. In studying
the stability of oil and gas wells, different factors such as mechanical
properties, in-situ stresses, and pore pressure can be used. Consequently,
knowing and calculating these parameters will be helpful in analyzing the
wellbore stability. This study evaluated the effects of changing stresses on the wellbore stability and drilling
mud weight window using a ratio of different stresses for the first time in one of the wells of the Zireh gas
field, located in the southwest of Iran. Due to the lack of laboratory data, each of the parameters of the
geomechanical model were determined by empirical correlation. Using Mohr-Coulomb and Mogi-
Coulomb criteria, the drilling mud weight window was determined to be 76.99-128.17 (pcf) and 67.56-
128.17 (pcf), respectively; however, Mogi-Coulomb provided better results. The wellbore stability is also
investigated by using 3D numerical modeling using ABAQUS software and the Mohr-Coulomb criterion.
According to the results of the numerical and analytical methods, the well is completely stable. Ultimately,
five different in-situ stress ratios were examined to determine how in-situ stress distribution affected
wellbore stability. According to the results, the mud weight window range decreases as the stress changes
from an isotropic to an anisotropic state, indicating wellbore instability.

1. Introduction

In recent years, geomechanics has been
introduced as an important and essential
knowledge in  exploration,  development,
production and operation of oil and gas companies
in the world. The tasks of geomechanics include
studying and analyzing the behavior of the earth
against stresses, fluid pressures and temperature
changes. The wellbore stability is a topic
extensively researched in geomechanics. so, by
analyzing the wellbore stability beforehand can
prevent a great deal of basic problems, such as the
collapse and fractures in the well. These
instabilities can lead to problems such as stuck
pipes, breakouts, tensile and compressive cracks

in the well, and mud loss [1]. Due to these cases,
the time and costs of drilling operations can be
significantly reduced by recognizing and reacting
to wellbore instabilities before the drilling
operations take place. The first step in studying
wellbore stability is to create a geomechanical
model. Geomechanical models can be created by
using geological, petrophysical, and geophysical
information on the study area. Mechanical
properties such as Young's modulus, Poisson's
ratio, bulk modulus, shear modulus, uniaxial
compressive strength, tensile strength, friction
angle and cohesion, as well as in-situ stresses and
pore pressure will be calculated to construct the
geomechanical model. After determining these
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parameters, the final step is to determine the
optimal mud weight window. Aadnoy &
Chenevert [2], Brody & Kjorholt [3] as well as.
Zoback et al. [4] have proposed various methods,
including determining in-situ stresses in deep
horizontal and vertical wells, the use of FMI logs,
and the use of solid mechanics, to analyze the
stability of highly inclined wells. Also, using
failure criteria is one of the steps of wellbore
stability analysis. Vernik & [5], Zhou [6], Song &
Haimson [7], Ewy [8], Fjar & Ruistuen [9] and Al-
Ajmi & Zimmerman [10] have used various
failure criteria  including  Mohr-Coulomb,
modified lade and Mogi-Coulomb to analyze
wellbore stability. Das & Chatterjee used three
Mohr-Coulomb, Mogi-Coulomb and modified
lade criteria to analyze wellbore stability. The
Mohr-Coulomb failure criteria exceeded the
predicted mud weight window, but the Mogi-
Coulomb criterion approximated the results with
high accuracy close to the expected results [11].
Najibi et al. the mud weight window was
determined by using the Mohr-Coulomb and
Mogi-Coulomb failure criteria using data from
one of the Bangestan reservoir wells. The
accuracy of the geomechanical model based on
the FMS log was then evaluated [12]. Yousefian
et al. examined the plastic area around vertical
wells using elastoplastic analysis and Mohr-
Coulomb, Mogi-Coulomb, and modified Lade
failure criteria. The results showed that the
criterion Mogi-Coulomb and the modified lade
did not show any plastic area around the well,
which was in good agreement with the FMI log
results [13]. Behnam et al. used FLAC?P software
and the NYZA method to calculate the minimum
drilling mud pressure required to prevent shear
failure. Finally, SPSS software was used to obtain
correlation through multivariate linear regression
[14]. Ezati et al. have analyzed wellbore stability
using data from Sarvak reservoir in southwest
Iran. The mechanical and strength parameters of
the formation were determined with rock
mechanics tests and wellbore stability was
evaluated with Mohr-Coulomb and Mogi-
Coulomb  failure  criteria.  The  results
demonstrated that the Mogi-Coulomb criterion
was more accurate in predicting well failure [15].
Allawi & Al-Jawad used the Mohr-Coulomb,
Mogi-Coulomb, and modified Lade criteria to
determine the drilling mud weight window of the
Zubair Shale formation in southern Irag.
Ultimately, it was determined that improper
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selection of drilling mud weight is the primary
cause of instability in this formation, and the
appropriate mud weight window for drilling in
this formation was calculated [16]. Hoseinpour &
Riahi using the data of one of Iran's hydrocarbon
reservoirs and using geomechanical parameters to
determine the drilling mud weight window, select
the appropriate drilling direction and study the
wellbore stability [17]. Heydari et al. use data
from the Sivand oil field to investigate the
problem of wellbore stability analysis and optimal
drilling direction using numerical modelling
based on finite element method, and to determine
safe mud weight windows using NYZA method
[18].

Many studies have been conducted on
wellbore stability and drilling mud weight
window using numerical and analytical methods.
However, analysis of in-situ stresses have not
been discussed much despite their impact on
drilling mud weight window ranges. Thus, this
study attempts to determine the drilling mud
weight window range by developing a
geomechanical model, and finally, effect of
changing the ratio of in-situ stresses on drilling
mud weight window and wellbore stability was
studied using three-dimensional numerical
modeling. The new innovation in this study was
the use of new equations between dynamic and
static elastic parameters for carbonate rocks,
followed by the development of 1D
geomechanical models and 3D numerical models
for wellbore stability analysis. The following
steps have been done to achieve the research
purpose. First, using petrophysical data such as
compressive and shear wave transmit time,
compressive and shear wave velocity, density and
porosity, a geomechanical model of the reservoir
was constructed. Then, using mechanical
parameters, in-situ stresses, as well as pore
pressure, drilling mud weight window were
calculated for one of the wells in southwest Iran.
The upper and lower limits of the mud weight
window were determined using Mohr-Coulomb
and Mogi-Coulomb failure criteria. Finally, using
a three-dimensional elastoplastic finite element
model, the analytical method was validated and
the effects of different in-situ stresses on wellbore
stability and drilling mud weight window ranges
were examined.

2. Geological Setting
Zireh gas field is located 160 km southeast of
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Bushehr near the Kangan and Nar gas fields. Field
dimensions are 16x45 km, and it is located in a
northwest-southeast direction. Also, its southeast
direction faces Nar field, and its northwest
direction faces Shir field. This study focuses on
the Zireh well-2. The well is located near axis of
Zireh anticline and approximately 2 km southeast
of anticline peak. The coordinates of the well are
E52 00 24, N 28 06 27. According to
petrophysical studies and drilling reports, the
sequence of the main formations in the study area
is Kazhdumi, Darian, Fahliyan, Kangan, Dalan,

IRAN
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Nar, and lower Dalan. As shown in Fig. 1, the gas
reservoir in this study is located in the lower Dalan
formation. Petrophysical studies indicate that
lower Dalan rocks are mainly composed of
carbonate rocks, including dolomite, anhydrite,
and iron ores including siderite, hematite, and
magnetite.

In this study, the parameters used to determine
the geomechanical model is sonic, density, and
caliper logs for depth intervals of 2650 to 2820
meters, and these parameters are given in Fig. 2.

Kangan

Formation

,
Sarkhun,

S
South Gasha Surd_ %

Dalan

Fig.

2800
1

2800
1

2800

2750
2750
h
2750

Depth (m)

2700
2700
h

2700
1

2.

2650

28|ﬂll
2800

27|50
2750
h

2700
1
2700
h

2650

T T
60 80 100 o

T T T T @ T
2000 4000 6000 8000 10000 0 1

T
2

T T T T T
3 4 5 0 0 10 20 30

DT (Us/f) Vp (mis)

DT, (Usif) Vs (mis)

RHOB (g/cm®)

NPHI (VIV)
Bit Size (IN)

Caliper (IN)

Fig. 2. Density (RHOB), porosity (NPHI), Vp and Vs, DT and DTs logs for the Zireh gas reservoir in the study

3. Geomechanical modeling

3.1 Mechanical properties

Throughout the life of an oil and gas field, it is
essential to know the mechanical properties of the
rock, such as Young's modulus, Poisson's ratio,

well
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uniaxial compressive strength, shear modulus,
and bulk modulus. Elastic properties can be
determined using two different methods. The first
involves laboratory tests in which the properties
of strength and elastic can be determined using
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core samples. In the second method,
measurements from in-well are used, in which the
compressive and shear wave velocities are
measured, which are called static and dynamic
moduli, respectively. Uniaxial or triaxial loads
will cause failure within the rock sample in the
static method. During the test, stresses as well as
lateral and axial deformations of the rock will be
continuously measured by using the strain and
stress data from the uniaxial compressive strength
(UCS), static Young's modulus (Es), and Poisson's
ratio (9).

The dynamic method uses field data (sonic
logs) or laboratory measurements to determine the
compressive and shear wave velocities (V, and
V) for rock samples affected by wave
propagation loads. Based on density and sonic log
data, the parameters are determined as follows
[20].

3Vi-4V2

Ed = st2 Vg_Vsz (1)
_ VE-2v?

Ya = 2(V2-v2) 2
4

Kq = pW — 5 pVs ®)

Ga = pVs (4)

where Eq is the dynamic Young's modulus (GPa),
p is rock density (g/cm3), Vs is shear wave
velocity in (km/s), V, is compressive wave
velocity (km/s), 9, is dynamic Poisson's ratio, Kg
is dynamic bulk modulus and Gq is dynamic shear
modulus (GPa).

Given the continuity of data obtained using
dynamic method, static and dynamic moduli are
combined or dynamic data is transformed into
static data in order to improve accuracy and
achieve certainty in calculations. As a result, the
problem of dynamic data discretization during
calculation is eliminated, as are any uncertainty in
the dynamic data while at the same time achieving
a reliable approximation of the elastic properties
of the well at any desired depth. Several equations
between dynamic and static parameters have been
developed to calculate the static elastic
parameters. These equations are dependent on the
material of formation and the study area. Due to
the carbonate rock in this study, Egs. 5 and 6 can
be used to determine the static Young's modulus
and static Poisson's ratio. Additionally, equations
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based on Young's modulus and Poisson's ratio
have been developed to calculate bulk modulus
and shear modulus (Egs.7 and 8) [21].

E; =0.5624 E; — 1391 (5)
9y = 0.729, (6)
_ _Es
Gs = 2(1+9) @
ES
Ks = 3(1-29) ®)
The next parameter to consider in
geomechanical modeling is the uniaxial

compressive strength (UCS). This parameter is
obtained by two methods including uniaxial and
triaxial tests on core samples and using different
empirical correlations presented by different
researchers. Seyedsajadi & Aghighi [22] have
derived an empirical correlation (Eq. 9) between
compressive strength and Young's modulus
parameters on carbonate rock cores from the
Koopal field using the results of laboratory tests.
Furthermore, the correlation coefficient related to
this relationship is 0.98, indicating the accuracy of
this equation for calculating uniaxial compressive
strength. The uniaxial tensile strength is another
parameter that can be determined as a coefficient
of UCS based on the type of formation. As the
formation is a carbonate, Eq. 10 will be used to
determine the tensile strength.

UCS = 1.192 E, + 6.787 9)

ucs
Ty = —
0 12

(10)

Friction angle and cohesion are two other
mechanical parameters intrinsic to rocks. These
parameters are also obtained using triaxial test as
well as empirical correlations. Since laboratory
tests were not available in this study, Egs.11 and
12, which are presented for friction angle and
cohesion based on porosity and shale volume,
respectively [12].

@ =26.5—37.4(1— NPHI — Vg, q0.) +

62.1(1 — NPHI — Vg010)? (11)

ucs
2tan6@

where ¢ is friction angle (degree), c is

cohesion (MPa), NPHI is porosity, UCS is
uniaxial compressive strength (MPa) and Vspake IS

Cc =

(12)
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shale volume. The parameters of shale volume
and 0 are calculated using Egs. 13 and 14 [23,24].

GR— GRin
Vshate = G ——p — (13)
0 =45+" (14)

where GR is gamma ray (API).

3.2 Pore Pressure

One of the most important parameters in the
construction of a geomechanical model is the pore
pressure, which can be used to calculate in-situ
stresses, analyze wellbore stability, and design a
safe drilling mud weight window. In general,
direct measurement methods, such as DST, RFT,
MDT, as well as using geophysical logs and
seismic data can be used to determine pore
pressure. Also, if the pore pressure is calculated
from indirect methods, it should be calibrated
using direct measurement methods to ensure the
result obtained.

Many researchers have proposed empirical
equations for calculating pore pressure [25-27].
Eaton [28] is one of the most widely used methods
for calculating the pore pressure. Using resistivity
or sonic log data, pore pressure is calculated as
follows:

nery3
Byg = 0BG — (0BG — Byy) (5r)

o (15)
where Ppg is pore pressure gradient, OBG is
overburden gradient, Ppy is hydrostatic pressure
gradient, DT is compressional wave transit time
and NCT is normal compression trend line, which
varies for different diagrams. Zhang [29]
modified Eaton's equation (Eg. 15) and proposed
Eq. 16 to predict pore pressure.
—ezy 3

P,y = 0BG — (0BG — P,,) (Atimttme =)™ (16)
where At,,; is mud-line transit time, At,, is
compressional wave transit time in shale with zero
porosity, ¢ is an empirical constant and Z is depth.
Also, by studying carbonate reservoirs in Iran, the
values of At,,, At,,; and ¢ have been estimated as
185, 50 and 0.00137, respectively [30].

3.3 In-situ Stresses

Overburden stress or vertical stress occurs due to
the weight of layers of overburden in a formation.
As it is not possible to calculate vertical stresses
directly, it can be estimated by using the rock
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density at various depths and Eq. 17 as follows
[31].

o, = foz pp(2).gdz (17)

where z is depth (m), p,(2) is density of the
formation at different depths (g/cm3), and g is
acceleration of gravity.

There are many methods for calculating
horizontal in-situ stresses, including LOT, XLOT,
and hydraulic fracturing, which all rely on
increasing the fluid pressure inside the well and
creating a crack in the well wall. In order to
calculate horizontal stresses using these tests,
enough time, cost, and laboratory data are
required. In addition, poroelastic equations are
empirical equations derived from the calculation
of horizontal stresses along the well, and were
introduced as Eqgs. 18 and 19 [20].

9 E
0= 15 (0, —aP,) + aP, +15: (& +9¢)

(18)

oy = 1%9(6“ - aPp)+ aP, +

" (e, +92)  (19)

1-92

where g, is vertical stress (MPa), P, is pore
pressure (MPa), Es is static Young's modulus
(GPa), 9 is Poisson's ratio, a is Biot’s coefficient
and &, , €, are strain in direction of maximum and

minimum horizontal stresses as given by Eqgs. 20
and 21, respectively [32].

&= 0% (- 1) (20)
£, = %x(l—%) 1)

3.4 Wellbore Stability

The final step in reservoir geomechanical
modeling is to determine the mud weight window.
This method necessitates designing and

calculating an optimal mud pressure that prevents
fractures, induced cracks, and wellbore instability.
Fig. 3 shows a safe mud weight window between
the pore pressure and Ss. In addition, there is also
a mud weight window between breakout pressure
and Sz, which is called a safe and stable interval
and is the best case for drilling, since well failure
and mud loss will be prevented [33].
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Fig. 3. A schematic of mud weight window intervals
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3.4.1 Stresses around a vertical wellbore

The drilling process disturbs the state of stress
around the wellbore. The vertical stresses in a
vertical well are parallel to the axis of the well,
whereas the horizontal stresses are minimum and
maximum perpendicular to each other. In a
homogeneous, isotropic, elastic rock, the effective
stresses around the well are calculated using
Kirsch's equation (Egs. 22-24) [33].

1 R? 1
Og =E(GH_0’1)(1+E)_E(GH_

4 2 22
0,1)(1+3ri4)cosZB—PWf—Z (22)
Ur=§(0'H_o-h)(1_f_z)+%(UH_ (23)
on) (1 —4_r—R22+3r—1i4)C0529 - PWI:—ZZ
o, = 0, — 29(oy — o) cos 20 (24)

where r is distance from the well wall, R is well
radius, Py is well pressure, 9 is Poisson's ratio and
6 is measured clockwise from the o direction.
Also, these equations in the r = R will be
simplified as follows:

oy = (oy +0y) — 2(oy — 0,) cos 26 — P, (25)
or =Fky (26)
0, = 0, — 20(oy — o) cos 20 27)

Tangential and radial stresses (Egs. 25, 26) are
affected by pore pressure, but axial stresses are
not. Shear failure occurs at 8 = + /2, where the
tangential stress reaches its maximum value.
Tensile failure occurs similarly at & = 0,7, where
tangential stress is minimum.

3.4.2 Mohr-Coulomb failure criterion

This criterion is widely used due to the simplicity
and availability of computational parameters such
as uniaxial compressive strength and friction
angle. Mohr-Coulomb criterion is calculated as
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follows [34].
T=Sy+o,tang (28)

where Sp is cohesion and ¢ is friction angle. In
addition, equations for the Mohr-Coulomb
criterion are presented based on maximum and
minimum stresses, as shown in Eq. 29. As well as
the parameter ¢, which is dependent on friction
angle, and C, are shown in Egs. 30 and 31 [10].

oy =Co+qo3 (29)
_ 2 e\ _ 1+sing

q= tan (45 + 2) - 1-sing (30)
_ cos @

CO - 2C(l—sin<p) (31)

Tables 1 and 2 give the collapse pressure and
fracture pressure for the Mohr-Coulomb criterion.
According to these tables, Py, is the actual drilling
mud pressure, Pw, is the drilling mud pressure
causing borehole failure, and Pys is the drilling
mud pressure causing fractures.

Table 1. Mohr—-Coulomb criterion for collapse pressure
in vertical wellbores [10]
Case o0,=0,=05 Borehole failure will
occurifpB, <P,

1 0, =09 2 0y Pyp =(B=0C)/q
2 og=20,20, Py =A-0/10+¢q)
3 Og =0, =0, P,,=A—C—qB

A =30y — oy
B =o0,+ 29(oy — op)
C=C—h(q—1)

Table 2. Mohr—Coulomb criterion for fracture pressure
in vertical wellbores [10]

Case o0,;=0,>=0; Boreholefailure will occur

ifP, = P,s
1 0y =0g =0, Pyr=C+qE
2 0,220,209 P,y=(C+qD)/1+q)
3 0,20, =09 P,,=(C—E)/q+D

E =30, -0y
D =0, —29(oy — o)

3.4.3 Mogi-Coulomb failure criterion

Al-Ajmi & Zimmerman [10] first proposed the
Mogi-Coulomb criterion. Although this criterion
is more complex than the Mohr—Coulomb failure
criterion, it has performed better in analyzing the
results, so it has gained more acceptance recently.
In addition, the equations for the Mogi-Coulomb
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criterion are as follows [35].

Toct = A+ bop,, (32)

Toee =37/(0, = 007 + (0 — 07 + (0, — )2 (33)

__ o1t03
Um,z - 2

(34)

Parameters a and b are also material constants,
which can be obtained by using the Mohr—
Coulomb parameters of cohesion and friction
angle. The equations for these parameters are
given below [10].

3D Numerical modeling of the effect ...

Eq. 37 is introduced as follows to calculate the
primary and secondary stress constants (11 and I2)
by applying the main intermediate stress and
modifying the Mogi-Coulomb equation [10].

ILL=0,+0,+ 03 37

12 =010, + 0,03 + 0307

By considering the effective stress, Mogi-
Coulomb criterion can be written as, [10].

(IF = 3INY? = G+ b(I, — 0, — 2P,) (38)

a=2c cos@ b= sing (39)

22
a=-—-ccosg (35) The collapse pressure and fracture pressure of
the Mogi-Coulomb criterion are given in Tables 3
and 4.
b= 23—\5 sing (36)
Table 3. Mogi—Coulomb criterion for collapse pressure in vertical wellbores [10]
Case 0,120,203 Borehole failure will occur if B, < P,
1
1 0, >0y >0, P,y = m[(sA +2b'K) ~ JH + 12(K? + b'AK) |
2 A 1
0g = 0,20, wa=E—g\/12[a’+b’(A—2Pp)]2—3(A—ZB)2
3

1
Pup = =773 (34— 2b'6) —JH + 12(GZ + b'AG)|

A =30y — oy

B =o0,+29(cy — op)

K=da +b'(B-2B)

H = A?(4b'? - 3) + (B?> — AB)(4b'* — 12)
G=K+b'A

Table 4. Mogi—Coulomb criterion for fracture pressure in vertical wellbores [10]

Case 0120, 2= 03 Borehole failure will occur if B, > P, ¢
1 1
0, >0y >0, ow=m[(30+2bw)—\/]+12(1v2 +b'DN)]

2 1
0, 20,20y Py ———g\[12[a’+b’(D—ZPP)]Z—S(D—ZE)Z
3 1 ,
g, 20,2 0y P, = m[(w — 2b'M) — ] + 12(M? + b'DM))|

E =30, — oy

D =g, — 29(oy — ay)

N=da +b'(E-2B)

J = D2(4b"? —3) + (E2 — DE)(4b'2 — 12)
M=N+b'D

4. Results and discussion

4.1 Geomechanical Modeling

Mechanical properties of rock such as Young's
modulus, Poisson's ratio, shear modulus, bulk
modulus, UCS, tensile strength, cohesion, and
friction angle are among the parameters in
determining in-situ stresses and also in wellbore

32

stability analysis. For Zireh well-2, these
parameters are calculated using Egs. 1 - 14 for
each parameter in the reservoir depth of 2650-
2820 and are shown in Figs. 4 and 5 for elastic and
strength parameters, respectively. The next
parameter in creating the geomechanical model is
the pore pressure. In this study, Eaton equation
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(Eq. 16) was used to determine the pore pressure
in this well, which is shown in Fig. 6.

In-situ stress values are among the critical
parameters in reservoir geomechanical modeling.
The vertical stress in well-2 is calculated based on
Eq. 17 (shown in Fig. 6). Additionally, the
poroelastic equations (Egs. 18 and 19) along the

3D Numerical modeling of the effect ...

well will be used to calculate the values of o and
oy. Fig. 6 shows that in most places, oy is
approximately equal to o, and both of them are
larger than o;,. Therefore, the stress regime in this
depth is strike-slip normal (6, = g, > ay,).
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Fig 4. Static and dynamic elastic parameters of well-2 of the Zireh gas field at depths between 2650 and 2820
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4.2 Wellbore stability analysis

According to Fig. 7, the stresses around the well
wall are oy = 0, = 7, S0 the second equation in
Tables 1 and 3 will be used to calculate the
collapse pressure. Also, since the purpose of this
study is to calculate the stable and safe mud
weight window, the values of mud loss, which is
equal to the minimum horizontal stress, were used
for the upper limit of mud pressure. Finally, after
calculating the mud pressure values for Mohr—
Coulomb and Mogi-Coulomb criteria, these
values are compared with the reported mud
pressure values and if the Mohr—-Coulomb and
Mogi-Coulomb pressure values are higher than
the mud pressure values, it will be cause shear
fracture. In addition, if the mud pressure increases
and reaches the values of mud loss (minimum
horizontal stress), it will cause tensile fractures
and wellbore instability.
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Fig. 7. Radial, tangential and axial stresses in the wall
of well-2 of the Zireh gas field at depths between 2650
and 2820

In Fig. 8, the results of the Mohr-Coulomb and
Mogi-Coulomb failure criteria are presented
along with a caliper log for validation. In this
figure, from left to right, the first column is related
to wellbore stability analysis using Mohr-
Coulomb, wellbore stability analysis using Mogi-
Coulomb and caliper-bit size log results,
respectively. Mohr-Columb criteria results are
conservative in most parts, and comparing them to
caliper logs can be seen that they have not
provided accurate predictions in the areas where
fracture caliper logs occur. The results obtained
by the Mogi-Coulomb criteria indicate that this
method has determined shear and tensile fractures
with a higher accuracy. Comparison of the results
from these two methods revealed that the Mogi-
Coulomb criterion is more accurate than the
Mohr-Coulomb criterion and is more reliable for
predicting well fractures. To verify the accuracy
of the results obtained by these failure criteria, the
results obtained by well-2 of Zireh were compared
to petrophysical evaluation reports for depths
between 2660 and 2813 and the results showed
there was no fall except for 2720 and 2691-2692.
Other intervals are of good quality, which is well
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suited to the results obtained in this study.

For Mohr-Coulomb and Mogi-Coulomb, the
lower limit of the mud weight window is 76.99 pcf
and 67.56 pcf, respectively, while the upper limit
is 128.175 pcf (equivalent to the a;,). According
to the drilling reports of Zireh gas field for well-2,
the value of 67 pcf for the drilling mud weight has
been considered. According to the results
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obtained, Mohr-Coulomb criterion has more
conservative results than Mogi-Coulomb because
it does not use intermediate stress. Thus, the
optimal mud weight window estimate generated
using the Mogi-Coulomb criterion has higher
accuracy than the Mohr-Coulomb criterion.

Mohr-Coulomb Criterion
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2650

20 40 60 80

0 20
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Fig.8. The wellbore stability analysis for well-2, in the depth interval of 2650 to 2820 m

4.3 Model validation

Finite element numerical method has been used to
evaluate the accuracy of analytical methods
calculations for drilling mud weight window. In
this method, numerical methods are used to
approximate the analysis and solution of partial
differential equations. Using this method,
differential equations are completely eliminated

or reduced to ordinary differential equations [36].
ABAQUS software includes a library of finite
elements that can be used to model any type of
geometry. Also included is a large collection of
material behavior models that simulate the
behavior of metals, polymers, composites,
reinforced  concrete, brittle foams, and
geotechnical materials such as soil and rock.
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The 3D numerical model in this section was
built for a critical section of the well with a depth
range of 2720-2725 m. The first step in modeling
is to determine the model's dimensions.
According to drilling reports, the studied well has
a diameter of 6 inches (0.1524 meters). In order to
avoid the distribution of stresses around the well
on the boundaries of the numerical model, the
dimensions of the numerical model will be 100
times the radius of the well, as shown in Fig. 9. As
a result of the double symmetry assumption, a
quarter of the geometry is modeled to reduce
analysis time. Behavioral model and material
properties will then be created based on the Mohr-
Coulomb criterion. The next step involves
applying boundary conditions, in-situ stresses,
and mud weight pressure to achieve equilibrium.
Hydromechanical analysis can provide an
acceptable approximation of the solution. In this

Ux=Uy=Uz=0
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case, the desired environment can be considered
two-phase, meaning the space between solid
particles is completely filled with liquid, which is
called a saturated environment. In this study, the
idea of effective stress was used to analyze
saturated environments. Using this method, the
effective stress was calculated by adding the pore
pressure to the in-situ stresses. Numerical
modelling relies heavily on meshing, so shape
elements of hex and structured technique were
used to mesh the 3D model. The geometry of the
model will be divided into three parts, each with a
different mesh size: 20x15 and 18x15 near the
well wall and 15x15 near the model boundary.
Based on the results, it is beneficial to use a finer
mesh near the well in order to obtain more
accurate results. The type of element used in this
model is the plane strain.

Fig. 9. The geometry of the model with boundary conditions and loading for wellbore stability analysis

Table 5. Input parameters for wellbore stability analysis in ABAQUS

Property Value
Specific weight (g/cm?®) 2.88

Elastic Young’s modulus (GPa) 37.340
Poisson’s ratio 0.28

Plastic Cohesion (MPa) 13.25
Internal friction angle (degree) 32.66

Strength UCS (MPa) 51.29
Tensile strength (MPa) 4.26

Fluid Pore pressure (MPa) 27.83
Mud pressure (MPa) 28.7
Petrophysical Porosity (%) 17.2
Permeability (md) 13

In-situ Vertical stress (MPa) 62.20

stresses . .

Maximum horizontal stress (MPa) 61.44

Minimum horizontal stress (MPa) 54.95
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The results of the numerical model will be
divided into two parts. The first part deals with the
validity of wellbore stability as determined by the
Mohr-Coulomb criterion analytical method, while
the second part is about studying the effect of
changing in-situ stresses on the drilling mud
weight window. The mud weight window was
validated by applying different pressures, in this
case from 33 MPa to 54.95 MPa, obtained from
the analytical method, and by examining the
condition of the well at each pressure. Finally, the
numerical model determined mud weight window
range of 27.8 MPa to 48.2 MPa. Figs. 10 and 11
show the results of stress and displacement around
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the well. In addition, the results concerning the
changes in plastic area were also obtained in this
interval. Fig. 12 illustrates these results in addition
to the analysis of the plastic area under 60 MPa
pressure. For a better presentation of the results,
using the mirror feature in the ABAQUS software,
the results are shown around the well for all sides.
Wellbore stability conditions are suitable as long
as the expansion of the plastic area does not
exceed the radius of the well. However, since the
purpose of this study is to determine a safe and
stable mud weight window, the beginning of the
plastic area is regarded as instability.

Fig. 10. Radial stress variations in the mud pressure, (a) 27.8 MPa, (b) 48.2 MPa, and tangential stress variations in
the mud pressure, (c) 27.8 MPa, (d) 48.2 MPa
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Fig. 11. Total deformation in the mud pressure, (a)27.8 MPa, (b) 48.2 MPa

Fig. 12. Value of plastic strain for mud pressure, (a) 27.8 MPa, (b) 48.2 MPa, and (c) 60 MPa

Numerical analysis are used to calculate the
probability of shear and tensile fractures in the
well wall based on the strength characteristics of
the study formation. Figs. 10, which are related to
radial and tangential stresses. Due to in-situ
stresses applied to the model and induction of
such stresses along the formation boundary,
maximum concentrations occur on the around
well wall. According to Fig. 11, a circular
deformation zone will form around the well if the
applied stresses are isotropic. In this study, given
that the horizontal in-situ stresses were
anisotropic, the deformation zone around the well
exhibited an ellipsoid extended. Also, Fig. 12

38

shows that there is no significant plastic area
around the well in the mud weight window ranges,
and the well is in an elastic state. Therefore, the
considered well was identified as stable in the
studied depth interval based on the results of the
numerical analysis. The obtained results are in
good agreement with the analytical results.

4.4 Effect of in-situ stress ratios

Studying the effectiveness of different parameters
on wellbore stability facilitates a better
comprehension of how these conditions impact
wellbore stability. One of these parameters is in-
situ stress. This section attempts to describe
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results related to the plastic area and the changes
to the mud pressure range by using data from the
petrophysical studies and applying different
scenarios for the ratio of in-situ stresses. The
purpose of this section is to investigate the impact
of different in-situ stress ratios on mud weight

3D Numerical modeling of the effect ...

window. Table 6 shows the in-situ stress ratios for
five different scenarios. The value of 1.24 in this
table for the ratio of o to g, indicates the in-situ
stress regime (based on the geomechanical data
from the Zireh well).

Table 6. Information about 5 different scenarios of in-situ stress ratio

Case 1 2 3 4 5

o o [0} o g, g,

91 ZH_q =124 A -15 =175 H=>
Op Op Op Op Oh Oh

In order to determine the effects of stress rate
changes on wellbore stability, the o and o, were
varied using these scenarios and the appropriate
mud weight window was obtained by applying
different pressures to the well. Due to the fact that
in the first two scenarios, the g and oy, are lower
than the g, the stress regimes are normal and no
shear failures occur around the well, and the well
is stable. In comparing these two scenarios, it can
be concluded that the amount of drilling mud
weight window range decreases when the stresses
change from an isotropic to an anisotropic state.
After examining the two in-situ stress ratios of
1.75 and 2, it was determined that in all the mud

[e}
o

70.52

Mud weight window (MPa)
= N w By [62] D ~
o o o o o o o

o

1 1.24

1.5 1.6

1.65

oylo,

1959 2L

pressure that entered the well plastic zone was
more severe with the stress ratio of 2 and mud
weight window cannot be calculated for this stress
ratio. As aresult, mud pressure ranges are limited
when the value of mud pressure changes from an
isotropic to an anisotropic state until the amount
of mud pressure is close to the mud weight
window, causing wellbore instability.
Considering the 5 stress ratio scenarios shown in
Table 6, it is not possible to determine the exact
point at which the mud weight window changed
from stable to instable. By examining the stress
ratios between 1.5 and 1.75, as shown in Fig.13,
the exact value of the stress ratio that will cause
wellbore instability was calculated.

=== Upper limit
=@ |_ower limit

166  1.67 1.7 1.75 2

Fig. 13. Results of changing the mud weight window versus the in-situ stress ratios

In the first two cases (in-situ stress ratios 1 and
1.24) the lower limit value of mud pressure is
zero, but as the in-situ stress ratio increases, more
pressure is required, and the lower limit pressure
increases. In addition, for the upper limit of mud
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pressure, with increasing the in-situ stress ratio,
the mud weight window has been decreased to
avoid tensile failure and mud loss. Finally, at a
stress ratio of 1.66, the upper and lower limits will
approach each other and cause instability. Shear
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displacements and tensile fractures along the well
are less observed when the stresses are assumed to
be isotropic. When the rate of in-situ stress
changes from isotropic to anisotropic, these
fractures expand, allowing the drilling fluid to
enter the fractures and increased mud loss
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eventually leads to wellbore instability. In Fig. 14,
the plastic area for the two states of isotropic and
anisotropic stresses is shown at a pressure of 27.8
MPa, which indicates the instability under
anisotropic stress.

PEEQ

(Avg: 75%)
+2.540e-04
+2.328e-04
+2.117e-04
+1.905e-04
+1.693e-04
+1.482e-04
+1.270e-04
+1.058e-04
+8.467e-05
+6.350e-05
+4.233e-0
+2.117e-
+2.220e-

-

Fig. 14. The PEEQ for stress ratios of (a) isotropic (oy/0y, = 1), (b) anisotropic (oy/0), = 2)

5. Conclusions

Wellbore instability is an issue that costs a lot of
money each year. Understanding what causes it
will aid in proper management of wells and will
greatly reduce unnecessary expenses. The
wellbore stability is considered to be of
importance in this study, so an attempt was made
to build a geomechanical model of the well and
perform numerical and analytical analysis of the
well using petrophysical data for the Zireh gas
field. Also, the effects of changing in-situ stresses
on mud weight window have been investigated,
and the following results have been obtained as a
result:

e The Mohr-Coulomb and Mogi-Coulomb criteria
have been used to determine the safe and stable
mud weight window. The comparison of these
two methods revealed that because intermediate
stresses do not have an effect on the Mohr-
Coulomb failure criterion, the results of this
criterion are conservative. In addition,
comparing the Mogi-Coulomb criterion to the
caliper log, it became apparent that this criterion
is more accurate in predicting the mud weight
window.
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e Mohr-Coulomb and Mogi-Coulomb criteria
specify a lower limit of mud weight window of
76.99 pcf and 67.56 pcf, respectively, and an
upper limit of 128.17 pcf. According to the
drilling reports of Zireh gas field for well-2, the
value of 67 pcf for the drilling mud weight has
been considered, which is close to the Mogi-
Coulomb result.

e The Mohr-Coulomb criterion results were
validated using the ABAQUS finite element,
and mud weight window was obtained between
27.8 MPa and 48.2 MPa using the numerical
method. Therefore, the numerical and analytical
results were in good agreement.

e For the purpose of examining the effect of in-
situ stress ratios on wellbore stability, five
different in-situ stress ratios were considered.
As a result, when the stress changes from
isotropic to anisotropic, the mud weight window
range is more limited, which indicates wellbore
instability.

e In the anisotropic state, wellbore instability is
caused by the occurrence of shear and tensile
cracks around the well. Generally, the greater
the ratio between the o and gy, the more cracks
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and mud loss will occur, which causes reduced
mud pressure and wellbore instability.
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