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ABSTRACT

Fault regimes have significant effects on the stability of oil wells. Although vertical wells have different geo-mechanical behaviors,
horizontal wells have more critical conditions when they encounter fault regime changes. In this study, a horizontal oil well is consi-
dered at a specific depth in the Mansouri oil field including the poroelastic state of rock mass and anisotropic horizontal stresses.
The simulation of stability analysis is conducted with a Finite Element simulator (ABAQUS) and consists of two steps: (1) geostatic
and (2) drilling. The geostatic step shows the initial in-situ stress conditions before drilling; in the drilling step, the well pressure has
been increased continuously from the formation pore pressure (lower limit of allowable mud pressure window) to fracture pressure
limit (tensile failure limit). The mud pressure optimization has been conducted based on the stress and plastic strain reduction at
the borehole wall. The general results confirmed that the best direction for drilling horizontal oil wells in formations with anisotropic
horizontal stresses is along the minimum horizontal stress and the optimum mud pressure in horizontal wells is higher than the mi-
nimum level of the well pressure (formation pore pressure). In addition, this analysis showed that the determination of critical well

pressure which can create plastic strain on wellbore wall is very useful for stability evaluation of horizontal oil and gas wells.

1. INTRODUCTION

Controlling the effective parameters on well stability has be-
come more complex with the increasing demand in hydrocar-
bon reservoirs production over the last decades; so have been
the drilling operations. Not only technical challenges result in
longer drilling operations, but also any instability in the well-
bore could increase the time and cost of the operation signifi-
cantly (Fjaer, 2008). Drilling data shows an estimation of at
least 10 % of well cost spent on unexpected events which are
related to the instability of the wellbore. Stability issues are
caused by a combination of interactions between rock and
fluid such as clay swelling, tectonic stress conditions (Zhang,
2013), unusual formation behaviors such as abnormal forma-
tion pressure regimes and inappropriate drilling operation such
as drilling open-hole in weak formations (Zare-Reisabadi et al.,
2012; Gentzis, 2009; Al-Ajmi and Zimmerman, 2009). Although
recent researches in rock mechanics improved the drilling ope-
rations significantly (Zare-Reisabadi et al., 2012), the majority
of the decisions in this area have been made based on pre-
vious data and experiences. Despite so many efforts over the
years, operational problems related to the instability of the
wells still occur. If the instability is not treated effectively, fur-
ther challenges such as bit failure, wellbore break down, BHA
(Bottom Hole Assembly) erosion, mud loss, bit changing and
directional drilling cannot be avoided (Aadony, 2003; Haimson,
2007). Fault regimes and specifically reverse fault and strike-
slip fault regimes have significant effects on the stability of ver-
tical wells and even more on horizontal wells (Zoback, 2007).
Due to tectonic and reverse fault force in the subsurface, the
critical re-distributed stresses are created which can severely
destroy the borehole (Zoback, 2007; Fjaer, 2008). In the pre-

sent study, the influence of a strike-slip fault regime on the
stability of a horizontal oil well in the Mansouri oil field will be
investigated. The mud pressure optimization will be performed
in the allowed (standard) mud pressure window (Shu-ging,
2011; Rutqvist et al., 2012). The subsurface tectonic proces-
ses and fault forces generally occur in the three-dimensional
place, therefore, a three-dimensional finite element model is
provided to analyze the well stability (Papamichos, 2010, Xu
et al., 1997).

In this research, Mohr Coulomb failure criterion has been
used for investigating the horizontal oil well stability. The fault
regime is strike-slip and the allowable mud pressure has been
assumed to be between formation pore pressure and tensile
failure limit (fracture pressure) in the depth of interest. This
analysis has been done using the ABAQUS finite element soft-
ware. According to an FMI logs (Formation Micro Imager logs)
from a well in this oil field, the maximum horizontal stress di-
rection is along a Northeast - Southwest trend and the mini-
mum horizontal stress direction trends Northwest - Southeast,
perpendicular to the maximum horizontal stress direction. Sta-
bility analysis of a horizontal well is performed both along the
maximum horizontal stress (azimuth angle = 0°) and minimum
horizontal stress (azimuth angle = 90°) with anisotropic state
of horizontal stresses in the formation (Lee et al., 2012; Oliver
et al., 2012). Wellbore stability optimization is done based on
the well pressure (bottom hole fluid pressure) and the bore-
hole directions along minimum horizontal stress or maximum
horizontal stress in the Asmari Formation and the Mansouri
Formation at the depth of 2313 m. The well stability analysis in
the Asmari Formation has been done on the vertical well too.



In all cases, the borehole stability was satisfied by minimum
mud pressure (formation pressure) in the vertical well. Due to
the sensitivity of the horizontal wells, stability analysis will be
performed specifically for the horizontal well in this study.

2. GEOLOGICAL BACKGROUND

2.1 ZAGROS FOLD AND THRUST BELT AND PLATE
TECTONIC SETTING

The Zagros fold and thrust belt (Zagros FTB) is an approxi-
mately 1,800-kilometre (1,100 miles) long zone of deformed
crustal rocks, formed in the foreland of the collision between
the Arabian Plate and the Eurasian Plate (Fig. 1). It hosts one
of the world's largest petroleum provinces, containing about
49% of the established hydrocarbon reserves in fold and thrust
belts and about 7% of all reserves globally (Cooper, 2007).

The Zagros FTB is formed along a section of the plate boun-
dary that is subject to oblique convergence with the Arabian
Plate moving northwards with respect to the Eurasian Plate
at about 3 cm per year. The degree of obliqueness reduces
southwards along the Zagros, with the collision becoming near
orthogonal within the Fars domain (Fig. 1). The relative move-
ment between the plates is only partly taken up within the Za-
gros, the remainder is taken up by deformation in the Alborz
mountains (Talebian and Jackson, 2004; Hatzfeld, 2011).

2.2 STUDY AREA

Between the two main salients of
the Zagros FTB, the Dezful embay-
ment (Figs.1 and 2) developed in an
area that lacked an effective basal
Hormuz salt detachment, resulting
in a steeper topographic slope of 2°,
compared to 1° for both the Lore-
stan and Fars domains (McQuarrie,
2004). During Miocene, this area be-
came a depocentre in which locally
thick Gachsaran salt was deposited.
The presence of locally thick Gachsa-
ran salt has caused disharmonic fol-
ding between the sequences above
and below that layer (Sherkati, 2005).

The Mansouri oil field is located in
the Dezful embayment in southern
Iran far from the Zagros mountains,
at a distance of sixty kilometers to
the south of Ahwaz city in Khuzestan
province (Figs. 1 and 2). From a geo-
logical point of view, the Dezful em-
bayment is a part of northeastern
Arabian plate (Talebian and Jackson,

cene-Miocene). The structure of Asmari Formation consists of
an asymmetric anticline with a dip of zero to 10 degree with a
thickness of 631 m and it is divided into three geological inter-
vals which are presented in table 1.

3. ROCK MATERIAL PARAMETERS AND IN-SITU
STRESSES ESTIMATION

In this analysis, Mohr-Coulomb failure criterion is used for
simulating the fracture initiation on the wellbore wall and the
input data for ABAQUS software are based on this criterion.
Input data contain density, Young's modulus (E), dilation angle
(w), friction angle (&), porosity (n), Poisson's ratio (v), cohe-
sive strength (C) and Biot's factor (a) (Fjaer, 2008, Zoback,
2007).

3.1 ROCK MATERIAL PARAMETERS

Parameters related to the rock are in the table 2. These pa-
rameters contain physical and mechanical specifications of
the rock.

3.2 IN-SITU VERTICAL STRESS ESTIMATION

In this case, in-situ vertical stress has been determined by
Terzaghi equation. The density has been assessed from sur-
face until depth 2313 m by density logs. Finally, density has
been put in Terzaghi equation to calculate the in-situ vertical
stress. Vertical stress at a specific depth is equal to weight of
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FIGURE 1: Schematic map of the Zagros fold and thrust belt (Iran).

Asmari Formation | Depth (m) | Thickness (m) | Lithology
2004; Hatzfeld, 2011). The Mansouri - .
il field di d e Upper section 2185-2460 275 limestone/marl/shale
ol field was discovered on seismics Middle section 2460-2643 5 183.5 sandstone/ dolomite/limestone
in 1962 and hydrocarbons are pre- Lower section 2643.5-2816 1725 dolomite/limestone

sent in the Asmari Formation (Oligo-

TABLE 1: Geological intervals of the Asmari Formation.
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FIGURE 2: Sketch map of the geological zones of the Zagros.

overburden (Fjaer, 2008; Zoback, 2007). Thus, vertical stress
can be calculated by Eq. 1.

s=l;p(2gdz=pgz (1)
Where p(z) is density as a function of depth, g is acceleration
of gravity and S, is average overburden density.

3.3 MINIMUM AND MAXIMUM HORIZONTAL IN-SITU
STRESSES!

Due to lack of mini fracture test, leak-off test and hydraulic
fracture data for in-situ stresses, determination of minimum
and maximum horizontal stresses based on the strike-slip fault
regime is calculated by minimum and maximum horizontal
stress of Rummel's equation (Klee et al., 1999); Eqgs. 4 and 5
are applicable for the depth range between 500 m to 3000 m.
K is the ratio of maximum or minimum horizontal stress to
vertical stress (Egs. 2 and 3).
Kinax™ Ohmax Oy (2)
Koin=Onminl O 3)
Kax=0.98+250/z (4)
K.in=0.5+150/z (5)

Thrust Zagros -
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Maximum and minimum values of
horizontal stress in strike-slip fault re-
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gime have been calculated by Egs. 2
and 3 which are derived from equa-
tions 4 and 5. They are presented
- in table 2.
4. DETERMINATION OF THE
FRACTURE PRESSURE (TEN-
SILE FAILURE LIMIT)

Based on the strike-slip fault re-
gime (0,..,>0V>0,...), the general
formula for calculating fracture pres-
sure in vertical wells are as follows
(Fjaer, 2008, Zoback, 2007).

4.1 WITH ANISOTROPIC HO-
RIZONTAL STRESSES (O, #

nax
[

mec=3chmin-0hmax-Pl+T0 (6)

4.2 WITH ISOTROPIC HORI-
ZONTAL STRESSES ( =

HMAX

[= S|
Pirac=20 =P+ Ty (7)
The general formula for calculating
fracture pressure in the strick-slip fault regime (0,,,,>0, >Oynin)

for horizontal wells are as follows (Fjaer, 2008, Zoback, 2007).

hmax

4.3 WITH ANISOTROPIC HORIZONTAL STRESSES

(o, Fo,.)

HMAX HMIN
4.3.1 ALONG MINIMUM HORIZONTAL STRESS:

Piac=30, O (0%P )+ T, (8)

4.3.2 ALONG MAXIMUM HORIZONTAL STRESS!
Pfrac=3uhmin'0v' (Gfo)+To (9)
P, is pore pressure and a is Biot's factor.

5. PORDELASTIC MODEL

Deep underground rocks are made up of matrix and non-
solid sections. Non-solid section contains pores, cracks, frac-
tures and also fluid in the pores (Fjaer, 2008; Zoback, 2007).
Pore pressure effectively affects the distribution of stress
(Aadony, 2003). In the majority of the oil fields, pore pressure
was one of the most important issues for instability of the

Vertical stress Formation pore Minimum Maximum Porosity (%) Biot's factor
(Mpa) pressure (Mpa) horizontal stress horizontal stress
(Mpa) (Mpa)
58.7 21.23 32.87 63.98 27 0.918
Cohesion (Mpa) Tensile strength Internal friction Young's modulus Density (Kg/m®) Poisson's ratio
(Mpa) angel (degree) (Gpa)
5.45 2.04 39.04 5.02 2188 0.18

TABLE 2: Physical and mechanical parameters of the rock.



wells (Papamichos, 2010; Shu-qging, 2011). Based on the stress
distributing equations in elastic and porous elastic modes ad-
dressed in different references (Fjaer, 2008, Zoback, 2007),
mud pressure analysis is investigated between pore pressure
limit (a.P,) and tensile failure limit (fracture pressure).

5.1 FINITE ELEMENT SIMULATION

The finite element method is one of the solution methods for
differential equations for one specific object or specific struc-
ture under the physical conditions. In this method, object, area
or structure is divided into one, two or three dimension parts.
Each of these separated parts is named a finite element. The
method works based on the continuum modeling and the ele-
ments boundary points are called node (Sadrnejad, 2009;
Wang and Sterling, 2007).

The horizontal Well is modeled as a cubic block with 6x2.376x
2.376 m® dimensions. The inner well diameter is 8.5 inches
(0.216 m). The reservoir rock which contains the borehole is
defined with porosity and permeability (Wang and Sterling,
2007; Papamichos, 2010;). Porosity, permeability and the fluid
specifications are modeled in an in-situ stress condition to
show the underground condition of borehole and its stability
(Mackerle, 1997). The contour of fluid flow between the bore-
hole and the reservoir is shown in Fig. 3.

The simulation consists of two fundamental steps: (1) the
geo-static step and (2) the drilling step and applying the pres-
sure into the well. Elapsed time for each of these steps is 1 se-
cond and total time of the static analysis would be 2 seconds.

5.1.1 GEO-STATIC STEP

In this step, the pre drilling condition is modeled, the system
is balanced and the equilibrium condition is satisfied. It needs
to be mentioned that stress, strain, displacement values and
pore pressure changes are negligible. With applying the in-
situ stress condition and the gravity force into the rock model,
the simulation represents real world condition before drilling
operation commences. The required time for this step is 1 se-
cond (Papamichos, 2010; Gentzis et al., 2009).

5.1.2 DRILLING STEP AND
APPLYING WELL PRESSURE

In second step, with the commen-

5, Mises

(Avg: 75%)
+2.832e+07
+2.627e+07
+2423e+07
+2.218e+07
+2.013e+07
+1.808e+07
+1.604e+07
+1.399e+07

cement of drilling, stress regime on
the wellbore wall will be changed
and the stress, strain and displace-
ment values with pore pressure will
be increased near the well. In this

+1.194e+07
+9.892e+06
+7.844e+06
+5.796e+06
+3.74%e+06

step, we try to decrease and opti-
mize the plastic strain, displacement
and stress values on the borehole
wall as much as possible after dril-
ling by applying mud pressure into
the well (Xu et al., 1997). The time
for this step would be also 1 second

+9,303e+07

+5.713e+07
+5.115e+07
+4.516e+07
+3.918e+07
+3.320e+07
+2.721e+07
+2.123e+07

FIGURE 3: Radial fluid flow between external boundaries and bore-
hole.

FIGURE 4: Structured hexagonal meshing.

which starts from second 1 and it continues until second 2.

5.1.3 MESHING

Model meshing technique is based on the structural and hexa-
gonal method; based on this method, the well was meshed into
cubic elements which is shown in figure 4 (Aadony, 2003).

6. RESULTS

6.1 HORIZONTAL WELL STABILITY ANALYSIS ALONG
THE MINIMUM HORIZONTAL STRESS

In this study, the horizontal well is designed to be along the
minimum horizontal stress with azimuth angle of 90° and is

FIGURE 5: Node number 210 on the vertical edge and the node 35 on the lateral edge.



also perpendicular to the Northeast - Southwest direction of
the maximum horizontal stress. The static analysis results
have shown that the difference between maximum horizontal
stress and vertical stress which were applied in longitudinal
sides of the model is low; consequently, stresses on the bore-
hole wall will have the same values and they will not create
any instability by producing plastic strains or large stresses
on the wellbore wall during applying optimized pressure into
the well. In the drilling step, pressure analysis is performed
within the allowable mud pressure window by constant increa-

sing of well pressure between formation pressure and fracture
pressure for determination of optimized well pressure window
and the most optimized well pressure.

First, the well pressure has been increased constantly between
second 1 to second 2 during the drilling step from formation
pore pressure of 21.23 Mega Pascal (with Biot's factor) to the
tensile failure limit or fracture pressure of 93 Mega Pascal (Fig.
7). The results show that there is no plastic strain initially in
the drilling step; it first appears when the pressure increased
to the time 1.575 seconds and it continued to increase until the

end of drilling step (Fig. 8). Figure 8
shows that, applying mud pressure
more than 62.51 Mega Pascal which

[X1.E6)
40.

35.

(7]
o
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Stress (Pa)

=
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is equivalent to the 1.575s of the dril-
ling step time causes plastic strain
and yield stress around the bore
from 1.575s (equal to 62.51 Mega
i Pascal pressure of the well) to the
end of simulation and it will make
borehole instability and it proba-
bly makes fractures and the well col-
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lapse. The stress analysis on the
point number 210 on the cross sec-
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tion of the horizontal oil well (Fig. 5)
showed that the amount of stress on

FIGURE 6: Borehole wall average stress (Pascal) versus time (s) for the node 210 (on vertical

edge) and the node 35 (on lateral edge).

the vertical edge of the bore cross
section initially was high (Fig. 9, prin-
cipal stress on Z direction); but then
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! 7 ral edge (node number 35) in the
' horizontal well is the most optimum
well pressure in this analysis (second
1.46=53 MPa, Fig. 6, Fig. 7) and it
showed in the stress and well pres-
sure versus time curves. The time li-

mitation from pore pressure (second
1) to optimized pressure (second

1 1.46) is selected as the most optimi-
zed mud pressure window (second

FIGURE 8: Plastic strain on various directions (vertical and shear directions) versus time (s).

1to 1.46, Fig. 7). Nodes number 210
and 35 are shown in Fig. 5 and all
the curves were plotted between se-



cond 1 to second 2 of the drilling
step and the geostatic step was not
mentioned in this analysis due to the
lack of any instability in the geostatic
step (the time period of the geostatic
step is also 1 second).

The numeric results in this case
are summarized in table 3; the opti-
mized stress and drilling mud pres-

sure are presented in Mega Pascal

unit.

14 16 18 3.0

Time (s)

FIGURE 6: Borehole wall stress (Pascal) on Z axis for node number 210 versus time (s).

6.2 HORIZONTAL WELL STA-
BILITY ANALYSIS ALONG MAXI-
MUM HORIZONTAL STRESS

The well is along the maximum ho-
rizontal stress in Northeast - South-
west direction (azimuth angle of 0°)
in this section. The analysis of well

Lower limit | Fracture pressure | Optimum value
Time (second) 1 2 1.46
Well pressure (MPa) 21.23 93 53
Stress (MPa) 60.78 11.95 27.57
Plastic strain 0 2.119%10-2 0

TABLE 3: The stress on the borehole wall, well pressure and plastic strain.

pressure shows that the tensile fai-

lure will occur at the well pressure

20.7 Mega Pascal and it will be slightly lower than the pore
pressure. Thus drilling the bore in this direction may cause
failure and well collapse and the probability of sand produc-
tion will be high. Consequently, stability analysis is stopped in
this direction and is processed just along the minimum hori-
zontal stress direction.

7. CONCLUSIONS

® |n the study area, the activities of the strike-slip fault regime
have made large differences between minimum and maxi-
mum horizontal stresses. Drilling along the maximum hori-
zontal stress direction causes the pore pressure to become
higher than the tensile failure stress or fracture pressure
and the wellbore wall has a high likelihood to get damaged.

® Applying well pressure within the mud pressure window in
horizontal oil wells showed that the borehole stability will
not be seen by the minimum limit of well pressure window
(formation pressure) or maximum limit of well pressure; the
optimum mud pressure in horizontal wells is higher than
the minimum limit of the mud pressure window.

® By optimizing the horizontal oil well, the wellbore wall stres-
ses are reduced strongly by applying a mud pressure hig-
her than the formation pore pressure level. This pressure
has balanced the wellbore wall stresses and the level of
plastic strain in the well cross section has reached zero.

® The mud pressure analysis gives the optimum pressure
and optimum mud pressure window at this depth. They
were determined by calculating the cross point of node
graphs (on the vertical edge (node 210) and lateral edge
(node 35)) in the stress versus time curve.

® By assessing the plastic strain-time graph, the minimum
mud pressure which can produce the plastic strain was de-
termined. By knowing this critical pressure in drilling hori-
zontal oil wells, no well pressure higher than this critical

pressure will be applied.

® The stability analysis in the static condition has progressed
with high accuracy by applying pore pressure, fluid see-
page effects and mud pressure into the well.

® Based on the continuum state of the rock model in this ana-
lysis, fractures and joints effects on the wellbore stability
can be analyzed in the future research.
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