GEOMECHANICS MODEL FOR WELLBORE STABILITY ANALYSIS

IN FIELD “X” NORTH SUMATRA BASIN

by
Aidil Adham



A thesis submitted to the Faculty and the Broad rofstees of the Colorado School of
Mines in partial fulfillment of the requirementsrfthe degree of Master of Science (Petroleum

Engineering).

Golden, Colorado

Date
Signed:
Aidil Adham
Signed:
Dr. Azra N. Tutuncu
Thesis Advisor
Golden, Colorado
Date
Signed:

Dr. Erdal Ozkan
Professor and Head

Petroleum Engineering Department



ABSTRACT

Wellbore instability problems significantly incresathe cost of drilling and operations in
the oil and gas industry. These problems can okcarvariety of forms including stuck pipe,
loss circulation, hole enlargement, unintentionallyduced tensile fractures or difficult
directional control incidents. In this research, iweestigate the wellbore instability issues in
Field “X”, a mature oil and gas sandstone reseriatated in North Sumatra, Indonesia. An

integrated wellbore-stability study was implementedhelp avoid wellbore instability problems

in this field.

To narrow down the possible causes of wellboréabibties in this field, a problem-
diagnostic scheme was done by analyzing well lag,ddrilling reports, mud logging reports,
and pore pressure measurements. The availabiliats is the main problem in developing a
good geomechanical model. Numerous methods faratajuisition were discussed in this study

to gather reliable geomechanics data as inputhémodel, especially log based methods.

Geomechanics model was coupled with mechanicalssstreemperature alteration,
chemical iteration effects, and flow induced strassig Mohr-Coulomb and Mogi-Coulomb
failure criteria. A numerical model was built usiftATLAB programming software that results
in the critical mud weight to avoid wellbore break@nd tensile failure in arbitrary wellbore

inclination and azimuth.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Wellbore instability problems bring significant toscreases to drilling operations.
These problems can occur in a variety of formsudiclg stuck pipe, loss circulation, hole
enlargement, unintentionally induced tensile freeswr difficult directional control incidents. In
severe conditions, wellbore instability can inceeasn-productive time and create simultaneous
occurrences of multiple instability incidents, whipotentially can lead to losing the well if they

are not handled with proper mitigation.

Wellbore instability is a function of imbalance time required wellbore pressure applied
and the fluid pressure in the formation, in addititbo chemical interactions between the
formation and the drilling or completion fluids,camteractions between these fluids and native
formation fluid. Deviation and azimuth of the welso influence the wellbore stability as the
stress distribution around the wellbore is depehaenthe orientation of the wellbore, with
respect to the in-situ stresses and the hoop ss@ssoduced through drilling the wellbore. To
avoid wellbore instability problems in drilling, @oper well design needs to be developed for
the formations to be drilled and completed for preitbn, which requires understanding of the

in-situ stress state, pore pressure, and geomexctgmoperties of the reservoir formation.

In this research study, we investigate the wellbosgability issues in Field “X”, a

mature oil and gas sandstone reservoir locatedonthNSumatra, Indonesia. This field was first



exploredand started producing in 1970. The decline in petida has resulted implementation
of an infill drilling strategy in the Middle blockf the reservoir to boost the production rate and
increase the hydrocarbon recovery. However, thiéindrisuccess rate in the Middle block is
relatively low compared to the already exploitedsiVielock. Four out of nine wells drilled in
this block experienced instability issues duringdlidg including stuck pipe and loss circulation
incidents. These problems not only cost the compafortune, but also hinder the development

program through low success rate.

The lack of knowledge on the accurate in-situ stremgnitudes and geomechanics
characteristics of the reservoir formation anditerburden seal formation are the main reasons
behind the instability and well integrity issuestive field. A detailed wellbore stability analysis
with accurate input parameters for the originalnfation petrophysical and geomechanical
properties, in-situ stress magnitudes and oriemmatiprior to production will provide better
guidance in designing wells in field “X” that withinimize the instability issues. In most of the
drilling design and operations in this field, thekey factors have not been taken into
consideration in the well design and field develepin The results of this research study is
anticipated to be beneficial for providing a bettederstanding of the formation in-situ stress
state and geomechanical characteristics and tlelveament over the lifecycle of the field that

can be used to enhance the field development plan.

1.2 Overview of North Sumatra Basin

Field “X” is an oil and gas producer from a matsandstone reservoir located in the
northwest of the island of Sumatra, Indonesia, anghrt of North Sumatra basin (Figure 1.1).

North Sumatra basin is one of the thirteen basinthé Asia Pacific region with hydrocarbon



reserves greater than 5 billion barrels of oil gglént (BBOE). The discovered gas reserve of
this basin is 25 trillion cubic feet (TCF) or 4.88E and 1.5 BBOE of oil and condensate

(Meckel, 2012).
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Figure 1.1 Petroleum basins in Sumatra (Barbek,,e2@05).

The offshore portion of the field makes up aroub&o7of the basin. However, the early
attempts to extend the exploration effort into affshore section were deemed unsuccessful with
relatively small discoveries. Because of the la¢kramarkable exploration success to find
significant new resources in Indonesia, oil and gexduction has declined fast and highly

depended on the production from mature fields.
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1.3  Tectonic Background

The island of Sumatra is located at the westernmmbgtdonesia’s archipelago with an
area of 435,000 kfrand oriented northwest-southeast (Barber et 8520 his island is part of
Sunda microplate, a fragment that broke away froma&an plate through continental crustal

splitting and rotating movement within the plateidg the Palaeogene.

The margin of Eurasian plate is located at thelseest offshore corner area of Sumatra,
where the Eurasian plate comes into contact with tilorth-northeastward of the Indian-
Australian plate. Both plates are constantly activth the Indian-Australian plate downthrusts
toward Eurasian plate in the oblique directionatiregy a subduction zone. The subduction zone
extends from the Himalayan front southward throddyanmar, Andaman Sea, Sumatra and
south of Java. The prominent subduction systerhasGreat Sumatran Fault, a 1900 km-long
strike-slip fault system that is running the enteagth of the island. This fault accommodates

the strike slip motion and oblique convergenceheftivo plates.

The Sumatra subduction zone affects the main gpbg@ trendline of the island
(Figure 1.2). Generally from southwest to northe@giatra can be described as: subducting
oceanic plate, the forearc high, the offshore fardmsins, Sumatran fault, Barisan Mountains,

and oil-bearing back arc basins (North, Centrad, &auth Sumatra basin).



Volcanic arc Sumatra

Sumatran
Accreted Forearc ~ fault Backarc

wedge  basin basin

Trench

Continental crust

Mantle

Mantle

% Major source of earthquake activity

Figure 1.2 Schematic cross-section of Sumatra gggitate (Mcaffrey, 2008).

According to Davies (1984), the basin was forme&atene-Oligocene (Early Tertiary),
consists of a series of sub-basins that were smphray basement highs. The regional
stratigraphy system of North Sumatra presentediogdy et al. (1998) shown in Figure 1.3. The

tectonic evolution can be described in the follayyraragraphs.

e Early Eocene to Early Oligocene Sumatra was aligr@th-south, major Sumatran fault
system was developed at this time. The sedimentatas characterized by undeformed
clastic of Meucampli formation in the west whictaded eastward into widespread shelf
carbonates of Tampur formation.

e Late Oligocene to Early Miocene, rifting of contirtal crust in Malay and Thai basin
affected the motion of Sunda microplate, causingnter-clockwise rotation and Sumatra
moved away from Malay Peninsula. At this time, MdBumatra basin developed under a
tensile stress regime, right lateral fault forméxhg the area. The faults configuration of

the North Sumatra basin was north-south trendinfgesslip, and northeast to southwest



normal faults. The sedimentation in this era cdedisof deposition of basal
conglomerates (Parapat formation) and graben fillfluvial to paralic environment
(Bruksah formation), while restricted thick marirghales (Bampo formation) also
deposited elsewhere.

» Early Miocene to Middle Miocene, Sunda microplatgation stopped, and Sumatra
already aligned in northwest-southeast directioithh Wwdian-Australian plate subducted
in acute angle. Breakup in Andaman Sea causednagiplift in North Sumatra basin
which reactivated the horst and graben structurbes led to widespread erosion and
unconformities across the basin. The subsequenh magsidence in early middle
Miocene allowed rapid marine water invasion intortNoSumatra basin. Thick inner
neritic to bathyal shales (Peutu and Baong formaticere deposited.

» Late middle Miocene to recent, the second phastuafia microplate counter-clockwise
rotation occurred, while Indian-Australian plategpegached with increasing convergence
angle. The result was inception of a compressinesstregime, which results the uplift of
Barisan Mountains, frequent volcanic activity, dhd spread of regressive sedimentation
across North Sumatra basin. In this era, Baong doon and coarse clastic Keutapang

formation were deposited.

The continued rotation of Sunda microplate expoBlxth Sumatra to two major

compressive stresses:

a. Sumatran stress oriented NO2@aused by convergence of the plates

b. Andaman stress oriented Nf#and N16€E caused by movements in Andaman Sea.
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Figure 1.3 Regional stratigraphy system of Nortm&wa Basin (Riadhy et al., 1998).

1.4 Middle Baong Sandstone

Baong formation can be categorized into threeigtegihy units: upper shale member,
Middle Baong Sandstone (MBS) which is the produaesgervoir in field “X”, and lower shale
member. The sediment of the MBS unit was depositedeep marine area. Due to Barisan
Mountains uplifting on the southwestern part of blasin, the sediments on the edge of the basin
became unstable and slid down along the slopeet@e¢hter of the basin, and finally stopped at
the upper slope. On its way, the rock mass wasglidnd turning into turbulent mass flow and
finally deposited as the seafloor turbidite. Thispdsitional process affects the shape of the
formation, the gross thickness of the sandstorgeeeasing from southwest to the northeast,

north, east, and southeast, and the grain sizeisging into clay size.



15 Field “X” Development

Field “X” is divided into three blocks: East, Midgl and West. These blocks are
separated by normal and reverse faults. West amitliMiblocks are known to be gas and oil
producers, while no hydrocarbon has been produaed the East block so far. Currently, 54

wells have been drilled in this field.

East block

Westblock [ 8

T

»

Figure 1.4 Iso netpay map with well trajectory.
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Figure 1.5 Blocks are separated by normal and seviault.

The surface area of field “X” is surrounded by svpamnwhere the water level is changing
because of low and high tide. This condition présaallenges to the logistics and drilling
activity which also affects the field developmetarp With limited space for drilling activity,
wells have to be drilled through cluster systemthwnany of them are drilled in the directional
or horizontal direction. Among 54 wells in this |l 37 of them are directional wells, five

horizontal wells, and twelve vertical well.

Since the MBS sandstone distribution started frbm douthwest of this field, the west
block became the main focus of the field developimehere the sand formation is thicker and
fewer shale breaks. There are 41 wells that haga Hdlled to date in this block, this number is

relatively high compared to only nine wells in te&ldle block and four wells in the East block.



1.6  Objectives

The main objective of this research study is toedmine the causes of instability
problems that occurred in field “X” by using aneagtated wellbore stability analysis. Other

objectives of this study include:

1. Developing one dimensional Mechanical Earth Mod& MEM).

2. Determining the suitable correlations for geomedatgaoharacterization in this field.

3. Building a wellbore-stability model incorporatindnet effects of geomechanics
properties and in-situ stresses.

4. Determining the optimum drilling fluid density fany given azimuth and trajectory.

By carrying out this study we hope to have a bettederstanding in geomechanical
characteristic of this field, which can be utilizixat future developments in the field as well as

improving the production.

1.7 Available Data

Data availability is the main challenge in charaeteg the geomechanic properties in
this field. Geomechanics was not considered asngortant part of reservoir characterization in
the past in this field. Therefore, there is minimwata or study related to geomechanical
properties for this field. New core samples fordiettory measurements are also unavailable at
the time of this study. This research is aimed ¢hieve the objectives by maximizing the
utilization of available data by choosing suitafiethods for calculations. The available data are

listed as follows:

10



Data

X-1

X-5

X-9 |X-10|X-11|X-12|X-13|X-14

X-15

X-16

X-17

X-18

X-19

X-20

X-21

X-22

X-23

X-24

X-25

X-26

X-27

DTCO

DTSM

RHOB

GR

Petrophysisc

Borehole Images

Caliper Logs

4-arm caliper
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1.7.1 Well Logging Data

Wireline logs are the key source of geomechanicatacterization in this research study.
The log data are used to determine the petropHyprogerties, the in-situ stress state, rock
elastic, and rock mechanical and formation strepgtiperties. Combined with the drilling data,
wireline logs were used to specify the problemhbczon. For this field, the well logs needed
for this research are only available only for saVerells and most of them are collected only in
the sandstone reservoir formation. In addition, rytic fracturing data has been utilized to

calibrate the minimum horizontal stress that wdsutated using well log data.

1.7.2 Daily Drilling Reports

Daily drilling reports contains compiled data ostiability instances that will be useful to
identify the reason for the rock failure. From theports, drilling progress chart has been created
showing many challenges that caused non-produtitive (NPT) during drilling. This data is

useful to determine the main cause of wellboreainisities.

1.7.3 Mud Logging Reports

This mud logging reports supply the examinatiorultssof the rocks cuttings that were
circulated to the surface. From this report we datermine the lithology with respect to depth
and indicate the presence of hydrocarbon. Thesedog also useful for well safety monitoring,

to quickly recognize the overpressure zones, lostilation, and gas kicks.

1.7.4 Pore Pressure Measurements

Pressure measurements in this field are availaisléhie producing sandstone reservoir

only. This data has been used to calibrate thelygred pore pressure.
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1.8

Workflow

The research was conducted with the following workf

1. Evaluating the available methods to determine t@rgechanics properties and in-
situ stress state, and choosing the methods thabkufor the available data.

2. Constructing the 1D Mechanical Earth Model usinghleg well log interpretation
software.

3. Determine the best correlations that are suitabletlie field based on wellbore
stability model.

4. Modeling the wellbore stability with sensitivity allysis using Matlab software.

5. Determining the mud weight required for drillinguarious azimuth and inclination.
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CHAPTER 2

PROBLEM DIAGNOSTIC

The effort to develop the Middle block in field “Xfas been quite challenging because of
the unusual rate of well failures during the dndjiphase. Out of the nine wells that were drilled
in this block, four had experienced severe wellbstability issues, failed to reach the target
depth, and eventually were abandoned. This nunteelatively high compared to the West
block, where only one out of 41 wells failed toaleahe target because of mechanical issues
encountered. A problem diagnostic has been conductedetermine the main cause of the

instability issues in this field.

2.1 Problem Diagnostic Methodology

To identify the causes of instability problems amuered in this field, a problem
diagnostic procedure was performed, which inclustedying the well plans, drilling programs,
daily drilling reports, and various logs for all lvé/Nellbore stability issues can be caused by
combination of many factors, which can be clasdifieto controllable and uncontrollable in

origin. Pasic et al. (2007) listed these factorstasvn in Table 2.1.

To narrow down the possible key factors that calisevellbore instabilities in field “X”,
a comparative study was conducted among three wéhsand without severe instability issues.
These three wells are located in adjacent to ettedr and drilled from the same cluster group at
the surface. Since the three wells are drilleceiatively identical subsurface condition, we can

assume that the uncontrollable (natural) factofscafall wells in similar magnitude, including
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the well without severe wellbore instability issuasd therefore, these factors can be eliminated

from possible key causes of instabilities.

Table 2.1 Causes of wellbore instabilities

Causes of Wellbore Instability
Uncontrollable (Natural) Factors | Controllable Factbors
Naturally Fractured or Faulted Bottom Hole Pressure (Mud
Formations Density)
Tectonically Stressed Formations Well Inclinateord Azimuth
High In-situ Stresses Transient Pore Pressures
Mobile Formations
Physico/chemical Rock-Fluid Interaction
Unconsolidated Formations Drill String Vibrations
Naturally Over-Pressured Shale Collapse Erosion
Induced Over-Pressured Shale Collapse Temperature

The key operational data that will be analyzedtfos problem diagnosis are the non-
productive time at a horizon or lithology, measudegth (MD), true vertical depth (TVD), mud

weight, borehole inclination, azimuth, and lithojog

2.2  Case Study for Well X-51

Well X-51 was proposed as development well withested production of 2 MMSCFD
gas and 30 BCFD of condensate from Besitang Rigsad$BRS) formation (structure and wells
correlations are shown in Figure 2.1 and 2.2). We# was planned to be drilled directionally
with azimuth N 330 and inclination 42.9 as illustrated in well diagram in Figure 2.3. Tkiek
off point starts at 730 m, with final depth at 1814n MD (meter measured depth) or 1600 m
TVD (meter true vertical depth). According to tharp the drilling process would have taken 23

days to complete.
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Figure 2.2 Wells correlation for BRS formation.
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To reach the target depth at BRS sandstone formatiwe drilling process will pass
through Seurula formation, thin Keutapang formatiand the upper Baong shale formation.
Seurula formation consists mostly of sandstoneleshad clay, while Keutapang formation

composed mainly of fine grained sandstone, intedbddvith clay, shale, and limestone streaks.

CASING DESIGN 2D well trajectory: x-51
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Figure 2.3 Wellbore diagram and actual wellborgettary X-51.
2.2.1 Eight and Half Inch Section

The actual kick off point for directional drillinig at 724 m MD, with the target depth at
1054 m MD. The mud weight used in this section.& gr/cn? (SG). Severe wellbore-stability
issues were experienced while drilling this sectlmat led to Bottomhole Assembly (BHA) stuck
at 1040 m MD due to pack-off. Several types of méfavere done to overcome this problem
including optimizing the mud circulation, jarringnd utilizing the dissolving chemicals. All of

these efforts were unable to free the stuck pigktha hole was plugged. The key operational
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parameter for this section is presented in Tab® R&.new sidetrack well program was then

prepared for this well with increased mud weigbtirl.2 to 1.24 SG.

2.2.2 Eight and Half Inch Section (first sidetrack)

The sidetrack window was drilled at 891 m MD usibh@4 SG mud weight, first
indication of wellbore instabilities occurred at72lm MD, shale cuttings were observed at shale
shakers and BHA got stuck. Optimization of mud wiation successfully freed the stuck BHA.
However, while running the BHA back into the cutrelepth, the BHA sat at 978 m MD. The

drilling fluid from the wash down operation indiedtthat the hole was filled with shale cutting.

Another pack off and overpull occurred at 1495 m Mz mud weight was increased to
1.3 with higher viscosity and successfully free sfweck BHA. Unfortunately the next pack off
and overpull at 1478 m MD cannot be surmounted BiH& was cut with top of fish (TOF) at
1418 m MD, and the hole was plugged with top of een{TOC) at 1305 m MD. The amount of
shale cuttings from drilling fluid circulation inchted that they were the causes of pack off in

both occurrences.

2.2.3 Eight and Half Inch Section (second sidetragk

The second sidetrack window was drilled at 1305 @ &hd immediately experienced
overpull at 1359 m MD. Jarring, optimized circutettj wash down and reaming failed to release

the stuck BHA. The well was plugged back and abaado
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2.2.4 Dirilling Progress Chart

The drilling progress for X-51 showed the time thats spent for specific depth. The
depth of the unstable area can be easily recognimetdiately based on the amount of non-

productive time spent at this depth.
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Figure 2.4 Drilling progress chart well X-51.
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Figure 2.5 Non-productive time chart for well X-51.
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It is evident from the non-productive time charattl90.5% of the non-productive time
was caused by the stuck pipe incident. This peagenis very high compared to other causes of

non-productive time for this well.

2.2.5 Mud Log Data

Mud log data, as shown in Figure 2.6, were useshtiw the lithology, mud properties,
and cutting description at the problematic deptitsch were derived from daily drilling reports

and drilling progress chart. The key operationabpeeters at the investigated depths were listed

in Table 2.2.
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Figure 2.6 Mud log data for eight and half inchtset
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Table 2.2 Key operational parameters used forimfgilin well X-51

Mud

No. Section MD | TVD | Lithology | Azimuth | Inclination| Weight .MUd. Mud
Viscosity| Type
m m degree | degree gr/cnt

1 | Eightand | 1040 | 999 Shale 329.8 35 1.24 90 Oil
half inch based
section mud

2 |Eightand | 1172 1106| Shale 327.9 33 1.25 88 Oil
half inch based
section mud
(first
sidetrack)

3 | Eightand | 1495|1381 Shale 331 32.1 1.27 95 Oil
half inch based
section mud
(first
sidetrack)

4 |Eightand | 1478 1359| Shale 331 32.1 1.27 95 Oil
half inch based
section mud
(first
sidetrack)

5 |Eightand | 1359 1260| Shale 325.5 32.3 1.26 90 Oil
half inch based
section mud
(second
sidetrack)

2.3 Case Study for Well X-53

Well X-53 was planned to be a development well thas drilled from the same cluster

group as well X-51. Like well X-51, the target reg®r for this well is also Besitang River Sand

formation. To reach this formation, the drillingopess will pass through Seurula formation, thin

Keutapang formation, and the upper Baong shale dbom. The initial plan for the well is

directional with azimuth N 133°7nd inclination 35.% The kick off point starts at 600 m, with

final depth at 1825 m MD/ 1640 m TVD. Accordingtte plan, the drilling process would have

taken 24 days to complete. The wellbore diagrasmasvn in Figure 2.7.
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2.3.1 Eight and Half Inch Section

The actual directional section starts from the latkpoint at 580 m MD and reach 1690
m MD. The designed mud weight for this section W& 1.3 SG and viscosity 45-50 cp, this
mud weight is higher than what was used in well IXt6 avoid similar problems. However,
wellbore instabilities still occurred in this sexti The first problem happened while pulling out
the BHA, there was indication of pack off whichdeto stuck BHA at 1565 m MD with an
overpull of 60 ton. Jarring and optimized circudatiwere failed to release the BHA, and finally
it was decided to cut the BHA using severing tobll&45 m MD. The wellbore was then

plugged, and a new drilling program for a sidetrexgl was prepared.

2.3.2 Eight and Half Inch Section (first sidetrack)

The new program for this well started with creatingidetrack window at 1035 m MD. A
number of well instability issues occurred duringllidg this section. The first problem
happened while running down the BHA for sidetratile string sat at 1054 m and experienced
pack off which led to stuck BHA. Large amount o&khcuttings were found at the shale shaker.
Eventually, jarring successfully freed the BHA, aihén the mud weight was increased from
1.56 to 1.58 SG. Another try running down the BH¥ &idetrack experienced pack off and

stuck. After being released by jarring, the mudghewas increased from 1.59 to 1.61 SG.

The next attempt to create the planned sidetradk was hampered after a deviation
from the designed trajectory was detected. Thigatiewm was predicted to be caused by the
reaming and wash down from releasing the stuck BMAew program with new trajectory was

created.
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The new drilling program running well without seeanstability issues throughout the
Baong upper shale formation. However, total lossuoed at 1782 m MD followed by stuck
BHA. The mud weight during total loss was 1.68 S@e efforts to release BHA eventually

failed, and the string was cut at 1310 m.

2.3.3 Eight and Half Inch Section (second sidetragk

The attempts to create a new sidetrack well kedipdaduring BHA trip, the string sat at
1042 m and was not placed into the new sidetrackhmbe. There were also indications of pack

off at 1020 m. The well was then plugged back &-2650 m MD and left as suspended well.

2.3.4 Drilling Progress Chart

The drilling progress chart in Figure 2.8 showstthee that was spent for specific depth.
From this chart the depth of the unstable arealmamecognized immediately based on the
amount of non-productive time spent at a depth.ikgnivell X-51, there are two types of
formation where the instabilities occurred, the empphale Baong formation and BRS sand

formation.

Similar to well X-51, the non-productive time chélifigure 2.9) shows that most of the
non-productive time was caused by pipe stickinge mbxt bigger cause of non-productive time

in this well is reaming during drilling the firsidetrack well.

2.3.5 Mud Log Data

Mud log data in Figure 2.10 and 2.11 were usecketerchine key operational parameters
at the investigated depths. The lithology, mud prboes, and cutting description at the

problematic depths were observed and listed inéral@. Other mud related data that was found
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is a warning letter from the Oil Company to thdluhg fluids provider regarding the unmatched

properties between the required specificationsecactual drilling fluids.
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Figure 2.7 Wellbore diagram and actual wellborget@ry X-53.
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Figure 2.8 Drilling progress chart well X-53.
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DRILLING ACTIVITY - NON PRODUCTIVE TIME

Figure 2.9 Non-productive time chart for well X-53.
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Figure 2.10 Mud log data for eight and half inchteen at shale formation.
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Figure 2.11 Mud log data for eight and half inchtsm at sand formation.

Table 2.3 Key operational parameters used forimigilvell X-53

No. | Section MD | TVD | Lithology | Azimuth | Inclination | Mud Mud Mud
Weight | Viscosity | Type
m m degree | degree | gr/cn?

1 Eight and | 1565 | 1472 | Shale 134.1 34.2 1.65 120 Oil
half inch based
section mud

2 Eightand | 1782 | 1640 Sandstonq 135.1 33.4 1.65 114 Oil
half inch based
section mud
(first
sidetrack)
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2.4 Case Study for Well X-52

Well X-52 is a development well drilled from thanse cluster group as well X-51 and X-
53. Unlike the other two, well X-52 reach the dngdj of well X-52 successfully reach the target
depth, although with some wellbore instability issuduring drilling. The well was drilled

directional with inclination 32and azimuth N 9823 The wellbore diagram is shown in Figure

2D well trajectory: X-52
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Figure 2.12 Diagram for well X-52.

The first wellbore instability problem occurred 2478 m MD (shale formation) with
mud weight 1.27 SG. After successfully releasirg BiHA, the drilling of this section was done

by using mud weight 1.28 SG until it reach the séme formation (target reservoir). Another
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pack off happened at 1650 m MD at shale formatioelofv the target reservoir). Pack off

detected followed by stuck BHA. The mud weight uaethis section was 1.29 SG.

2.4.1 Mud Log Data

The mud log in Figure 2.13 data shows the keyidgliparameter at the problematic

depth, which were listed in Table 2.4.
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Figure 2.13 Mud log data for eight and half inchtga well X-52.
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Table 2.4 Key operational parameters used forimjgilvell X-52

No. | Section MD | TVD | Lithology | Azimuth | Inclination | Mud Mud Mud
Weight | Viscosity | Type
m m degree | degree | gr/cn?

1 Eightand | 1478 | 1380( Shale 98.3 34.5 1.27 72 o]
half inch based
section mud

2 Eightand | 1650 | 1528 Shale 98.1 33.5 1.29 70 o]
half inch based
section mud

2.4.2 Caliper Log

The Besitang River Sand formation is the targe¢masr in this well, located right in the
middle of Baong shale formation. The caliper log-igure 2.14 shows indications of wash out
above and below the reservoir using mud weight 1.229 SG. Compared to other wells, the
mud weight that was used in this well is highemtheell X-51, but a lot lower than the mud
weight of well X-53. There was still indication tdss circulation in well X-52, however the

degree of severity much lower than well X-53.
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Figure 2.14 Caliper log of well X-52.

2.5 Field “X” Instability Problems

Based on the problem diagnostic of the case stutliese are several conclusions were

reached.

1.

Instability problems occurred in all three stregighic units of Middle Baong
Sandstone: the upper shale, sandstone, and thedbale.

The types of instability issues are different basedhe lithology, wellbore breakouts
happened in shale formation, and loss circulatepplened in sandstone formation.
The drilling fluids properties for well X-53 cannbe used as reference due to the

unmatched specification to the actual fluids.
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4. All instability issues occurred at the inclined s&c of the well, therefore the effects
of wellbore inclination needs to be analyzed.
5. Proper mud weight determination is the key fadtorsuccessful drilling in these

wells.
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CHAPTER 3
LITERATURE REVIEW

The subsurface formations are subjected to a dieddshat is largely influenced by the
overburden formation, topography, tectonic actgtirock material behavior, and geological
history. Accurate knowledge of in-situ stress statereating geomechanical model is important
to prepare for the effects of subsurface conditipmgr to the drilling. In this chapter, important
parameters in understanding in-situ stress statdansubsurface formations and around the

wellbore will be reviewed.
3.1 Stress

Stress is defined as force acting per unit are@hvpushes or pulls a body of a material.
The magnitude of the force and the properties ef ttaterial determine the response of the

material toward the applied stress. In generaletpeation for stress is:

Force F
— — 3.1
g Area A (3.1)

In earth sciences, stress commonly measured iorpaegapascals (MPa). The area of the cross

section and the direction of the force is imporiardefining the state of stress.

The force that is acting on the area can be dividén two componentst, which is
acting in the normal direction to the cross sectamdF which is acting parallel to the section.

The normal stress is quantified as:
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O =~ (3.2)
while the parallel stress is also known as sheasstand is quantified as:
_5 (3.3)

=7

Material failure can be caused by the normal stfesssile or compressive failure), or the shear

stress (shear failure) by shearing the materiagboplane, as shown in Figure 3.1.

O axial axial

o-axi-n'

Figure 3.1 Stress components showing the normashedr stress
(Aadnoy and Looyeh, 2011).

Zoback (2010) describes stress as a second-raskrtevith nine components which
construe the density of forces acting on all s@$apassing through a given point. All of these

nine components are shown as:

Si1 Si2 Si3 (3.4)
S= S21 Szz S23 ’
S31 S3z2 Ss3

The nine components define the direction the faod the face it is acting on. Since each
component is acting perpendicular to two axis anting in one direction, there are nine

magnitudes and three directions to define, as showigure 3.2.
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Figure 3.2 Stress tensor in arbitrary Cartesiamdinate system (Zoback, 2010).

3.2  Stress Magnitude at Depth
For the application of the stress concept in thiessrface, it helps to simplify the stress
tensor into three principle stresses, which aresthesses that are acting in a direction such that
there is no shear stress. Hence, the tensor becomes
S11 S12 Si3 Ox Txy Txz op 0 O
S = [521 S22 S23] = [Tyx Oy TyZ] = [0 03 0]
S31 Szz Sz3 0 0 o3 (3.5)

Tzx Tzy Og

o1, G2, andos are known as maximum, intermediate, and minimuimcppal stresses. In earth’s
subsurface, principle stresses are address8d 8$nax andSimin, respectively are vertical stress,
maximum horizontal stress, and minimum horizontigdss. The vertical stress is affected by the
overburden of the sediments above, while the hot&@cstresses are caused by the tectonic and
geological depositional processes.

Anderson classifies the stress regime of an aeadon the magnitudes of the horizontal

stress with respect to the vertical stress. Theefsuh classification is described in Table 3.1.
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Table 3.1 Relatives magnitudes and stress regimes

Regime Stress
St S S
Normal S SHmas Shimin
Strike-slip Sima> S Shmin
Reverse Ba Shimin S

The magnitude of vertical stress or overburderssteg depth is depended on the weight
of the overlaying rock above it. The overburderesdris the integration of densities of rock and

its magnitude increases with increasing deptharitlze written as:

Sy = J-p(Z)gZ = pgz (3.6)

wherep(2) is density as a function of depth ani gravitational acceleration. For offshore

areas, the equation considers the water aboveutfes:

Sy = Pz + f p(2)gz (3.7)

wherep,, is water density, angl, is the water depth.

There is no direct method to measure the magnitfdmaximum horizontal stress.
However, there are techniques to predgtax based on the fact that pore pressure should not
exceed the least principle stress to avoid terfisleturing, and the difference of maximum and
minimum stress cannot exceed the crustal strefrgém isotropic environment the magnitude of
both horizontal stresses will be equal, which isgiile in an area without influences of

earthquake and tectonic movements, usually inlla#aw intervals to approximately 600 m.

Several types of lab measurements techniques aikalle to predict the in-situ stresses

in laboratory. Those techniques are hydrostaticaal, triaxial, and polyaxial tests. There are
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also some correlations to predict the magnitudesiarizontal stresses at depth for specific

regions in literatures. However, these methods Ishmat replace lab measurements.

3.3 Stress Around A Vertical Wellbore

During the drilling process, the excavation and oeah of material from the borehole
cause the formation surrounding the wellbore wabé subjected to stress concentrations whose
magnitude varies based on the position around tike Whe stress alteration around the wellbore
can cause compressive failure in the form of we#doreakouts or tensile failure of the wellbore
wall. Therefore, the induced stresses should bestsj through mud pressure. In severe
condition these breakouts can lead into major wedllinstability problems, such as stuck pipe
and hole enlargement. The formation response todallthg is dependent on its rock strength

and the in-situ stress field.

As reported in Aadnoy and Loyeh (2011), a theoattpproach was introduced by Ernst
Gustav Kirsch in 1898, which is widely used to neatiatically determine the stresses around a
wellbore of a previously stressed virgin rock. i€h's equations are based on linear elasticity
and assume the rock properties are homogeneoussatrdpic. He calculates the effective

stresses at a point in cylindrical coordinated) around the wellbore, which can be described as:

B ox + oy ) a? oy — 0y
7= (T )\ (T

a* a? a* a? a?
<1+3r—4—4r—2>cosze+a,9y<1+3r—4—4r—2>sm29+Pwﬁ (3.8)
ox + 0y a? oy — 0y a* o a*\ a?
Ogg = — 1+ﬁ - > 1+3r_4 COS 20 — ayy 1+3F sm28—PWr—2
(3.9)
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a2 a2 (3.10)
Opp =00 — v IZ(G}C’ —0y) 2 C0s 20 + 4U>?yr_25in 20]

oy — 0y a* _a?\ | 0 a* a? (3.11)
Trg = |— > 1_3r_4+2r_2 Sin20 | + Ty, 1_3r_4+2r_2 cos 26

a? (3.12)
Ty = (T3, €080 + 17,sin6) 1 — 2

a2> (3.13)

Ty = (—12,sin @ + 12, cos ) (1 +—
r

where “a” is the radius of the wellbore,is distance from the boreholp, is the internal
wellbore pressure, andis Poisson’s ratio, angkeis measured clockwise from x-axis; is the
radial stressggy IS tangential stress,; is axial stressgq;, 710, and 1, are three components of

the shear stress.

At the wellbore of anisotropic rock, whereraKirsch equations can be written as:

o, = P, (3.14)

a* 3.15
oge = (0f +07) — 2(af — 07) (1 + 3F> cos 20 — 4 oy, sin26 — B, (3.15)
0zz = 02 —2v (00 — 0)) cos 20 — 4v 13, sin 260 (3.16)
.6 =0 (3.17)
7, =0 (3.18)
Ty = 2(—1%,sin O + 2, cos B) (3.19)
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Figure 3.3 Position of stresses around a wellbotbe rock formation

(Aadnoy and Looyeh, 2011).

3.4 Stress Distribution Around Inclined Wellbore

For inclined wells, stress components should basformed and adjusted to the well
inclination from vertical ¥), geographical azimuth of the wellbokg)( and the wellbore position
from the x-axis §). Aadnoy and Looyeh (2011) explained the coor@irteansformation of the
in-situ stresses in inclined wellbore into a newt€san coordinate system, as shown in Figure
3.4. This transformation is important before demyithe stresses around the wellbore using

Kirsch concept.

The stress transformation is written as follows:

0 = (OymaxC0S2Q + OpminSin? @) cos?y + a,sin’y (3.20)
0y = OmaxSIN*Q + Opmin oS @ (3.21)
027 = (OymaxC0S2Q + OpminSin?) sin’y + o,cos?y (3.22)
Txy = 0.5(0hmin — Onmax)Sin2¢.cosy (3.23)
Tyz = 0.5(01maxCOS% P + OpminSin’@ — 0,)sin2y (3.24)
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Tyz = 0.5(0hmin — OHmax)SiN2¢@.siny (3.25)
whereoy, oy, 622 Txy, Txz, @aNdTy; are the transformed stress componesigax ohmin, oy are the

principle stressesp is the wellbore azimuth from the direction @fmax andy is the wellbore

inclination from the vertical.

Figure 3.4 Position of stresses around a wellb&eglioy and Looyeh, 2011).
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Equations 3.20-3.25 can also be shown in matrixbr

o1 [cos? cos?y  sin?@ cos?y  sin®y ] [Symax (3.26)
ay | = sin?¢ cos?¢ 0 Shmin]

0221 | cos?@sin?y  sinesin’y  cos?y|Ll Sy

Tey] |[—Sin2¢cosy  sin2¢cosy 0 ] [Sumax (3.27)
Txz| = | cos?@sin2y  sin@sin2y —sin2y [Shmin]

[ Tyzl  [—=sin2¢@siny sin2¢siny 0 Sy

After the transformation, these components are exted into stresses components in Kirsch’s

cylindrical coordinate system, as follows:

oy = %(O’x +0y) (1 - (%)2> + % (0x —0,)(1+3 (;)4 —4 (;)4 C0S 20 + Ty, (1 + 3 (%)4

a2 a2

—4 (;) sin 20 + Ap,, (;) ,

(3.28)
0p = %(ax +0y) (1 + (g)z) - % (0 —0y)(1+3 (2)4 0526 — T,y (1+3 (2)4 o
— Apy (%)2
(3.29)
0, = 0y — 20(0y + 0y) (;)2 cos 260 — 4vty, (g)z sin 20 (3.30)
Tgz = (T, C0SO — T, sin ) (1 + (;)2) (3.31)
Try = (T, cOS0 + 7, sIn0) (1 — (g)z) (3.32)
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a)2>’ (3.33)

1 4
Trg = (E (O’x — ay) sin 26 + T4, cos 29) (1 -3 (g) +2 (;

where a is the radius of wellbore, r is the oudelius,0 is the wellbore position from the x-axis,
Apw is the internal wellbore pressure which is thdedégnce between the wellbore pressure and

pore pressure:

Apy, =B, — B, (3.34)

For the stresses component at the wellbore wakreva+, the equations become:

oy = Apy, (3.35)
Og = (ax + oy — pr) — Z(Gx — ay) cos 20 — 4vT,,, sin 26 (3.36)
O, = 0, — 2v(ax — ay) cos 20 — 4vT,,, sin 20 (3.37)
Trg = Trz = 0 (3.38)
To, = Z(Tyz cos 8 — 1, sin 9) (3.39)

The arbitrarily effective principle stresses at thellbore wall can be calculated using the

following equations:

1 1 3.40
Otmax = E (09 + O-Z) + E\/(O_G - az)z + 4T922 ( )
1 1 3.41
Otmin = 5(0-9 + O-Z) - E\/(O_G - az)z + 4T922 ( )
Opyr = 0 = Apw (3.42)

whereomax and omin respectively are the largest and the smallestimlm stresses around the
wellbore. These calculations are used to asseswsedhigore stability described in the following

sections.
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3.5 Effects of Chemical Interaction, Temperature, ad Flow-Induced Stresses

3.5.1 Chemical Interaction

The difference between the chemical compositiothefdrilling mud and the formation
fluids may cause chemical interaction between th@hemical interaction in shale formation can
be critical because of the reactive swelling clayerals. Therefore, careful mud selection
should be conducted to minimize the interactione Tdw permeability of shale makes creating
mud cake at the wellbore wall difficult, causingteraand pressure penetrating within the shale
matrix and pores and increasing the pore presdesd and Tutuncu 2011). This increase in
pore pressure can lead to stress alteration avélibore and cause yielding of shale. When the
mud pressure applied within the wellbore cannotpsupthe formation fluid pressure, shale
yielding can take place in the form of sloughingoirthe wellbore. Depending on the
compatibility of the chemical composition of therfation fluid and the drilling fluid, the shale
formation creates an additional pressure callectliavg pressure” that needs to also be included
in the mud pressure calculations and drilling flddsign. Hence, the effects of chemical

interaction on the stress state around the wellblooeild be considered in the calculation.

To calculate the effect of chemical interactionmeral equations for osmotic pressure
can be derived from several equations by Chen. €2@01) and equations provided in the Well

Integrity class (Tutuncu, 2015), as follows:

o' =0 (3.44)
1-2v (3.45)
"= ATl
Og (04 1—p
, 1-2v (3.46)
o, =« . All
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wherec,, oy’ and o, are the alteration of radial, hoop and axial s8s due to the introduction
of the osmotic pressure,is the Biot’s coefficient, v is Poisson’s ratig)dAIl is the osmotic

pressure.

The effects of excess pore pressure on the osrpotiential can be expressed as (Tutuncu,

2012):

RT, a .
Anzjm*<voynJﬂE (3.47)

w aw,sh

whereln, is a reactivity coefficient which characterizesmieane efficiency, a dimensionless
parameter and ranges from O to 1, R is the univgesaconstant and equals 8.314 J/K.mble,
is the absolute temperature, Wy is the molar volume of the water (18.104) na,, 4 anday share
chemical activities of the drilling fluid and shabere water, respectively. Chemical activity for

fresh water equals to 1, and for salt water istleas 1.
3.5.2 Temperature Alteration

Circulation of cold drilling fluid into the wellbbe can cause stress alteration due to rock

temperature change. Aadnoy and Looyeh (2011) cketihe thermal stress induced as follows:

_am*E*(T_To)
B 1—v (3.48)

oT

wherev is the Poisson’s ratidk is Young modulusgn, is a volumetric thermal expansion
coefficient of rock matrix (°K), T is the circulation temperature (°K), afig is virgin rock

temperature (°K).
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3.5.3 Flow Induced Stress

Kadyrov (2012) describes the effects of flow-indilis¢resses in the equations that define
the stress alteration at the wellbore when a rdtbal is introduced due to the overbalanced or

underbalanced drilling.

" (3.49)
; 1- .

o = (- @) ——— (B~ B,) (59

Gz" = _(1 - 0() 11__ vv (Pw - Po) (3.51)

whereP,-P, =AP,,

By adding the effects of chemical interaction, tenapure alteration, and flow induced

stress, the numerical model can be expressed as:

o, = Apy,
(3.52)
Og = (ax + oy — pr) — Z(Gx — ay) cos 26
dvryysin20 + @ an 4 BT 1) g
VTyy Sin aT 1=
1-2v
—CZ) 1— v (PW_PO)
(3.53)
O, = 0, — 2v(ax - ay) cos 260
—2v am *Ex (T —T,
— 4Ty, sin 20a All 4+ —= ( o)
—v l1-v (3.54)
1-2v
- (-7 @R, ~P)
Trg = Tpy = 0 (355)
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Togy = Z(Tyz cos @ — 1,, sin 9) (3.56)

3.6 Rock Failure Modes

Understanding the types and reasons of formatiturés is important as prevention and
also for mitigation. Wellbore log data such as maliand image logs are helpful to provide
information identifying wellbore failures during iing. Analyzing wellbore image data also
help in providing reliable information about theildee mode, whether it is tensile,

compressional, or shear failure.
3.6.1 Tensile Failure

Tensile failure in a wellbore occurs when the tiensirength acting across the plain exceed
the maximum limit of the rock tensile strength. Grighe examples of tensile failure is drilling
induced hydraulic fractures. These fractures areursc due to the concentration of in-situ
regional stresses, pore pressure, drilling mudspires and thermal stresses due to cooling of
borehole during drilling. Tensile strength has shene unit as stress, usually rocks have very low
tensile strength and in most applications wherefohmation contains natural fractures, tensile

strength is assumed to be zero.
3.6.2 Shear Failure

Shear failure is also known as compressive fgiltirmkes place when the compressive
loading makes the shear stress along the planedrighgh to cause the rock undergo shear

failure. Borehole collapse during drilling is are@exple of shear failure.
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The shape of the collapse is determined by thess#searound the wellbore. Various
shapes of wellbore collapse based on their stresgeshown in Figure 3.5. If the mud pressure
in the well is the same as the formation pore presshe wellbore will still be in the circular
shape. In the case when the stresses are difféherghape of the wellbore will be elongated due
to collapse. In a vertical well wellbore, breakeuili occur in the direction of the minimum in-

situ stress direction.

(b) Collapsed shape if stresses are equal (c) Collapsed shape if stresses are different

Figure 3.5 Collapse of borehole wall (Mitchell &t 2011).

3.6.3 Creep Failure

Creep failure takes place when the rock formatiodengoes deformation under constant
stress over time. There are three stages of cedlejpef based on the mechanism for creep applies
to a specific case. The first stage is transiee¢gr when the stresses cause microfractures in the

rock, but if the stresses are reduced to zero,d#fermation will eventually disappear. The
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second stage is the steady state creep, whereetberdtion will not disappear completely even
after the stresses that caused it are releasest@o 7 he third stage is accelerating creep, where

the creep will accelerate over time and quicklyleafailure (Fjeer et al. 2008).

3.6.4 Pore Collapse or Comprehensive Failure

Pore collapse takes place when the effective sfiassitu overburden stress minus pore
pressure) exceeds the compressive strength of dimeaftion causing failure. Pore collapse
typically occurs in a depleted reservoir due to paation. Pore collapse can be seen as shear
failure within the material, because in microscopianner it happens due to local excessive

shear forces acting through grains and grains ctmta

3.7 Rock Failure Criteria

Wellbore failure can be caused by many differentimaisms as mentioned in section
3.6. Different lithologies will fail in different @mnners, sandstones may fail in shear, while
claystones can fail due to plastic deformation.pfedict the wellbore stability, an appropriate
failure criterion should be used and representimg true in situ stress and pore pressure
conditions. There are several of rock failure cidteln the following section, a brief review of

two failure criteria that were used for case stadslysis are briefly discussed.

3.7.1 Mohr Coulomb Criterion

This method is the most commonly used failure gdteused in the oil and gas industry
to predict wellbore failure due to its simplici#.relationship between the shearing resistance to

the contact forces and friction is provided usihg tcriterion. The Mohr-Coulomb criterion is
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based on the assumption that the shear strengtrlynincreases with the effective mean stress

and the relationship can expressed in the equbatow

Tmax = C + o tand (3.57)
_01—03 (3.58)
Tmax - 2
01103 (3.59)
Omz2 = >

wheretmax IS shear stress, 2 is the normal stress, C agdare cohesion and internal friction
angle. The compressional failure occurs when theevaf the maximum shear stresg,{) is
enough to overcome the formation cohesi@) &nd frictional force. Therefore, the Mohr-
Coulomb compressional failure depends only on twiacppal stress magnitudes, the maximum
(1) and minimum principal stressess). The failure envelope is determined using minimum
three core measurements for creating the Mohrtdesrwhere each circle is one triaxial test, as

shown in the Figure 3.7.

‘T

Failure
500

0, 0,

Figure 3.6 Mohr-Coulomb failure model from triaxtakt data (Aadnoy and Looyeh, 2011).
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Islam et al. (2010) developed the numerical sofutior the Mohr-Coulomb failure

criterion which can be expressed in equation 3.46.

F=Cxcos¢+sind*(oms—Py) — Tmax (3.60)

whereP, is pore pressure. Compressional failure occurshs less than or equal to zero.

As stated in many publications including in Veraikd Zoback (1992), Ewy (1999), Al-Ajmi
and Zimmerman (2006), Mohr-Coulomb criterion delsveover-predicted results, therefore

application of this criterion should be with cautito represent the true in situ stress state.
3.7.2 Mogi-Coulomb Failure Criterion

Al-Ajmi and Zimmerman (2006) have used the Mogi-Ooob failure criterion to reduce the
weakness introduced in the Mohr-Coulomb criteridimey have brought the fact that the

intermediate principle stress has an effect omdhbk failure, and express it as follows:
TOCt =a-+ bo-m'z

wherert, IS octahedral stress, a and b are the Coulombgitrgparameters, ang 2is the mean

stress. The octahedral shear stress and the Couslivergth parameters are expressed as:

1 3.61
Toct = 5\/(01 —03)%2 + (03 — 03)% + (03 — 07)? ( )
2VZ (3.62)
a=——ccos@®
3
22 (3.63)
b= %—c sin @

If 61 = 62 Or 62= 63 the Mogi-Coulomb failure criterion is reduced te tMohr-Coulomb failure

criteria. Therefore, Mogi-Coulomb criterion can lensidered as an extension of Mohr-
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Coulomb criterion into a polyaxial stress statevimch ; # 62 # 63. Based on their experimental
study results, Al-Ajmi and Zimmerman concluded ttreg Mogi-Coulomb criterion is currently

the most accurate failure model for hard sedimgmtarks formations.
3.7.3 Tensile Failure Criterion

In this criterion, the formation will fail in tedsi mode when the least compressive
principle stress at the wellbore exceeds the terssiength of the rock, which can be expressed

as follows (Yu et al. 2001):

F =1 min+Ts (3.64)
wheretmin is the effective minimum compressional principieess at the wellbore and is the

tensile strength of formation.
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CHAPTER 4

INPUT PARAMETERS FOR WELLBORE STABILITY ANALYSIS

To create a realistic and representative geomecaélamnodel for wellbore stability
analysis, it is important to prepare the input peeters accurately. The same input parameters
used for constraining earth models are used imtimerical geomechanical model. The list of
the input parameters in this study and the metlogiles used to obtain the input data are

described in the subsequent sections.

4.1 Overburden Stress

Overburden stress is the confining pressure impbgetie lithostatic column on a layer
of soil or rock at a given depth due to the weightthe overlying materials. The value of
overburden pressure can be calculated from a dmesgration of the bulk density measured in
the well of the interest area. Since the densigs IRHOB) typically recorded only at deeper
intervals, the synthetic log is built and consteairusing the indicative trends observed in the
available section and or in a nearby offset wethd density log is not collected. Also need to be
taken into accounts is the effects of near-wellwashouts and adverse water-shale interactions
that will affect the bulk density value. van Oottat. (2001) reported that the “stress arching”
effect can deflect the calculated overburden stiregs the actual one. In this study, the “stress
arching” effect is not considered. Density logs available for 50% of wells in this field, yet
mostly only measured 10% of the total depth. Tilwesefthe overburden stress is obtained from
integrating the measured density log RHOB and stithdensity logs. The equation for
overburden stress expressed as follows:
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Sy = fp(z)gz = pgz (4.1)

wherep(2) is density as a function of depth amas gravitational acceleration. In terms of a 1D
geomechanical model, overburden stress corresponilie vertical stress, one of the principal
stresses. The determination of density synthegéridhis study is described by Figure 4.1 where
extrapolation and Gardner methods deliver the tite§the value of bulk density that is used for
overburden calculation is the combination of RH@B Value with the RHOB extrapolation log
as shown in Figure 4.2.

There are several correlations that can be useckade the synthetic density logs:

4.1.1 Extrapolated Density

Density is extrapolated from the mud line usindgdwing correlation:

Pextrapolated = Ao (TVD)* (4.2)

whereA, anda are the fitting parameters.
4.1.2 Amoco Density

The average bulk density below the sea floor isneded by an empirical equation

obtained from statistical data from the Gulf of Naex

Pamoco = Ao[(TVD)/BJ-ZS]a (4.3)

whereA, anda are the fitting parameters.
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DEN_EXTRAPOLATE DEN GARDNER DEN MILLER

MD 0 g/cm3 3 0 a/ecm3 310 g/cm3 3
(m) RHOB RHOB RHOB RHOB
1:20000 | o g/cm3 3(0 g/cm3 3]0 g/cm3 3]0 g/cm3 3

"

Figure 4.1 Synthetic density for the well X-01.

4.1.3 Gardner Density

This correlation calculates the synthetic densiyT sonic or seismic data.

PGardner = A X Ve (4.4)
wherea andp are two fitting parameters respectively namedaigtdactor and velocity

exponent, and is sonic or seismic formation velocity in ft/s.
4.1.4 Miller Density

Miller density is calculated from porosity log, egpsed as follows:

Puitler = pmatrix(l - Q)Miller) (4.5)
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- TVD% (4.6)
Dumitier = Dq + Q)be< o >

where pmarix 1S matrix density (default 2.65 g/cm®, sediment porosity at great deptby

sediment porosity fitting parameter equlalis porosity decline parameter, ahdis curvature

parameter.
RHOB
MD 0 g/cm3 3
(m) RHOB RHOB Extrapolate Bulk Density Overburden Stress
1:30000 | g/cm3 3]0 g/cm3 3]0 g/cm3 310 psi 20000
v
— 1000 -

Figure 4.2 The overburden stress for the well X-01.

4.2 Pore Pressure

Formation pore pressure is one of the most chalignmput that will impact having
successful drilling operations, reservoir charazédion, and production optimization. In
integrated wellbore stability studies, pore pressaran important input parameter to determine
the in-situ stress state. The most reliable mettoodetermine pore pressure obtained from
wireline measurements at the productive reserviarvals, such as the data from well testing
analysis. However, in solving wellbore stabilityoptems it is critical to determine the pore
pressure of other formations outside the productieservoirs, especially the overburden

intervals along the proposed well path profile. @hsn data availability, there are two types of
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methods that will be used in this study to deteertime pore pressure; the normal trend method

(Eaton), and explicit method (Holbrook).

4.2.1 Eaton Pore Pressure

This method was introduced by Eaton (1975) and gmetthe most widely publicized
pore-pressure-estimation technique. It is basedthen relationship between the observed
parameter/normal parameter ratio and the formatir@ssure on the changes in the overburden
gradient, i.e. compaction rate. To deliver the gmessure gradient with this method, we need to
determine the shale depth-dependent normal congpatiendline (NCT)in the condition of
hydrostatic pore pressure. Eaton empirical relatigm from sonic or resistivity log data can be

expressed as:

At N (4.7)
Pp =58, — PPrormai (%)
0
R, \? (4.8)
Pp =58, — PPrormai (R—)
normal

whereP, is formation pressure gradie, is overburden gradien®pnormalis Normal hydrostatic
pressure gradienit,oma IS Normal shale compressional slownedsjs compressional slowness
observed form sonic logR, is resistivity observed from log, am@,oma iS normal shale
resistivity. The original exponent values reporbgdEaton has been obtained using Gulf Coast
data while in other regions of the US and globalhg exponents needs to be revised for the
regional exponents where the study area is. An plaifor pore pressure calculation using this

method is shown in Figure 4.3.

Figure 4.4 presents the results of Eaton porespresalculation in comparison with field
data that are obtained from the wireline measurésndine field pressure data were gathered not
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long after wireline logging to avoid the depletiefiects. The comparison of the predicted pore

pressure from Eaton method with real field measeregmpresented good agreement.

1 2 3 4 Resistivity Model Sonic Model Pore Pressure Gradent Results|Fracture Pressure Gradient Req
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Figure 4.3 Eaton pore pressure calculation usisigtieity and sonic model well X-01.
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Figure 4.4 Comparison Eaton pore pressure vs fiald well X-01.
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4.2.2 Holbrook Pore Pressure

Holbrook method is one of the explicit pore presspirediction techniques that has been
implemented in this project. This method was intmetl by Holbrook (1999) and used
successfully in the North Sea to predict pore pnesdn limestone, shaly limestone and
sandstone intervals. It was also effectively utitizfor pore pressure prediction in Deepwater
Gulf of Mexico wells (Tutuncu et al. 2006). Unlikgaton method, there is no normal trend line
necessary for this method. The principle of thighud is using the relationship between the

porosity, mineralogy, and effective stress in gtansedimentary rocks.
The Holbrook method can be expressed in Equati&n 4.

Ocff = Omax X (1- Q))ﬁ (4.9)

and since Terzaghi effective stress law stated:

Pp =S, —axogy (4.10)
Therefore,
Pp =S, — Opmgr x (1 — 0)P (4.11)

whereS, is overburden stresses is the effective stress required to reduce theemalrporosity to
zero,omaxiS theoretical maximum vertical effective strespeateds on the lithology, @ is porosity

from well logs,p is the compaction strain-hardening coefficienttfa type of minerals.

The results of Holbrook pore pressure calculatmmtiie study field is shown in Figure
4.5. Calculation was conducted on limited depth tuthe availability of porosity log, the value
of omax andp were taken from Table 4.1 based on the litholaggiepth, with the exception of

two points of depth, the pore pressure derived frioisimethod indicated negative values.
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Table 4.1 The Holbrook coefficients used to predmte pressure (Holbrook, 1999)

Grain

Omax Hardnesg  Solubility density
Mineral psi B (m ohs) (ppm) (gr/icm3)
Quartz sand 13000013.219 7 6 2.65
Average shale 18461 8.728 3 20 2.54-3.15
Calcite sand 12000 13 3 140 2.71
Anhydrite 1585 20 2.5 3000 2.87
Halite sand 85 31.909 2 350000 2.16

Holbrook Pore Pressure

Pore Presssure (psi)
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©
200—

400—
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800}
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=—Holbrook Pore Pressure ~—Field Pore Pressure Data

Figure 4.5 Holbrook pore pressure calculation.

Based on the results, it was concluded that Holbroethod is not suitable for this region. To

use this method in this region, core measuremeittsdifferent facies from the study area are
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required to customize and improve the power-law{gaction coefficients for more accurate

pore prediction.

After reviewing the results from these two predietmethodologies, the pore pressure
prediction in this field was obtained utilizing tB@ton model with 0.3 exponential coefficients.
Eaton method also predicts the overpressure zotie inpper shale formation above the targeted

reservoir. This knowledge is crucial for well dnlyy design.

4.30verpressure Zone

Most sedimentary formations do not have hydrostatice pressure. The presence of
overpressure zone is important to predict accwyratdhen they are not accurately predicted
before drilling, abnormal pressure zones can causeasing drilling non-productive time and
serious incidents in the drilling operation, sushagell blowouts, pressure kicks, and fluid influx.
In highly severe conditions, abnormally high poregsures can lead to geologic disasters, such

as mud volcano eruptions.

Several mechanisms can cause the overpressurioimation. One of these mechanisms is
the abnormal formation compaction (under-compagtidhen sediments compact in a slow
rate, there is equilibrium between increasing owatbn and the reduction of pore fluid volume
due to compaction, normal hydrostatic pressure rgéee in this condition. When overburden
stress increase rapidly that leads to rapid buiti@,sediments subside quickly and fluids only
partially expelled from the pores. Due to the oveden pressure that the fluids have to support,
the fluid pore pressure increases. This situatiggate overpressure zone in the formations.

Figure 4.6 shows the determination of the deptiopfunder-compaction zone in Well X-01.
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method (Figure 4.4). The fundamental theory foregaressure prediction is based on Terzaghi’'s
and Biot's effective stress law (Terzaghi et al9@&nd Biot 1941), which indicates that pore
pressure in the formation is a function of totaéss$ (or overburden stress) and effective stress.

When the overburden and effective vertical stresmes known, the pore pressure can be

In Field “X”, overpressure zone is detected frone tBaton

Figure 4.6 Top under-compaction zone.

expressed in the following form:

b, =

(o0

- Jeff)

a

(4.12)
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whereP,, is pore pressure, is Biot constantg, is overburden stress, angk is effective stress.
The effective stress is defined as the subtraatiopore pressure from overburden stress, as
shown in Figure 4.7. The increase in overpressagseas reduction in the effective stress.
Normally, the overpressure zone is found in deépenations (more than 2000 m), however, in

field “X” overpressure was detected at shallowestdein 550 m.

PRya
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SVERTICAL
MD 0 psi 5000
(m) PP
1:30000 psi 5000

- 500 —
1 Overburden Stress
Il Effective Stress
- 1000 -
Hydrostatic \
- 1500 Presssure

Pore
Pressure

Figure 4.7 Effective stress Well X-01.

The pore pressure gradient in the study field fell Wesign and to determine mud weight
is shown in Figure 4.8. The mud weight should b& ab support the wellbore walls for
preventing influx and wellbore collapse during ldrg. To avoid influx, mud weight should be

set higher than the pore pressure predicted. Howéwe upper limit of the mud weight should
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not cause fracture in the formation, resulting nagses or lost circulation. In the case of Well
X-52 (Chapter 3), the mud weight is set highereroome the overpressure upper shale zone,
but high mud weight caused loss circulation in $hadstone, below the upper shale zone. The

mud losses due to loss circulation lead to BHAlstutd cause non-productive time.

Mud Weight

Shmin Grodiant

Fracturae Grad. (5G)

MD GR wsh_Facies Lithalagy Grad. (SG)

1:53‘0)00 O

afrer ==t

.|‘,‘
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Figure 4.8 Pore pressure and fracture gradient Yell.

4.4 Formation Geomechanical Properties

Formation geomechanical properties such as Poiss@tio, Young’'s modulus, tensile
strength, uniaxial compressive strength (UCS), fation angle, are important in conducting
wellbore-stability analysis. They also have a roledetermining the local formation stress

regime, key information in wellbore stability ansiy. The best way to gather the formation
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properties data are through combination of coufdbdratory experiments of geomechanics and
acoustic velocities, permeability, porosity foribehtion with the wireline and/or LWD/MWD

log log data. However, since there is no cores weade available for this study, all parameters
were obtained utilizing well-log data and approf@i@mpirical correlations. The methods of

property determination are described in the submssiggections.
4.4.1 Elastic Modulus

An elastic material can be represented using tastiel moduli. Depending on the stress
state and type of input data is needed, measuniagt the moduli can provide all other moduli
with the assumption of elastic material. Young’'sdMlus, E, is the relationship between axial
stress and axial strain. The bulk modulus, K, & ghiffness under volume metric compression
(hydrostatic stress state condition). Poisson’doRat is the proportional lateral expansion to
axial shortening in a rock when a longitudinal s¢rés applied. Shear Modulus, G, provides

information on how much the rock deforms in resgomsder simple shear.

Deriving the dynamic elastic moduli from bulk degsand dipole sonic logs (DSI) when
the log data are available is not a very challegpdask if the linear elastic rock assumption is
used. P wave and shear wave velocity hold infomnatibout the elastic parameters, and the

elastic moduli can be calculated using 4.13 throudf.
Dynamic Compressive Modulus (pressure units):

y=_F _ (4.13)
At,,

Dynamic shear modulus (pressure units):
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p (4.14)

Dynamic Bulk Modulus (pressure units):

G

K=M— <4_s) (4.15)
3

Dynamic Poisson’s Ratio:

3K — 26, (4.16)

V= 6K + 26,

Dynamic Young’'s Modulus (pressure units):

_ 9GK (4.17)
G, +3K

In this study, only 7 out of 54 wells have compiesal wave data, only two of them
cover the depth of interest for this study. Numerogisearchers have studied the relationship
between compressional velocity,] and shear velocity). Previous researchers (Mavko et al.
1998) concluded that the relationship betw¥gmandV;s for generally porous sedimentary rocks
(such as sandstone, limestone, dolomite, shale,nauktone), can be described by a linear
correlation. Brocher (2005, 2008) studied thousamidy, and Vs data obtained from various
methods for a wide variety of lithologies and repdra conclusion of the, andVs relationship

in a nonlinear curve described in equations 4.184h9.

V, = 0.9409 + 2.094V, — 0.8206V;* + 0.2683V;* — 0.0251V;* (4.18)
or
V; = 0.7858 — 1.2344V,, + 0.7949V;,> — 0.1238V;,* + 0.0061V,,* (4.19)
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These equations are valid fgg between 0.3373 km/s and 5.0 km/s afydbetween 1.5 km/s and

8.5 km/s.

Several researchers came up with models for estigjmyatompressional and shear
velocities for the depths of interest when no caspional velocity logs are available. Brie
(2001) developed a model for estimating compressiand shear velocities for a wide variety of
lithology including shaly sand and carbonates. Bdka et al. (2003) proposed the statistical
approach of correlating a shear-wave velocity veitime petrophysical parameters. They used
five parameters (compressional velocity, neutroropity, bulk density, gamma ray, and deep
resistivity) in a multivariate model to obtain aesitwave velocity. The correlation coefficient of
this methodology was approximately 0.94. Rezaesd.R2007) came up with another approach
of shear-wave velocity prediction using fuzzy lggmeuro-fuzzy, and artificial neural network
(ANN) techniques. They successfully utilized a bgckpagation ANN approach which takes
input parameters in a network and computes a diffeg between a desired output and calculated
one. Then, the error is back propagated to obkeroptimal weights. The training iterations stop
when calculated and desired outputs are in a gogeimity. They obtained good agreement
between output data utilizing these three methagetovalidating the feasibility of utilizing
fuzzy logic, neuro-fuzzy, and ANN in shear-waveoaty prediction. However, the successes of
all of these methods depend on the availabilitptber logs for the well, mainly porosity, bulk
density, gamma ray, and deep resistivity logs. Thihe biggest challenge for our study, since
not only for every depth of interest there is nmisdog, but also there are no other logs
available. Therefore, the input data needed at depth of interest was obtained using

compressional velocity logs where available.
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Eissa and Kazi (1988) explained in their reseaeshults that the static elastic moduli are
preferred over moduli obtained using dynamic apginea, based on the theory of the pseudo-
static behavior of rock. The stress-strain relaitor rocks are often non-linear, hence the ratio
of stress to strain over a very small strain measents is different from the ratio of stress to
strain in a very large strain measurement (Tutuecal. 1998 a, b). The dynamic Young’'s
Modulus is typically greater than static Young’'s dtus, the dynamic Poisson’s Ratio is
typically lower than the static, and the ratio be#én the dynamic and static moduli approaches
typically gets smaller as the confining pressuceaases. The difference between the dynamic to
static moduli typically increases in tight gas saadd in shale reservoirs. Therefore, for the best
results many researches were done by correlatiegtétic and dynamic moduli. Since there
have been no core measurements to obtain the fiorm@aiechanical properties in this field, a

review of the some static to dynamic modulus catr@hs was performed.

There are several reasons for the complexity ofdélaionship between the dynamic and
static moduli: the first reason is since the etastave velocity in a sample and the resulting
dynamic elastic moduli depend on the condition leé tmeasurement, mainly the effective
pressure and pore fluid. Hence the frequency ofntieasurements will be different causing
dispersion at high frequency measurements likegmheasurements and ultrasonic core velocity
measurements (Tutuncu, 2010 and Tutuncu et al.,18®8#Ba). The second reason is the static
moduli depend on the detail of strain amplitudepliad during the triaxial experiment. The
static Young’s modulus is typically strongly affedtby the overall stress state applied to the

sample, as well as the measurement frequency arstridin amplitude of the measurement.
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Presented below are several correlations publighdéte literature. The moduli are in
GPa and the impedance is in km/s g/cc in thesesletions.Es represents the static Young's

modulus andEgyn is the dynamic Young's modulus (Mavko, 2009).
Belikov (1970) correlation for microcline-granite:

Egtar = 1.137E4y, — 9.685 (4.20)

King (1983) correlation for igneous and metamorpbitks from the Canadian Shield:

Egtar = 1.263E4y, — 29.5 (4.21)

McCann and Entwisle (1992) correlation for granded Jurassic sediments in the UK:

Egtar = 0.69E 4y, + 6.4 (4.22)

Eissa and Kazi (1988) correlation for a wide raofyeock types:

Egtar = 0.74E gy, — 0.82 (4.23)

Gorjainov and Ljachowickij (1979) for equation fenallow clay samples:

Egtar = 0.033E4y, + 0.0065 (4.24)

and for sandy, wet soil:

Egtar = 0.061E,y, + 0.00285 (4.25)

Wang and Nur (2000) prepared a review article tarsarize these relations for a variety

of lithologies:

For soft rocks with the static Young’s Modulus <@®a, Wang and Nur (2000) definEgd,; in

equation 4.26.
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Egtar = 0.41E,y, — 1.06 (4.26)

and for hard rocks with the static Young’s Modutu$5 GPa:

Egtqr = 1.153E4,, — 15.2 (4.27)
Mavko et al. (2009) reported the correlation fronedd and Dvorkin, which presented the
relationship between the static Young’s modulus static Poisson’s Ratia/g,) to the dynamic
shear modulus calculated from the shear-wave uglogi shales and shaley sands given in

equation 4.28.

Egqr = 0.59G, — 0.34 (4.28)
and
Vstar = —0.0208G, + 0.37 (4.29)

where Gis the dynamic shear modulus:

G, = pVi2 (4.30)

and the relationship between the static moduli tseddynamic moduli is provided in equations

4.31 and 4.32.
Egtar = 0.29Eqy, — 1.1 (4.31)
Vstar = —0.00743E 4, + 0.34 (4.32)

In this research study, the equations proposellldge and Dvorkin for shales and shaly
sand, Eissa and Kazi, and Wang and Nur were ugseithdorelationships between the dynamic

and static moduli and the values obtained fromcstogs were converted to static moduli using

68



these correlations based on the lithology at eagpthd The results of dynamic to static

conversion of Young’'s Modulus and Poisson’s Rateshown in Figure 4.9.
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Figure 4.9 Dynamic to static elastic properties|wed1.

4.4.2 Unconfined Compressive Strength (UCS)

Unconfined Compressive Strength (UCS) is a critpalameter to obtain an appropriate

rock-failure envelope for the formation and constthe maximum horizontal stress magnitude.
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The best prediction of UCS value comes from lalmmyatore measurements under uniaxial
loading stress condition. The core samples areaebedd from various lithologies along the
wellbore, and the obtained UCS values are coretlate the different petrophysical and
geomechanical characteristics. This correlatiowsesse the accuracy of the well-log derived

properties.

UCS correlations for specific regions, are not ssaey applicable for another regions.
However, correlations derived in the regions geplgically close to the field of study or with
similar tectonic history, stress regime, lithologgnd petrophysical properties might be
applicable to obtain initial constraints of UCS.efé are also possibilities that the empirical
values contain some error compared to the actugb.UExtensive works for validation and
calibration using laboratory measurement shouldg@ied. In this study, since there are no core
samples available, the UCS values are taken fromtesk empirical correlations from the

literatures for similar lithology and petrophysigabperties.

Zoback (2010) listed a number of correlations akaéd for UCS calculation in sandstone,
shale, and limestone formations. The lists for stonte and shale formation are presented in
Table 4.2 and 4.3. To empirically obtain UCS faststudy, Equations 2 and 5 (for sandstone),
and 17 (for shale) were utilized. Chang, Zobackd dthaksar (2006) listed additional
correlations for UCS calculations in sandstone sinale formation from various regions that

could be used in this study.

For sandstone formation worldwide

UCS = 2.28 + 4.1089 * E (4.33)
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For sedimentary formation worldwide

UCS = 254 * (1 — 2.7 * )2

For shale formation worldwide

UCS = 1.35 (

304.8)2
At

For strong and compacted shale

UCS = 7.22 = E0712

(4.34)

(4.35)

(4.36)

Table 4.2 UCS correlations for sandstone format{@od®ack, 2010)

Eq. No. UCS, MPa Region Where Developed General Comments Reference
1 0.035V,-315 Thuringia, Germany (Freyburg 1972)
Fine prained, both (MecNally 1987)
. : consolidated and
2 1200 exp(-0.036At) Bowen Basin, Australia 5 .
3 1.4138x107 At Gulf Coast Sicale aod socopsolidasd Nopied
sandstones
2 : Y Applicable to sandstones (Fjaer, Holt et al. 1992)
4 3.3x10° p'-’V" [+ -VPQ-2v) [1+ 0.?8\'&’] Gulf Coast with UCS >30 MPa
s 1_?45:10,99\?,2 -2 Cook Inlet, Alaska Coarse grained sands and (Moos, Zoback et al. 1999)
conglomerates
Consolidated sandstones with | Unpublished
6 42.1 exp(1 9x10°1 pV,z) Australia 0.05<4<0.12 and
UCS>80MPa
7 3.87 exp(1.14x10°1° p\f’:) Gulf of Mexico Unpublished
8 462 exp(0.000027E) Unpublished
0 A(1-Bo)? Sedimentary basins Very clean, well consolidated | (Vermk, Bruno et al. 1993)
worldwide sandstones with ¢<0.30
Sandstones with Unpublished
10 277 exp(-10¢) 2<UCS<360MPa and
0.002<¢<033
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Table 4.3 UCS correlations for shale formationsh@ak, 2010)

UCS, MPa Region Where Developed General Comments Reference
srud 2001
11 | 0.77 (304.8/A1)>% North Sea Mostly high porosity Tertiary shales CHoe :
Unpublished
12 0.43 (304 8/A1P2 Gulf of Mexico Pliocene and younger 2
Unpublished
13 1.35 (304 .8/At)? S Globally -
Unpublished
14 | 05(3048/At7 Gulf of Mexico - -
. i . (Lal 1990)
15 10 (304 8/At-1) North Sea Mostly high porosity Tertiary shales
U :
16 | 0.0528 P72 Strong and compacted shales po
17 1.001¢-1163 Low porosity ($<0.1), high strength (Lashkanipour and Dusseanlt 1993)
shales
orsrud 2001
18 | 2922 40 North Sea Mostly high porosity Tertiary shales o !
_ Unpublished
19 | 0286417 High porosity (§>027) shales

available field data. In the future, the UCS shduddchecked through the quality control process

by measuring the actual UCS values in the geoméchédaboratory if core samples are made

The calculated UCS were used in the wellbore stalihodels and validated by the

available.

4.4.3 Tensile Strength

minimum and maximum horizontal stresses. For unaareted formations, the tensile strength
is typically assumed to be zero, based on the rthatice of an intact condition of rock by bit

penetration. This assumption will not be true ie thighly compacted and strength formations

Tensile strength of rock is one of the key paramseite calculating and constraining the

under high in-situ stresses.
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The best way to obtain tensile strength data is dopnducting laboratory core
measurements. However, in the absence of coresdata as this study, the tensile strength is
usually estimated at 10-12% of the UCS for alléaciThis approach might be incorrect because
tensile strength is typically impacted by the libgy type, compaction level, lamination

orientation, and presence of microcracks (Hobb8419

4.4.4 Internal Friction Angle and Friction Coefficient

Internal friction angle®) is a measure of the ability of a unit of rockitibhstand a shear
stress. Rock formation, even the weak one, can &dorgh friction angle. The best way to obtain
the value of friction angle is when a uniaxial copgsive strength test is conducted. In a case
with no core measurements available, friction anigleobtained from available empirical
correlations. Zoback (2010) reported empirical elations for shales and shaly sedimentary

formations, which are used in this study.

For shaly sedimentary rock with 60<GR<120

b =70-0.417 * GR (4.37)
For shale

78 — 0.4 * GR .
® = tan~? (T) (4.38)

where internal friction anglel( is in degrees, and gamma ray (GR) is in gAPI.

Friction coefficient is calculated by using follavg equation:
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1+ sind (4.39)

Hi = 1—sin®

As reported by Peng and Zhang (2007), Weingarteth Barkins in 1992 presented the

correlation to predict sandstone internal frictaorgle using porosity as follows:

® =57.8—105¢ (4.40)

where internal friction anglel( is in degrees, and porosi)(is in fraction.

For this study, the correlation reported by Zob#mkshale and Weingarten and Perkins

for sandstone were used to obtain the interngidncangle.

A histogram for the calculated coefficient of imtal friction is illustrated in Figure 4.10, and the

correlation between log-derived internal frictiomgée and shale volume is presented in Figure
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Figure 4.10 Histogram of the log-derived intermadtfon angle values.
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Figure 4.11 Correlation between log-derived intefnietion angle, VVcl, and porosity.
4.4.5 Biot Coefficient

Biot's coefficient () is a measure of how well grains in the rocks @enected with
each other. The amount of contact cements betweegrains determines the stiffness of rocks.

It also helps determining the effect of pore pressun the effective stresses.

There are many empirical relations for Biot's caméint, most of them mainly through

porosity. Wu (2001) presented the correlation fmisolidated sediments as follows:

a=1-(1-0)>3% (4.41)

Krief (1990) presented similar correlation from kigeriment for dry rock as follows:

«=1-(1-g) 0 (4.42)
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Lee (2002) proposed the correlation for unconstdidaediments, described as:

—184.05 4.43
a= + 0.99494 ( )

® + 05646
1+ exp( 0.09425 )

For this study, the correlation for consolidatediments was used to calculate the Biot

coefficient.

4.4.6 Orientations of the Principle Horizontal Stresses

Orientations of the principle horizontal stresses emportant factors that affect the
wellbore stability. Breakouts on the wellbore irate the azimuth of the principle stresses, it
happens when the hoop stress is the most compeestsilie direction of the minimum horizontal
stress and when the stress concentration exceedsdk strength. The circumferential stress has
the least compression at the orientation of theimam principle horizontal stress, causing the
drilling-induced fracturegBarton et al. 2002). Therefore, FMI log data typicaused to
determine the orientation of principle horizontiksses. There are other tools to determine the
stress orientation among which 4-arm/6-arm calipgs, fast shear azimuth from shear sonic in

cross-dipole modare among a few.

One method to determine the azimuth of horizostedsses when there is no wireline
measurement available is to use the world stregs Miae World Stress Map (WSM) is the
global compilation of information on the presentadaress field of the Earth's crust with 21,750
stress data records in its current database releas008 (Heidbach, 2010). More than 7300 in
situ stress orientations have been compiled as qfathe WSM project. The data of stress

orientations came from in situ stress measurenamtgeologic observations made in the upper
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1-2 km, well bore breakouts extending to 4-5 kmtlidgmd earthquake focal mechanisms to

depths o~20 km.

In this study, we used world stress map data terohene the orientation of horizontal

stresses, the regional stress map can be desasdetows:

ealh Bengaluruo
Map Satellite Man Sea

Laccadive Sea

Chﬁ'al L Bay of Bengal

Ns.

Map data £2016 Google, ORION-ME, SK planet, ZENRIN = 500 KITI L)l = Terms of Use
—— ——

Figure 4.12 Regional stress map.

Since the regional stress map indicates relatizelysistent stress orientation, this method is
considered adequate to determine horizontal st@esauth in the study field. The Rosette

diagram for this map is as follows:
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Figure 4.13 Rosette diagram for horizontal stregsath.

Based on the Rosette diagram, the azimuth of maxirharizontal stress in this field is + 45

clockwise from the North.
4.4.7 The Magnitude of Horizontal Stresses

The magnitude of minimum horizontal stress is inigatrto determine the stress regime.
The most accurate value of the minimum horizont@ss is obtained from the Extended Leak-
off Tests (XLOT) or minifrac test determining theadture closure pressure. The pressure
required to propagate the fracture will be equabrtgreater than the minimum principle stress
magnitude at the depth of interest. The fractuleolse as soon as the pressure drops below the

stress acting normal to the fracture, which isrtiieimum principle stress.

In this research case study, there is only onedwurfracturing data available, which is
for well X-27 at 1675 m. From the test data, thesale pressure at that depth is measured at

3600 psi.
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Figure 4.14 Hydraulic fracturing data well X-27.

Unfortunately, since there are no other logs abeldor well X-27, the closure pressure data
from this well could not be tied into formation pexties to help calibrating the calculation of
minimum horizontal stresses using empirical cakoita Mitchell (1995) used Eaton method to

derive the correlation for minimum horizontal sethe equation is as follows:

v

4.44
ahminz(l_v)(av—a*Pp)+a*Pp+Ts ( )
wherev is Poisson'’s ratiay is Biot's coefficiento, is overburden stress (pdf, is pore pressure

(psi), andTsis rock tensile strength (psi).

To constrain the magnitude of thg using wellbore tensile fractures:
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Otmax = 3 * Opmin — 2 * B, —AP — T, (4.45)
where AP is the difference between drilling Equivalent Qiating Density (ECD) and pore

pressure in psi.

Using elasticity theory and Mohr-Coulomb failureteron, Addis et al. (1996) presented the

relationship between horizontal stress and porsspre as follows:
For normal faulting:

2v (4.46)

Oy =m(0'h—Pp) +Pp

For strike slip faulting:

1 4.47
On =m(qfah—Pp(qf(1—v)—v) ( )

With

1+sind (4.48)

A = 1—sin®d

where® is internal friction angle an#, is pore pressure.
4.4.8 Derived Stress Regime

From the Figure 4.15, it is evident that the stneggme in the entire interval is in the
strike slip fault regime ($S,>S,). This is not in accordance with the geologicaprtfaat shows
that Well X-01 is located in between of reversetiawHowever, the strike slip stress regime is

consistent with the dominantly strike-slip earthikgifocal mechanism in the region.
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Figure 4.15 Magnitude of pore pressure and priecsplesses as a function of depth Well X-01.
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Figure 4.16 Rock elastic properties Well X-01.
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CHAPTER 5

NUMERICAL MODEL FOR WELLBORE STABILITY

The numerical model for stress alteration arourwl wrellbore has been described in

Chapter 3, including the effects of chemical int&ien, temperature alteration, and flow induced

stress. The equations are as follows:

o, = Apy,
Oy = (ax + 0y — pr) - Z(O'x - ay) cos 26

1-2v am *E (T —T,)

—4 in 26 + ATl + 1

VTyy Sin L =2 (
1-2v

_a)l_ (PW_PO)

O, = 0, — 2v(ax - ay) cos 260

1-2v a, *Ex(T—-T
ALl 4 &m ( o)
-V 1—v

— 4Ty, sin 20a

1-2v
1—v (PW_PO)

—(1-a)

Trg =Tpz =0

Tgy = Z(Tyz cos @ — 1,, Sin 9)

5.1 Sensitivity Analysis

(5.1)

Sensitivity analysis was conducted due to the taicgies involved in the determination

of wellbore stability model input data. Sensitivigpnalysis was conducted with the @RISK
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Excel, a program that provided calculation of tis& severity using Monte Carlo simulations to

show probabilities of specific input parametdtsr each input parameter, probable ranges are

determined by considering variations of input degalescribed in Table 5.1.

Table 5.1 Input data ranges for the wellbore-sitgtskensitivity analysis

PARAMETERS Min Most Likely Max Case 1 Case 2
Pore Pressure, MPa 2.26 10.97 17.56 6.99 8.20
Drilling ECD, MPa 15.86 17.24 24.83 16.00 16.25
Static Poisson's ratio 0.26 0.39 0.44 0.32 0.39
gtsgc Young's modulus, 3.15 8.06 31.80|  10.30 8.57
UCS, MPa 1.43 6.08 40.36 17.90 20.00
Tensile strength, MPa 0.15 1.48 3.44 1.80 2.00
Friction angle, deg 21.80 27.38 46.90 31.30 31.00
Cohesion, MPa Calculated from UCS and friction angl

OBS, MPa 0.6¢ 18.58 39.43 12.43 15.00
Shmin, MPa 2.54 16.26 25.75 8.74 9.20
SHmax, MPa 8.32 39.00 44.83 18.00 21.30
Biot's coefficent 0.01 0.26 0.82 0.12 0.12
Aw _fl 0.65 0.90 0.95 0.90 0.90
Aw_sh 0.90 0.95 0.98 0.95 0.95
Membrane efficiency 0.0p 0.10 0.10 0.10
alfa_m, C-1 0.0d 0.00 0.00 0.00
T, °C 60.00 65.00 75.00 65.00 65.00
To, °C 83.00 85.00 87.00 85.00 85.00

The probability densities and identifying P10 argd Ralues are simulated using @RISK
Excel to determine the key controlling factors untihee given uncertainties in order to prevent
breakouts and fracture pressures. The results aidapility density simulations are shown in
Figure 5.1 and 5.2. For breakout prevention, th@ Wilue was calculated to be 15.16 MPa, and
the P90 value is 28.75 MPa. This program also siteslthe probability densities for the critical

pressure, beyond which wellbore fracture would occthe P10 value is 61.4 MPa and the P90
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value is 111.3 MPa, which means there is 10% prititab for the wellbore pressure will be less

than 63 MPa, and 90% probability that the critmadssure will be less than 112 MPa.

Pressure to Prevent Breakout
15.16 28.75

10.0% 80.0%

Pressure to Prevent

Breakout
Minimum 4.559
Maximum 37.057
Mazn 22.054
Sed Dev 5.304
Vakas 1000

Figure 5.1 Probability density of the pressurer@vpnt the wellbore collapse.
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Figure 5.2 Probability density of the critical ftace pressure.

The density charts show the level of confidencthefprobability for particular values of

mud weight to prevent breakouts or critical pressiar tensile fracture. However, it is still
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necessary to evaluate the sensitivity of the outiatid to see the dominant parameters affecting
the wellbore breakouts. In Figure 5.3, a tornadartcbhows that the most dominant parameters
affecting the required minimum mud weight to prevevellbore breakouts are horizontal
stresses, friction angle, pore pressure, and UGgurd- 5.4 shows the parameters that are
dominant in determining the critical fracture pragsin this well, those are horizontal stresses,
friction angle, UCS, pore pressure and overburdesss. The impact of chemical, temperature
alteration, and flow induced stress in wellborealiait and tensile failure is very small and did
not show up in the tornado chart. The effect of roueden pressure was also indicated
insignificant in this case. Based on this sensitimalysis, emphasis in input data acquisition has
been given in this study and should be continuetetgaid attention in the future studies for

reliable geomechanical data and in situ principlesses.

Pressure to Prevent Breakout
Correlation Coefficients (Spearman Rarnk)

SHmax, MPa 4 0.74

Friction angle, deg {1 B

Pore Pressure, MPa 4
QORISK Trial Version

FOF Evaluation Purposes Only

Shmin, MPa -0.14
0BS, MP2 - -o.m.
Static Poisson’s ratio - -0.01]
< ~y =) o - . 0
l‘T‘l (= o (= o o o

Coefficient Value

Figure 5.3 Contribution of various input parametersminimum pressure to prevent
breakouts.
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Figure 5.4 Contribution of the various input paréengto critical wellbore fracturing
pressure.

5.2 Numerical Model Results and Discussion

The numerical model was written using MATLAB pragrming software to evaluate the
critical mud weights to prevent breakouts and terfsactures in vertical and arbitrarily oriented
wellbores. The Mohr-Coulomb and Mogi-Coulomb fa@lucriteria have been utilized in the
numerical model. Two cases from different deptlmnfrintervals of interest were selected to
represent the instability problems in this fieldasé 1 represents the in-gauge hole with no
wellbore stability above the problematic upper shfarmation, the input data for this case are
presented in Table 5.2. Case 2 corresponds to piperushale formation where wellbore
breakouts are detected in many wells using inpta da Table 5.3. All cases occur in shale
formation with varieties of in situ principle stees, lithology, and geomechanical properties.

The results of the numerical modeling are theaaitmud weight to avoid wellbore breakout and

87



tensile failure for a wellbore that is drilled imbé&rary inclination and azimuth. The results for

Cases 1 and 2 are presented in Figures 5.5 anceSp&ctively.

In all cases, the required mud weight to avoidllveee breakouts from Mohr-Coulomb
method is higher than the calculated mud weighthgisMogi-Coulomb method (by
approximately 0.2 SG). Mogi-Coulomb method consdbe effects of intermediate stress that is

the reason for the difference.

Table 5.2 Input data for Case 1

TVD, m 430
Lithology Shale
Rock tensile strength, MPa 1.80
Uniaxial compressive strength, MPa 17190
Young's modulus, GPa 10.30
Poisson’s ratio, unitless 0.35
Biot’s coefficient, unitless 0.1p
Internal friction angle, deg 31.30
Overburden stress, MPa 12.43
Minimum horizontal stress, MPa 8.74
Maximum horizontal stress, MPa 18.p0
Azimuth of max. horizontal stress, dep 45|00
Pore pressure, MPa 6.99
Thermal expansion coefficient, C-1 0.p0
Membrane efficiency, unitless 0.10
Chemical activity of shale pore water 0.95
Chemical activity of drilling fluids 0.90
Formation temperature, °C 85.00

The results shown in Figures 5.5-5.8 show thit iecommended to drill deviated wells

in the direction +30 degrees from the direction maximum horizontal stress with less
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possibilities of wellbore breakout. Wellbore in@tion at the interval of interest should be above

60 degrees to avoid using high mud weights.

= 408

Figure 5.5 Required mud weight to prevent welldmesakout for Case 1 utilizing Mohr-
Coulomb failure criterion, colorbar indicates mudight in SG.

= 4055
05

0.45
0.4

Figure 5.6 Required mud weight to prevent welldamesakout for Case 1 utilizing Mogi-
Coulomb failure criterion, colorbar indicates mudight in SG.
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weight in SG.

Table 5.3 Input data for Case 2

Figure 5.7 Maximum mud weight before wellbore fractg for Case 1, colorbar indicates mud

TVD, m 650
Lithology Shale
Rock tensile strength, MPa 2.00
Uniaxial compressive strength, MPa 20{00
Young’s modulus, GPa 8.97
Poisson’s ratio, unitless 0.39
Biot’s coefficient, unitless 0.1p
Internal friction angle, deg 31.40
Overburden stress, MPa 15.p0
Minimum horizontal stress, MPa 9.20
Maximum horizontal stress, MPa 21.80
Azimuth of max. horizontal stress, de 45|00
Pore pressure, MPa 8.20
Thermal expansion coefficient, C-1 0.p0
Membrane efficiency, unitless 0.10
Chemical activity of shale pore water 0.95
Chemical activity of drilling fluids 0.90
Formation temperature, °C 85.00
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Figure 5.8 Required mud weight to prevent welldmeakout for Case 2 utilizing Mohr-
Coulomb failure criterion, colorbar indicates mudight in SG.

16

15
114
113
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09

Figure 5.9 Required mud weight to prevent welldmeakout for Case 2 utilizing Mogi-
Coulomb failure criterion, colorbar indicates mudight in SG.
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East | 12

Figure 5.10 Maximum mud weight before wellbore fuaing for Case 2, colorbar indicates mud
weight in SG.

The results of numerical modeling are presenteldwer hemisphere diagrams (Figure
5.5-5.10), where each point in the diagram repitssanwell with any given azimuth and
deviation. A point at the center of the diagramregponds to vertical well, while horizontal

wells are located on the periphery of the diagratheappropriate azimuth and radial distance.

In the wellbore breakout model, the color showrrespnts the mud weight required to
prevent wellbore breakout, with red colors as tHatively unstable well orientations as higher
mud weight is needed to prevent breakout. The teeshiow that the vertical wells are the most
likely to fail, while horizontal wells drilled palial to the azimuth of S$nax are the most stable.
Therefore, the mud weight needed to prevent wedlbdamreakout in deviated wells is lower

compared to the mud weight for vertical wells.

In the tensile fracture model, the color represeéhts maximum mud weight before

tensile fractures take place. Dark blue colors ntkeah higher mud weight is needed to induce
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tensile fracture of the wellbore wall. The resutis both cases show that in vertical wells, the
tensile fracture will occurs in wellbore pressundycslightly higher than the pore pressure, while

in deviated wellbore the tensile fracture will ofdym at correspondingly higher mud weights.

5.3  The Effects of Mud Properties

Composition and properties of drilling fluids play important role in maintaining the
wellbore stability during drilling activity. Unfouhately, there is little information available on
the mud properties used in this field to studyrtlediects on wellbore instabilities. A document
was found in drilling reports of Well X-53 implietthat there was incompatibility between the
real properties of drilling fluids provided withdtrequired properties, which could be the cause

of instability issues.

Other information available on mud properties s type of drilling fluid used for Well
X-51, X-52, and X-53, which is oil based mud. Theention of using oil based mud in this field
was to handle on troublesome shales that wouldrwibe swell and disperse in water based
mud. However, this choice might have helped the culation after tensile fracture occurred,
like what happened in Well X-53. Cook et al. (20¥Xplained how the type of drilling mud
affects the fracture propagation that causes liostilation. When fracture growth begins, the
wellbore loses drilling fluid into the fracture. the fluid contains Loss Circulation Material
(LCM), it will isolate or screen the fracture tipoim the fluid pressure of invading mud. An
example of this LCM is the mud cake that is credtgdvater based mud. In a system using oil
based mud, the internal filter cake allows for fplessure communication to the tip which

extends the fracture (Figure 5.11 and 5.12), haliows further lost circulation.
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External filtercake

Figure 5.11 Filter cake and fracture propagatioweter Based Mud systei@ook et al.
2012).

Internal filtercake

Figure 5.12 Filter cake and fracture propagatio@iirBased Mud system (Cook et al.
2012).
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54 Hole Cleaning Performance

One approach to evaluate the hole cleaning pedocm is the Minimum Transport
Velocity (MTV), which is defined as the minimum welty required to initiate cuttings bed
heights. Several factors that affect MTV are flater angle of inclination, mud rheology, mud

density, cuttings size, and rate of penetration.

MTV values for well X-51 at depth 500, 700, 10&hd 1175 m MD were calculated
using empirical correlation that was developed hysen et al. (1997). Figure 5.13 shows MTV
after being converted intQc; (critical flow rate), the critical flow rate reqeid to lift the
cuttings to the surface were far above the actoal fateat depth 1075 and 1175 m MD, which
cause cuttings to settle inside the wellbore. FEdufi4 shows the increase of MTV values as the

well inclination is higher.
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Figure 5.13 Critical and actual mud flow rate in\We51.
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Figure 5.14 MTV for different well inclination in Al X-51.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

From the detailed study of the Field “X” wells, tfudlowing conclusions can be derived.

We determine through our problem diagnosis thatnBaopper shale formation in the

studied wells is a problematic zone with high frexaey of wellbore breakout.

It was found that the well trajectory, drilling ftudensity, type and chemical composition of
the drilling fluid used in the operation have angigant impact on the wellbore stability in the

study area.

Pre-drilling identification of overpressure zonevisry important to avoid non-productive

time.

The dominant stress regime around the well isetslip faulting (§>S,>S,); this result is
different than the geology log interpretation, whére faults regime are predicted to be reverse

faulting.

Core measurements are very important to deliveabigl results. In our study, no core
samples or the core data was not available to bd usthe study. Yet, we have used other
datasets utilizing well log data, drilling, geologi data, and tectonic history to create a wellbore

stability model applicable in the study area.
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Risk analysis shows that the key parameters inrmé@teng the right mud weight to avoid

wellbore breakouts and tensile fractures are:

. The in situ principle stresses magnitudes and taigems
. Uniaxial compressive strength

. Pore pressure

. Internal friction angle of the formation

The chemical interaction, temperature alteratiord #ow induced stress also contribute
towards the determination of the mud weight andaruging a formulation for the composition

in the study area.

Using oil based mud can accelerate the tensilguircgpropagation which leads to lost

circulation.

Results of this study can help well trajectory optiation, proper mud weight

determination, and reduce non-productive time (NWHi)e drilling.
6.2 Future Work
The following are recommendations for future work.

1. Validate geomechanical properties using couplegeHtriaxial core measurements.

2. Calibrate the magnitude of minimum horizontal frdsrived from correlations by first
conducting Extended LOT measurements in the wells.

3. Develop new customized correlation for the studsgaato determine UCS value from

laboratory core measurements.
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4. Investigate the formation characteristics with sdralteration in the region.

5. Upscale the geomechanics properties using reseswoiration software.
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NOMENCLATURE

A = area, M

a = coefficient, unitless

a = radius of the wellbore, inches

A df = chemical activity of the fresh water, unitless
Aw,sh = chemical activity of shale or formation poret@raunitless
b = coefficient, unitless

b = Coulomb strength parameter, MPa (psi)

c = coefficient, unitless

C = formation cohesion, MPa (psi)

E = Young’'s modulus, GPa (Mpsi)

F = force, N (kg.mA

Fr = normal force, N (kg.m?s

Fs = parallel force, N (kg.m#s

Eq = dynamic Young’'s modulus, GPa (Mpsi)

Es = static Young’s modulus, GPa, (Mpsi)
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GR

m

K

MTV

wal

Puwr1

chit

S—Imax

S1min

= outer radius, inches

= gravitational acceleration, rfi/s

= gamma ray, gAPI

= shear modulus, GPa (Mpsi)

= reactivity coefficient, unitless

= bulk modulus, GPa, (Mpsi)

= dynamic bulk modulus, GPa (Mpsi)

= compressional modulus, GPa (Mpsi)

= minimum transport velocity, ft/sec

= pore pressure, MPa (psi)

= critical wellbore breakout pressure, MPa (psi)
= critical wellbore breakdown pressure, MPa (psi)
= critical mud flow rate, gpm

= the universal gas constant, (J/K.mole)

= stress tensor, MPa (psi)

= maximum horizontal stress, MPa (psi)

= minimum horizontal stress, MPa (psi)
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S = overburden stress, MPa (psi)

T = circulation temperature, °K

To = absolute temperature, °K

Ts = tensile strength, MPa (psi)

UCS = uniaxial compressive strength, MPa (psi)

Vo = compressional-wave velocity, m/sec (ft/sec)
Vs = shear-wave velocity, m/sec (ft/sec)

z = depth, m (ft)

Zy = water depth, m (ft)

o = Biot’s coefficient, unitless

B = compaction strain-hardening coefficient, ursitle
Y = wellbore inclination from the vertical, degrees
AP = difference between wellbore pressure and pagsure, MPa (psi)
Ateo = compressional-wave slownegsec/ft fisec/m)
Aty = shear-wave slownesgssec/ft fisec/m)

ATl = osmotic pressure, MPa (psi)

p = bulk density, g/crh(kg/nT)
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Pw

01

G2

03

Ceff

Om,2

Omax

Or

oT

Gtmax

Gtmin

= water density, g/ci(kg/nT)

= stress, MPa (psi)

= maximum principle stress, MPa (psi)

= intermediate principle stress, MPa (psi)

= minimum principle stress, MPa (psi)

= effective stress, MPa (psi)

= effective mean stress, MPa (psi)

= effective stress required to reduce the mirmoeosity to zero, MPa (psig)
= normal stress, MPa (psi)

= radial stress at the wellbore, MPa (psi)

= radial effective principle stress at the wetlly MPa (psi)

= radial stress alteration due to the introdutibf osmotic pressure, MPa (psi)
= radial stress alteration due to the flow-indd stress effect, MPa (psi)

= thermal stress, MPa (psi)

= maximum effective principle stress at the aie, MPa (psi)

= minimum effective principle stress at the Wwele, MPa (psi)

= stress in x-axis in Cartesian coordinate systdPa (psi)
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Oy = stress in y-axis in Cartesian coordinate systdPa (psi)

oy = axial stress at the wellbore, MPa (psi)

Ozz = stress in z-axis in Cartesian coordinate systPa (psi)

o7 = axial stress alteration due to the introdmietof osmotic pressure, MPa (psi)
o, = axial stress alteration due to the flow-inddstress effect, MPa (psi)

Oog = hoop stress at the wellbore, MPa (psi)

oo’ = hoop stress alteration due to the introductioasshotic pressure, MPa (psi)
oy’ = hoop stress alteration due to the flow-induceelssteffect, MPa (psi)

T = shear stress, MPa (psi)

Tmax = maximum shear stress, MPa (psi)

Toct = octahedral shear stress, MPa (psi)

Tyy = shear stress in x-y plane, MPa (psi)

Txz = shear stress in x-z plane, MPa (psi)

Tyz = shear stress in y-z plane, MPa (psi)

Trz = shear stress in r-z plane, MPa (psi)

Tro = shear stress in r- plane, MPa (psi)

Toz = shear stress iz plane, MPa (psi)
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= Poisson’s ratio, unitless

= internal friction angle, degrees

= wellbore azimuth from the direction of , degree

= formation porosity, fraction
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