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ANNOTATION

An impressive novelty in oil and gas production is the achievement of an oil
reservoir layer without obstacles in the initial stages of drilling. Despite the initial
problems, a geomechanical modeling process is required to achieve optimal drilling
fluid pressure and also to drill safely in relation to pore pressure. The destruction of
the borehole wall and other consequences during drilling are usually a mistake in the
study of the stability of the borehole and the lack of an accurate forecast of pore
pressure. The above reasons slow down the work at the drilling stage, which leads to
additional finances.

In this thesis, work was done on geomechanical engineering, which is used at the
initial stages of the development of oil fields. For a more correct study of the stability
of the wellbore, the maximum width was used. Work has also been done with
sensitivity analysis, which is used to test and evaluate each factor for changes in
wellbore reliability. Many data were obtained from engineers working in the field, as
due to the covid-19 pandemic and the moving of many employees to remote work, as
well as the lack of access to practice for health safety. In addition, for a more accurate
result, it was necessary to work with a specific depth, because many drilling reports
indicate the general section of the wellbore. The sensitivity analysis was calculated in
two methods,such as EXCEL and @RiskExcel. According to the results, among all
the parameters: uniaxial compressive strength, Poisson's ratio, Young's modulus, the
most effective is the maximum horizontal stress, since it acts perpendicular to the
axis. According to this study, you can see the most common problems during drilling.

Key words: drilling, wellbore stability; sensitivity analysis; pore pressure,
geomechanical modeling, in-situ stresses, covid-19, horizontal maximum stress,
“Daily drilling reports”, uniaxial compressive strength, Poisson’s ratio, Young’s
Modulus,



AHHOTALIMSA

BHymutenbHass HOBU3HA B J00bl4e HE(TH M raza 3TO JOCTHXKEHUE HEPTSHOTO
miacta 0e3 TMpensTCTBUM B HadaldbHbIX JTamax Oypenus. HecMorps Ha
MEepPBOHAYAIBHBIX MPOOJIEMax, JUIsl JOCTUXKEHHUS ONTUMAJIBLHOTO JaBJIEHUS OypOBOIO
pacTBOpa U Takke Juisl 0€301macHOro OypeHus 0 OTHOUIEHHUIO K TIOPOBOMY AABJICHUIO
TpeOyeTcs MPOLECC T€OMEXaHNYECKOT0 MOAEINPOBaHus. Pa3pylieHue CTeHKH CTBOJIA
CKBOXHMHBI M TaKXe JPYrue MOCIEACTBUS NpU OypeHHUs KaK MNpPaBUIIO SIBISIIOTCS
OLLIMOKOM MpU UCCIIETOBAaHUS CTAOMIIBHOCTH CTBOJIA CKBAYKUHBI U OTCYTCTBUE TOYHOTO
NpOrHo3a MOPOBOIO JaBieHMs. BbllieykazaHHble MPUYMHBI 3aMEIISIOT paboTy Ha
sTane OypeHusi, 4YTO MPUBOJUT K JOMOIHUTEIBHOMY (PMHAHCUPOBAHUIO.

B nanHo# 1UIiIoMHOM cTaThe ObLTa MpojieiaHa padoTa Mo reoMeXaHu4eCKou
WH)XKCHEPUH, KOTOPYIO HCIIOIB3YIOT Ha HAaYaIbHBIX 3Tarax pa3paboTku HePTEHBIX
MecTopokIeHui. [yt Oosiee MpaBUILHOTO U3YYCHHS YCTOMYMBOCTH CTBOJIA
CKBa)XHHBI OblIa MCIIOJIb30BaHA MaKCUMajIbHas MMupHuHA. Taxke ObUIa MmpojienaHa
paboTa ¢ aHAJIM30M YYBCTBHTEIBHOCTH, KOTOPBIA MCIIOIB3YETCS JUISl IPOBEPKU U
OIICHKH KaXXJ0r0 pakTopa Ha M3MCHEHUS B HAJICKHOCTH CTBOJIA CKBAXKUHBI. MHOTHE
JaHHBIC OBUTH MOJIYYCHBI OT HH)KCHEPOB pabOTAIONIUX B MOJIC, TaK KaK B CBS3H C
naHJACMHUCH KOPOHOBUPYCA U TIEPEBOJIOM MHOTHX COTPYIHUKOB Ha JTUCTAHITMOHHBIN
pEXUM pabOThI, a TAKKE HEAOMYCKOM Ha MPAKTUKY JI1 0€30MaCHOCTH 370POBBA.
[Tomumo sToro, a1t 6osiee TOYHOTO pe3ysbTaTa HY>KHO OBbLIIO paboTaTth ¢
KOHKPETHOM Ii1yOrHOI,BEIb BO MHOTHUX OTYETOB 110 OYPEHUIO YKa3bIBa€TCs OOLIUI
Yy4aCTOK CTBOJIA CKBAXXMHBI. AHAJIN3 YyYBCTBUTEIBHOCTH OB paCCUUTAH JABYM:I
cnocodamu: EXCEL u @RiskExcel. CornacHo pesynbratam, cpeiu Bcex
napaMeTpoB: MMPOYHOCTH Ha OJJHOOCHOE CxkaTHe, koddduiuent [lyaccona, Mmomymnb
HOnra, nan6osnee 3((HEKTUBHBIM SIBISIETCS MAaKCUMAIbHOE TOPU30HTATBHOE
HanpsHKEHUE, TaK KaK OHO JICMCTBYET NEPIEHINKYIIAPHO OCU. biarogaps naHHON
paboTe, MOKHO YBUJIETh HanbOoJIee YacTO BCTPEUArOIIUe MPoOJIeMBbl BO BpeMs
OypeHwus.

KiroueBble cjioBa: OypeHue, oNTUMaIbHOE JaBICHHUE, YCTOMUYNBOCTD CTBOJIA
CKBa)XMHbBI; aHAJIU3 YYBCTBUTEIBHOCTH; FTEOMEXaHUYECKOE

MOJEIUPOBAHUE, TAHIEMHS], OTYET O OYpEHUU, MAaKCUMaIbHOE TOPU30HTAILHOE
HaIpsbKEeHMsIe, TOPOBOE JIABJIEHHE, CMEIIEHUE CTEHKH, , IPOYHOCTh HA OJTHOOCHOE
cxatue, koadpuuuent Ilyaccona, monyns HOHra, usmepenue quaMmeTpa CKBaKHUHBI.



AHJIATIIA

MyHail MeH ra3 eHIIpyJeri acepil )KaHaJIbIK-OypFblIayIblH 0acTanKbl Ke3eHIEPiHAe
KeJeprici3 MyHail KabOaTblHa KOJI >KeTKi3y. bactamkpl mpobiemanapra KapaMacTaH,
OyprbUIay €pITIHAICIHIH OHTAMIbl KbICBIMBIHA KOJI JKETKI3y JKOHE OIpKENKi KbIChIMFa
KATBICThl Kayilci3 OyprblIay I€OMEXaHUKaJbIK MOJENbACY IMPOLECIH KaXeT eTel.
¥YHFpIMaHbIH KaOBIpFachlHbIH Oy3bUTYbl JKOHE OyprbuUiay KesiHjeri Oacka [na
cajjapiap, oOAeTTe, YHFbIMAHBIH TYPAKThUIBIFBIH 3€PTTEYJEri KaTediK OOJIbII
TaOBLIaAbl JKOHE KEyeK KbICHIMBIHBIH HaKThl OoJKaMbIHBIH OonmMaybl. JKorapbiga
aTanraH ceOentep OYpFbUIAy KE3CHIHJIET >KYMBICTHI Oasynataabl, OWI KOCBHIMIIIA
Kap KbUIaHABIPYFa OKeJNe/Il.

By mumioMabIk Makaiaga MyHaW KeH OpPBIHIAPBIH UTEPY/IiH O0acTankpl Ke3eHICPiH/Ie
KOJIJIAaHBUTATBIH ~ TCOMEXaHUKAJBIK HMH)KCHEpUS OOMBIHINIA JKYMBIC  JKacalibl.
YHFBIMaHBIH TYPAKTBUIBIFBIH JYPHIC 3€PTTCY YIIIH MaKCUMAJAbl €Hi KOJIaHBLIIbI.
Conpaii-ak, YHFbIMaHBIH CEHIMAUIITIHIET1 e3repicTep/ii TeKcepy *xoHe Oaranay YIIiH
KOJIJIAaHBUTATBIH CE3IMTaJIBIKTHI TaJIayMEH XYMBIC Jkacanabl. Kenreren mamiMerTep
Janana OJKYMBIC ICTEHTIH HWHXKEHEPJICPJCH aJbIHIbl, OWTKEHI KOPOHOBHUPYC
NaHJACMUSIChIHA JKOHE KOITETCH KbI3METKEpJIEP/l KAIIBIKTHIKTAH YKYMBIC PEKUMIHE
aybICTBIPYFa, COHJIa-aK JIEHCAYJIBIK KayilCI3diri YIIiH MpakTHKara >KidoepiiMeyiHe
OaitnanpicThl. COHBIMEH KaTap,JdoNTipeK HOTHXKE aiy YIIiH Oenriai Oip TepeHIIKIeH
KYMBIC 1CTEeY KEpEK OO0JIIbI, OUTKEH1 OYpFhLIIAY Typajibl KONTETeH eCenTep YHFbIMAHBIH
JKambl ayaaHbiH kepceteAl. Ce3iMTanabIKThl Tanaay ekiskoamen ecenrenai: EXCEL
xoHe (@riskexcel. Hotmwxkenepre colikec, OapibIK mapaMeTpiep i imiHae: 0ip oChTiK
ceiFbIMaay Kymri, Ilyaccon koaddunmenti, FOHr Momymi, eH THIMIiCi-MaKCUMAaJIIbI
KOJIJICHEH KepHEY, OUTKEH1 0J1 OChbKE MEPHEHIUKYISIp opekeT erei. OChl ) KYMBICTBIH
apKachIHIa OYpFbUIAY Ke31HJIe KU1 Ke3/IeCeTiH Maceeep i Kkepyre 00J1abl

Tyiiinai ce3nep: OyprblIay, OHTAMJIBl KBICBIM, VHFBIMAHBIH TYPaKTBLIBIFHI;
CE3IMTaJIBIKTHI TaJJ]ay; TEOMEXaHUKAIBIK MOJIETIbACY, MMaHIeMHUsl, OYPFbUIAY Typasbl
€cen, MaKCUMaJIJIbl KOJIJICHEH KEepHEY, KEYeK KbICHIMbI, KaOBIPFaHBIH JKBUDKYHI,, O1p
ochTi chiFbIMAay kyiii, [Tyaccon koaddunuenti, KOHr Mmomymi,
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INTRODUCTION

1.1 Wellbore instability

Wellbore instability problems bring significant cost increases to drilling operations.
These problems can occur in a variety of forms including stuck pipe, loss circulation,
hole enlargement, unintentionally induced tensile fractures or difficult directional
control incidents. In severe conditions, wellbore instability can increase non-
productive time and create simultaneous occurrences of multiple instability incidents,
which potentially can lead to losing the well if they are not handled with proper
mitigation. Wellbore instability is a function of imbalance in the required wellbore
pressure applied and the fluid pressure in the formation, in addition to chemical
interactions between the formation and the drilling or completion fluids, and
interactions between these fluids and native formation fluid. Deviation and azimuth
of the well also influence the wellbore stability as the stress distribution around the
wellbore is dependent on the orientation of the wellbore, with respect to the in-situ
stresses and the hoop stresses introduced through drilling the wellbore. To avoid
wellbore instability problems in drilling, a proper well design needs to be developed
for the formations to be drilled and completed for production, which requires
understanding of the in-situ stress state, pore pressure, and geomechanical properties
of the reservoir formation.

1.2 Objectives of the study

Wellbore instability problems significantly increase the cost of drilling and
operations in the petroleum engineering companies. At the initial stages of drilling
and completion, the main object are to predict the stability of the wellbore during
construction and maintain integrity during its production.

The main targets of the study were to:

- Measure the proportion of each parameter effect on the stability of a wellbore.

- Develop a calibrated geomechanical model for each area of the field aligned

with the pore pressure, fracture gradient and in situ stress profiles

- Advise mud properties and practices, Rate Of Penetrations (ROP)s, swab and

surge allowances, torque and drag monitoring etc. that are required to
minimize potential drilling issues.

- Study the effect of stress direction on instability and highlight any changes due

to borehole deviation

15



1.3 Available data

The data availability is one of the invocation faced during the work.
Geomechanical engineering was considered as an main part, but values needed for
calculations were limited by a specific depth (0-5100m).

Well Logging Data

Wireline logs are one of source of geomechanical characterization in this research
study. The log data are used to determine the compressive failure within the field and
this is well-illustrated by numerous image and dual-caliper logs.

Daily Drilling Reports

From this reports, drilling progress chart has been created showing many
challenges that caused non-productive time (NPT) during drilling. This data is useful
to determine the main cause of wellbore instabilities.

In-situ stresses

The processed Formation Integrity Test (FIT) and Leakoff Test (LOT) results as
in-situ stresses were part of the data reviewed for this study by the company
representatives. The dataset for the X Field is limited.
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Figure 1- The Leak-Off Test (LOT), Formation Integrity Test (FIT) values and
minimum horizontal stress (cHmin)
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Problem diagnostic

2.1 Problem diagnostic methodology

Geomechanical research depends on the relation between mechanical properties
and qualities of rocks with the stresses acting on the site. At the moment when the
stresses acting in the rock are below the yield strength, the rocks act flexibly and the
deformations are small. However, if the stress changes resulting from excavation
during drilling, or from pore failure or thermal changes, exceed the compressive yield
strength, peak strength, or pore fracture strength, the rock will explode as a result of
shear or compaction, causing indirect irreversible deformation. The land articulation
of the geomechanical, or basic, forms that are liable for the improvement of
numerous oilfields incorporate collapsing, blaming, breaking and diapirism. The
stress regimes and strains going with these deformations can control the current day
initial stresses and surfaces in numerous reservoirs. [Error! Reference source not
found.]

The mechanical stability of a well depends on the effective stresses in place, the
mechanical strength of the exposed layers, and the geometry of the well. The
occurrence of instability of the holes, as a rule, is the result of mechanical and
chemical influences. Mechanical instability occurs when the stresses in the wellbore
exceed the mechanical strength of the formation, either in tension (which leads to
formation failure) or in compression (which leads to breakouts, collapse, or collapse
of the formation). The onset of formation failure (or tensile failure) indicates drilling
with too high a mud weight, and a borehole breakout suggests that the mud weight is
too low. Between these two extremes is the range of drilling mud weights for safely
drilling a well - the safe drilling window. The upper limit of this window is
controlled under certain circumstances by the minimum horizontal stress, when it can
be expected that the ECDs (Effective Circulation Density) above the minimum EMW
(Effective Mud Mass) for the well section can lead to losses due to the opening of
previously existing unfavorably oriented natural cracks.

The methodology is based on an incremental design approach, and the quality of
forecasts depends on the accuracy, variability, and quantity of field data. It is
therefore essential to conduct assessments as new field information becomes
available. This would increase the credibility of the assessment.

The methodology used for this study was divided into five main research areas:
problem diagnosis, stress analysis, sensitivity analysis, and finally, results and
recommendations.
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Figure 2- Relief plot illustrating the tangential stress distribution around a vertical
borehole in an anisotropic stress field. The coincidence of regions of highest and
least tangential stress with the azimuths of 6 gmina@nd 6 gmaxrespectively.

The figure above shows a graphical representation of the values of tangential (or"
ring") stresses around the wall. Two water zones with high compressive stresses will
correspond to the breakout areas if the stresses exceed the rock strength. They are
always aligned in the direction of the lowest stress in the vertical wells. Areas of low
tangential stresses are aligned in the direction of maximum stresses and areas of
tensile stresses.

2.2 Stress Analysis

Stress is defined as the force acting on a unit area that pushes or pulls a body of
material. The magnitude of the force and the properties of the material determine the
reaction of the material to the applied stress. Zobak (2010) describes the stress as a
second-rank tensor with nine components that determine the density of forces acting
on all surfaces passing through a given point. All these nine components are shown

as:
511 S12 S1'3
S = 521 522 523 '
S:El 5‘32 S:H

The nine components define the direction the force and the face it is acting on. Since
each component is acting perpendicular to two axis and acting in one direction, there
are nine magnitudes and three directions to define.

As shown in Figure below vertical stress prevails in the normal fault mode; fault slip
occurs when the minimum horizontal stress reaches a relatively lower value than the
vertical stress and pore pressure. When there is a significant difference between the
maximum horizontal stress and the minimum horizontal stress, a slip error will be
created. On the other hand, the reverse fault is caused by a large difference between
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the maximum horizontal voltage and the vertical voltage. As soon as both horizontal
stresses exceed the vertical ones, the earth's crust shortens.

Table 1- Definition of S1 and S3 for Andersonian faulting classifications
(PetroWiki, 2015) [Error! Reference source not found.]

Fault Regime S; Ss
Normal Sv S1"-1’r1"|in
Reverse S Sy
s S, S,
v 4 <
SRR —— BN PN %
H,I\’_ hmen Himae Sn‘.-‘:n‘}.. Hmax
+ t g
Normal Faulting {MF) Strike-Slip (35) Thrust Faulting (TF)
Sy > SHmax ™ Shmin SHmax > Sy ™ Shmin SHmax ™ Shmin = Sy

Figure 3-Faulting regimes [Error! Reference source not found.] (Ahangari, 2017)

The X field was interpreted as having a Strike-slip mode. Consequently, the stress
difference is highest for a vertical well compared to horizontal wells. The well
pressure required to prevent a breakout is highest in vertical wells and usually
decreases with increasing slope. However, for wells with a high slope, there is a
strong azimuthal dependence. It may not be possible to use sufficiently high mud
weights to prevent failure, and some breakthroughs must be allowed. Breakouts have
generally been tolerated recently in high-slope wells due to problems with well
cleaning and steering. The mud weight may not be able to be reduced in high
inclination wells compared with vertical wells for these reasons. However, it may be
possible to maintain the mud weight in use in the vertical wells through the
overburden should more challenging well designs be proposed.

2.3 Sensitivity Analyses

Sensitivity analysis is a method for evaluating the constantability of a system. The
sensitivity of each factor was developed by changing its meanings in a given values
while keeping all other factors constant at their base value. Then there were created
graphs, according to the equations that we found and these adjusted equations are
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used to quantify the sensitivity of each factor. The sensitivity of displacement of the
borehole walls is a criterion of stability to the factors of these types of rocks.

Also for more accurate results, we performed another sensitivity analysis.
Sensitivity analysis was conducted with the @RISK Excel, a program that provided
calculation of the risk severity using Monte Carlo simulations to show probabilities
of specific input parameters.

2.4 Results and Recommendations

The final portion of this report will be the examination of results. Analysis will be
based upon the findings from field background research, previous work, the stress
analysis and the sensitivity results. Relationships between the stress anisotropy,
acoustic properties and petrophysical properties will be discussed in an attempt to aid
in optimization of the future drilling and completion designs. The analysis portion of
the report will also provide recommendations for future work.

MAIN PART

3.2 Well X-77 description

The 16” section

The 16” section was drilled vertically with water-based mud (WBM), with mud
weight increasing gradually from 1.25 SG at the start of the section to 1.40 SG once
TD was reached at 1956 m MD. A drilling time summary of the 16” section is
presented in Figure 4. Minor light spots were found on several short wiper trips in the
Jurassic and Triassic periods, and some expansion was required. Some more stable
bottlenecks, requiring both read and reverse flow, have been tested to the base of the
Triassic. Small glasses, with rats of the order of 3.6 m3 / h, were also tested after
drying in the upper Triassic.One logging run was carried out successfully (DLL-
MLL-MAC-DSL) and the 13 3/g” casing was run to TD twelve days after the section
was started.

The 12 1/4” section
The 12 Y, section of Well X-88 took 67 days to complete and for this reason it is
presented on two drilling time summaries shown in Figure 5 and Figure 6. Losses

were experienced throughout the section, although maximum rates of only 2 m3/hr
were recorded. The drilling mud weight of 1.40 — 1.41 SG was used for drilling up to
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the middle of Tartary, where the drilling mud density was increased to 1.48 SG. The
site was drilled vertically to a depth of 4,674 m in the upper part of the Artinskoye
after very slow drilling through the Irenskaya and Filippovskaya formations.
Frequent bottlenecks, caverns, and the need for sweep and reverse sweep were
observed at the base of the Triassic and in the upper part of Tartary, although these
problems decreased in frequency after the mud weight was increased from 1.41 to
1.48 s. Some bottlenecks and packages were also observed in the Irena formation.
The frequent trips carried out in the second half of the section were mostly trouble-
free, and three logging runs (DLL-MLL-DSL-MAC; ZDEN-CN-GR; STAR-CBIL-
GR) were carried out with some overpulls noted.

The 8 12” section

The 8 127 section was drilled with a mud weight of 1.18 SG (WBM) and was
drilled vertically to a TD of 5275 m MD (cored from 5005 — 5188 m MD) with a
maximum loss rate of 0.5 m3/hr. No problems were experienced while drilling,
coring and during the multiple trips, and three logging runs were carried out
successfully (DLL-MLL-DSL-MAC; ZDL-CN-DSL; STAR-CBIL-GR). On the
fourth logging run the RCI tool became stuck in the Upper Serpukhovian and the
cable was cut. Fishing operations were successful and the RCI log was re-run,
followed by the MRIL logging string. The section was plugged and sidetracked.

The X-88 STH well was launched in the 8 1/2 " well from a depth of 4986 m in
the Lower Serpukhov and was built horizontally in the north-west azimuth. A brief
description of the drilling time, showing both 8 sections 1/2”” and 57/8”, is shown in
Figure 5.

The short section was drilled from 4,986 m to 5,182 m in an 8 1/2-inch hole
prior to launching the 7-inch liner. In this section, there were no obvious problems
with the drilling mud mass (WBM) of 1.19 SG and the maximum loss rate of 1
m3/hour. The well was then continued ina 5 7 x 8 inch well and drilled to TD 5716
m MD in seven days using a drilling mud weight (WBM) of 1.08 SG. One trip was
required due to a MWD tool failure, the chisel was marked as "rolled", and the string
was found to be hanging while the slide was being drilled. However, no further
problems occurred, and two runs of drill pipes (DL-ML-MEC-DSL-TERM; ZDL-
ZDEN-CN)were successfully conducted in the open well.
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3.3 Well X-77 Geomechanical Interpretation
The minor tight spots experienced in the 16” section may indicate a limited
amount of wellbore failure (breakout) in the Triassic claystones. Initially, tight spots
were experienced while pulling back through the top of the Jurassic and Cretaceous.
However, it is noted that no circulation was carried out prior to pulling out of hole,
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therefore the tight spots encountered may have been due to inadequate hole cleaning.
No tight spots were seen to recur in the section; therefore failure was likely to be
limited. The losses encountered in the Triassic are likely to be seepage losses to the
frequent sandstone interbeds due to the mud overbalance.

The caliper was reviewed for the 16” section and is shown in Figure 4 along with
the geomechanical model predictions for each section presented as a profile. It can be
seen that the well becomes progressively more overgauge towards the bottom of the
section, with the caliper reading up to 20” in places. This increase in hole size
corresponds to a zone where a large extent of wellbore failure is predicted in the
claystone / siltstones by the geomechanical model. It is also likely that there is an
‘overprint’ from the reaming operations, where failed material will have been
removed from the wellbore wall by mechanical disturbance and circulation.

The profile also shows the model forecasts for the 12 1/4-inch section. It can be
seen that in the clays and siltstones of the 11l Triassic formation and in the Tatar
deposit, a zone of excessive calibration is marked. The company said significant
problems were noted when drilling the site, which included repeated bottlenecks,
cavities, drag, and the need for expansion and reverse expansion. It is likely that
extensive wellbore failure occurred in the area, although this was later stabilized
when the weight of the drilling fluid was increased. CBIL log (round image of the
well ) was run in a 12 1/4-inch section, although logging encountered difficulties and
the log was not viewable.

The hole appears to be closer to the calibration in Kazansky, then increases in
diameter in Irensky, which is due to the destruction of the clay layers in the salt. The
upper part of the site was opened for 46 days during logging operations. Therefore, it
is likely that the degree of well failure has increased over time, as well as as a result
of disturbances during multiple trips. Such effects can be carefully analyzed, but the
focus of the current work has been on identifying the underlying failure processes.
Very few drilling problems were experienced in the 8 ¥, section. However, a CBIL
(Circumferential Borehole Imaging) was available for viewing, which indicated
widespread destruction of the borehole throughout the section. An example of the
extent of the breakout observed in the Upper Serpukhov is shown in Figure 9 for the
zone between 4709-4714.8 m A.D. The lithology is described as dolomitic limestone
in the composite log, and the caliper is also above the gauge in this section. The
image log shows that the hole was intact in the Lower Serpukhovsky, although the
underlying Upper vise and significantly failed. These observations are reflected in the
model forecasts.
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Database
The essential parameters for assessing the mechanical stability of a wellbore in
any lithology are:

- The depth trend of the magnitudes of the in situ principal stresses.
- The depth trend of the azimuths of the in situ principal stresses.

- The depth trend of the pore pressure.

The properties describing the mechanical strength of the material.

For this assessment, the main stresses at the site were assumed to be oriented
vertically and horizontally, with the values of the vertical stresses being equivalent to
the overburden pressure. These premises imply that the total stress field at a point is
determined with knowledge of the 3 main stress values and the azimuth of one of the
horizontal stresses. It is possible that the rotation of the stress axes in situ may occur
near the salt wall. The degree of rotation is hard to obtain. On the other hand, due to
the steep sides of both salt walls, the rotation is likely to be minimal, and the change
in the behavior of each formation due to this will be taken into account during
calibrating the model.

Table 1- lithology, density of X-88 well

DENS |Formation
2,65 |-

*« 2,62 |Cretaceous Salt-Free
- 7= "= 2 57 |Jurassic Sakt-Free
= 2,67 |Triassic Salt Free
I 2,65 |Triassic Salt Free
& 2,67 |Triassic Salt Free
Triassic Salt Free

E : Tatarian Salt-Free
T--— 2,67 |Tatarian Salt-Free

"™ - 2,65 |Tatarian Salt-Free
~:*—§ 2,69 |Tatarian Salt-Free

2L 2,65 |Tatarian Salt-Free
e 2,67 Kazanian Salt-Free

-~ 2,65 |Ufimian
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a. Stresses and Pore Pressure

The processed Formation Integrity Test (FIT) and Leakoff Test (LOT) results
were part of the data reviewed for this study by the company representatives. The
dataset for the X Field is limited. The dataset reviewed included six FITs and one
LOT.The resulting LOT and FIT pressures were then plotted and a trend line fitted to
the data. This trend line was then used to give an approximate ormin TVDbgl relation,

which was used in the Salt-Free Model due to the location of the well that the tests
were carried out in.

Overburden oppin = 2.526 - TVDbgl D
where onmin— Minimum horizontal stress, psi;

TVDDbgl — true vertical depth below ground level, m.
Reservoir oy, = 2.348 - TVDbgl . 2

The LOT, FIT values and onmin TVDbgl trend by engineers of X-field used in
each model are shown below in Figure 10

Prossure (psi)
o 2000 4000 6000 8000 10000 12000 14000

:

R

Flank 2.70 psi'm

Salt-Free
2.526 psilm

Dopth {m) byl
§

:

Salt 2.550 psi/m

e e e e e e e e e e e —_— ——

.\.\

5000

6000

Figure 10-The LOT, FIT values and SHmin TVDbgl trend

b. Initial input data
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Initially values of true vertical depth (TVD), vertical stress (oy), maximum and
minimum horizontal stresses (GHmax, Shmin) given and provided by X-field engineers
which is shown below in Table 2.

Table 2- True vertical depth (TVD), vertical stress (ov ), maximum and minimum
horizontal stresses (cHmax , chmin) values.

TWDL m| Sv, psi | Sh min, psi| 5h max, psi

0 0 0 0
100 | 20744 | 25as 191,1
300 | =411 7578 5733
soo | 147958 | 1283 1555,5

J00 | 212282 17682 22377

500 | 2770,58 2273 4 2913 9

1100 | 342374 27786 36021
1200 40214 32838 42843
1500 | 474356 3783 49665
1700 | 541112 4284 2 Se43.7
1900 | e0g83,18 47594 5320,8
2100 | 6760,04 53046 70131
2300 74417 SE09 8 76953
2500 | 2128 16 &315 B377.5
2700 | 881942 6820,2 20597
2800 | 951548 73154 27418
3100 |102156,34| 78306 104241
2200 10522 83358 11105 2
3500 | 1163246 5341 11788 5
2700 12347 72| 93462 12470 7

3900 |13067,78| 58514 131529
4100 |13752,64| 103566 138351
4300 | 145223 | 108618 145173

4500 | 15356,76 11367 151595
4700 | 15586,02| 118722 158817
4800 |1e367,45( 12124 F 16222 8
4800 |1e740,08( 123774 165639
E000 | 1711391 12630 16905

5100 |17488,54| 13BB2 S 172451

Porosity calculations:
@ = (Pmat — Pb) = (Pmat — Pa) , (3)
where ¢ — porosity,

pmat — Matrix density, g/cm?

po— bulk density, g/cm?

pr—fluid density, g/lcm?

pr=1,094 g/cm?,

Log density calculations:

Plog = (0y2 —0y1) +(8,35: 0,052 - (TVD, — TVDy)) (4)
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where pj,.— density of log, g/cm?

Porosity from log density:

@Plog dens = (Pmat — Plog) * (Pmat — Pf) ; (5)
where @jog gens— POrosity from log density

Hydrostatic pore pressure:

Po1 hydro = 18,350,052 TVD (6)
Po2_hydro = Pp1 hydro + 1° 8,350,052 - (TVD, — TVD;) (7)
where P, nyaro— hydrostatic pore pressure, psi

Theoretical porosity:

Ptheor = 0,4 - exp(—0,0002 - (oy)); 8
Actual pore pressure:
Pp_act = oy + (1/0,0002) - LN((Plog dens T 0,4) 9)

Uniaxial Compressive Strength:

Table 3- Empirical relationships between UCS and other physical properties in
sandstones. [Error! Reference source not found.] (D., 2006)

Equation

No. UCS, MPa Region where developed  General comments Reference

1 00357, —315 Thuringia, Germany - (Freyburg 1972)

2 1200 exp(—0.036 A1) Bowen Basin, Australia Fine grained, both consolidated and (McNally 1987)
unconsolidated sandstones with
wide porosity range

3 14138 x 10" A~ Gulf Coast ‘Weak and unconsolidated sandstones ~ Unpublished

4 33 x 1079 P2 [(1+0)/(1-w]*(1-2v)  Gulf Coast Applicable to sandstones with UCS (Fjaer, Holt e al. 1992)

[1+ 0.78F,1z] =30 MPa

5 1.745x107° pV; —-21 Cook Inlet, Alaska Coarse grained sands and (Moos, Zoback et al. 1999)
conglomerates

6 421exp(1.9 x 1071 p¥)) Australia Consolidated sandstones with 0.05 Unpublished
< ¢ < 0.12 and UCS = 80MPa

7 3.87 exp(1.14 x 1071 p772) Gulf of Mexico - Unpublished

8 46.2 exp(0.000027E) - - Unpublished

9 A(1-B¢) Sedimentary basins Very clean, well consolidated (Vernik, Bruno er al. 1993)

ssasldacida saadstonec b b 020

10 277 exp(—10¢) - Sandstones with 2 < UCS =< Unpublished
360 MPa and 0.002 < ¢ < 0.33

Units used: 7, (m/s), At (us/ft), p (kg/m’), Vey (fraction), E (MPa). ¢ (fraction)
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Table 4-Empirical relationships between UCS and other physical properties in
sandstones. [Error! Reference source not found.] (D., 2006)

Region where
UcCs, MPa developed General comments Reference

11 0.77(304.8/An***  North Sea Mostly high porosity (Horsrud 2001)
Tertiary shales

12 043 (3048/Af*?  Gulfof Mexico  Pliocene and younger Unpublished

13 135(304.8/An**  Globally - Unpublished

14 0.5 (304.8/A)° Gulf of Mexico — Unpublished

15 10(304.8/Ar—1) North Sea Mostly high porosity (Lal 1999)
Tertiary shales

16  0.0528E%™? - Strong and compacted shales ~ Unpublished

17 1.001¢ 1% - Low porosity (¢ = 0.1), high  (Lashkaripour and
strength shales Dusseault 1993)

18 2_9229‘)‘0-% North Sea Mostly high porosity (ﬁorsrud 2001)
Tertiary shales

19 02864 17 - High porosity (¢ = 0.27) Unpublished
shales

Units used: Ar (us/ft), E (MPa), ¢ (fraction)
Poisson's ratio:

Poisson'’s ratio = ((Ghmin - l)p_act) - (GV - Pp_act)) - (1 + (Ghmin - l:’p_act) -
(GV - Pp_act)) (10)

Young's modulus, GPa:

Table 5-Young’s Modulus for different formations. [Error! Reference source not
found.] (Ocak, 2009)

Formation Number of Equations™ r
data
Mudstone 47 E, =0.3436UCS"*""  (Eq. 1) 0.884
Diabase 13 E =0.1627UCS'"*  (Eq. 2) 0.942
Claystone 40 E, = 0.3485UCS"**  (Eq. 3) 0.837
| Limestone 76 E = 0.4153UCS"*  (Eg. 4) 0.935 |
Conglomerate 13 E = 1.1329UCS"*™"  (Eq. 5) 0.849
|Sandstone 180 E=0.33410CS™" (Eq.6) 0.893 |
Siltstone 12 E =6.7152e"71Y  (Eq. 7) 0.639

*E, : GPa, UCS : MPa
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Table 6-Statistical relationships for estimation of modulus of elasticity for different
geologic formations and all formations together [Error! Reference source not found.]
(Ocak, 2009)

Equations Number of data Formation Lithalogy f
E = 0.3663UCs0 e 1] i) Trakya Sandst.-siltst -clayst. 0915
E = 1.0331UCg0E 2 B Tuzla Shala 0.903
E = 0.7488UCSY = il 3 Karta Shale-limestona 07T
Ej=-24.7 + 0.102UCS + 1.7y ) 20 Kurtkay Sandstona-canglemerat. 0.908
E;= 2.05620UCST = [5) H Dolayoba limastona 0478
E;= 0.5M2UCst e () 7 Al farm. All lithology above 0.809
=GPt
104
CP=Ln LIC?:;WLW;"EE ] 177 Allform. Al lithalagy abave 0.834
0.
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RESULTS

6.1.1 Offset Well Behaviour

When a well is drilled in a stressed environment, the stress around the well increases
due to the removal of stress-bearing material existing at that location. Breakouts in a
well are formed when the stresses near the well exceed the rock strength. A breakout
within the sandstone blocks occurs only occasionally, and therefore, where intertwined
sands and clays meet, a borehole profile is formed. This leads to problems with
disconnecting, cleaning holes, and starting the casing.

Limited amounts of breakout in reservoir formations were observed on image logs.
However, image log quality was variable due to observations many logs being pipe-
conveyed. Notwithstanding this, drilling problems within reservoir formations are rare,
showing that breakout is not ‘progressive’ and stabilises providing that drilling
disturbance in failed zones is limited.

6.1.2 Sensitivity analysis

A sensitivity analysis determines how different values of an independent variable
affect a particular dependent variable under a given set of assumptions. In other
words, sensitivity analyses study how various sources of uncertainty in a
mathematical model contribute to the model's overall uncertainty. This technique is
used within specific boundaries that depend on one or more input variables. [Error!
Reference source not found.] (Kenton, 2019)

Sensitivity analysis is a method for evaluating the stability of a system. It links the
uncertainty at the model's output to various sources of uncertainty at the model's
input. The sensitivity of each factor was studied by changing its value in a given
range while keeping all other factors constant at their base value. Sensitivity analysis
describes the system sensitivity to a single factor.A real-world system character (such
as wellbore stability in this study) is governed by several factors (in-situ stresses,
geomechanical properties) with various physical quantities and units.

To calculate the displacement (U,, 4, )of the well, the Equations 13-18 were used.
The equations selected from a set of possible selected curves in order to estimate the
displacement of the wellbore walls as close as possible to the numerical results.
These adjusted equations are used to quantify the sensitivity of each factor. The
sensitivity of the displacement of the well walls is a criterion of resistance to the
factors of these types of rocks. The displacement of the well walls is practically not
sensitive to changes in vertical stresses, so they are not shown in Fig.11. As expected,
the displacement of the borehole walls increases (i.e. the stability of the well
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decreases) due to an increase in internal stress and pore pressure, while an increase in
the pressure of the drilling fluid or the pressure in the well reduces the displacement
of the well walls (i.e., increases the stability of the well). As shown in Figure 8, an
increase in the minimum horizontal stress led to a decrease in displacement, i.e., an
Increase in stability. An increase in the minimum horizontal stress resulted in a
decrease in the displacement for the strong rock type in Figure 9. When the minimum
horizontal stress increases, a more uniform stress field occurs, i.e. lithostatic stress
field. This increases the stability of the well for weak rocks. Since the maximum
horizontal stress in this analysis is constant, a greater increase in the minimum
horizontal stress results in a higher stress concentration around the wellbore. This
eventually led to higher displacements in the well wall, as it is increasingly controlled
by plastic properties rather than elastic ones. The maximum horizontal stress appears
to have a significant effect on the stability of the wellbore, as results change rapidly.

Upar = (26.7 + 0.445 % S0 ) % 1073 + i:fn (11)
Upgy = 10451073 %S . — 0.4298 (12)
Upax = (127 %P 3 —97.1% P 2 + 2217 P , + 22400) x 1076 (13)
Unpax = (534—8%P ) *1073 (14)
Umax = = (15)
Upax = 0.11 % v + 0.22 (16)

Shmin — Minimum horizontal stress
SHmax — Maximum horizontal stress

Pp — Pore pressure

Umax — Maximum wellbore displacement
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Figure 11- Sensitivity analysis of in-situ stresses and pressures

Figure 12 shows the effect of geomechanical properties on wellbore stability. The
increase in geomechanical properties reduced the stability of the wellbore in all cases,
except for the case of the Poisson's ratio. Increasing the Poisson's ratio increased the
displacement of the wellbore. Poisson's ratio is usually determined using well-
logging, fracturing data and core samples. In our case we found out using Eq(12). As
all we know, Poisson’s Ratio, v is the fraction of expansion divided by the fraction of
compression. When a material is compressed in one direction, it usually tends to
expand in the other two directions perpendicular to the direction of compression.
Accordingly, as Poisson’s ratio increases, as the displacement of the wellbore
Increases.

Also in Figure 12 we can see how displacement changes within Young’s modulus.
Elastic modulus is a number that depicts an object or substance's resistance from
being deformed elastically (i.e., non-for all time) toward the force, when a force is
applied to it. It is additionally known by various different names, for example,
modulus of flexibility or Young's modulus. So, it increases the stress on an object,
and decides how it strains (i.e twists) and by increasing Young’s modulus, the
displacement of the wellbore decreases. .
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The exact solution for the most sensitive parameters cannot be given only on the
basis of Figure 11 and Figure 12, since the factors under study have different units of
measurement and range of variation. Sensitivity analysis requires establishing a
relationship between the studied factor (for example, the modulus of elasticity) and
the nature of the system (for example, the stability of the wellbore).
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Figure 12-Sensitivity analysis of geomechanical factors

For more accurate results, we performed another sensitivity analysis. Sensitivity
analysis was conducted with the @RISK Excel, a program that provides calculation
of the risk severity using Monte Carlo simulations to show probabilities of specific
input parameters. For each input parameter, probable ranges are determined by
considering variations of input data as described in Table 7.

Table 7-Input data ranges for the wellbore-stability sensitivity analysis

Actual Min Most Max
likely
Sh max, Mpa 607,1129 | 13,186 |618,17195 |1189,9809
Pp_hydr,Mpa 257,7562 19,8268 |262,27429 |501,16753
Sh min,Mpa 457,1712 | 17,429 |465,18468 | 888,8994
Mud pressure, Mpa 350,7246 | 12,375 |352,00595 | 687,79303
Poisson's ratio 0,356772 | 0,1957 |0,3780594 | 0,496528
Young's modulus, GPa |13,98268 | 1,3348 |11,758382 | 28,854884

The breakout pressure (P,) is a criterion of stability in wellbore-stability
sensitivity analysis. To find breakout pressure Equations 19-23 were used.
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Py = 3Shmin — SHmax — Pp (17)

(SHmax+2Pp+dP+0dT)

Shmin = - z , dP =Py — P, (18)
(Co+2Py+dP+0dT)—Spmin(1+2c0s26b)

SHmax = 5 (1—2COSZth) ) 20b=m —Wpho s Who = 600 (19)

The probability of happening breakout in 10% and 90% values are simulated using
@RISK Excel identify key driving factors at given uncertainties to prevent breakouts.
The results of the probability density simulation are shown in Fig. 13. To prevent a
breakthrough, a 10% value of 345 MPa was calculated, and a 90% value of 1298
MPa.

It is necessary to evaluate the sensitivity of the output data to see the dominant
parameters that affect the wellhead breakouts. In Figure 13, the tornado diagram
shows that the most dominant parameters that affect the prevention of hole rupture
are horizontal stresses, pore pressure, and UCS. Based on this sensitive analysis, the
present study has focused on collecting baseline data, and future research should
continue to focus on reliable geomechanical data and on-site underlying stresses.
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Figure 13-Probability of breakout pressure.
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Figure 1- Contribution of various input parameters to minimum pressure
to prevent breakouts

A dimensionless sensitivity analysis on the stability of the borehole was performed.
The extreme displacement of the borehole partition is chosen as the principle of
immutability (i.e., wells with a higher displacement are considered unstable).
dimensionless sensitivity analysis, using the hypersensitivity factor, allowed us to
quantify the share of misconceptions in the way of thinking about the immutability of
the wellbore, based on the discrepancy between the input geomechanical components
and the stresses and pressures in place. As a result, it was found that accentuation at
the highest level is practically an effective factor. due to the perpendicular borehole
being a euphemistic former when looking at the most extreme level of accentuation,
hawthorn will be common to the most extreme representation of accentuation,
common to the axis of the borehole. Poisson matching always has a bit of an over-
sensitivity to the results.
Risk analysis shows that the key parameters in determining the correct average
weight to prevent well breakouts and tensile fractures are:

- The insitu principle stresses magnitudes and orientations;

- Uniaxial compressive strength;

- Pore pressure,

- Internal friction angle of the formation;
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CONCLUSIONS AND RECOMMENDATION

7.1 Conclusion

This work allows you to predict and prevent, reduce periods of wellbore
instability in progression to reduce production costs and life-threatening
conditions. The resulting collection region estimates and day-to-day production
descriptions should be euphemistic in order to influence the variability of
weather conditions in the wellbore. Geomechanical psychoanalysis has far-
reaching implications for reducing the duration of no-load production
(NPT).The interpretation of the borehole condition for each position was based
on the daily drilling reports, caliper logs and the interpretation of image logs.
Test points within the geomechanical model have been graded for quality
depending upon the amount of information that was available for each test
point. The higher confidence test points are normally given to those where a
problem is repeatedly seen, where caliper confirms reported problems or
orientated four / six arm caliper or image logs are available.

A dimensionless sensitivity analysis is performed on wellbore stability. The
maximum wellbore wall displacement is chosen as the stability criterion (i.e.,
wellbores with higher displacement considered more unstable). The results of
this study may be used in oilfields planning. Taking into account the overall
strength of the formations, engineers can plan on the number of needed
geomechanical samples and tests for deriving the properties of the field, saving
costs on low sensitive parameters and investing on most effective parameters.
Continuous updating of geomechanical models leads to more accurate
predictions, therefore better models.

According to advise of field engineers some drilling guidelines supposed to
mitigate:

Hole cleaning: The emphasis while drilling sensitive formations should be to
maintain a clean annulus to prevent packing off tight spots and stuck pipe.The key
element in recognizing whether the hole is being cleaned properly is observation
of the returns at the shale shakers. Any deviation from the normal trend must be
reported to the drill floor immediately. This may indicate poor hole cleaning
(reduction in cuttings) or hole instability (increase in cuttings, cavings).

Circulation rates must be sufficient at all times to clean the hole but not to cause
erosion of the sands particularly in the Jurassic.The actual flow rate will be
established by experience, but it is recommended that the following minimum
flow rates be used where it is known that breakout may be occurring.
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ECD (Equivalent Circulating Density) Monitoring is the key to successfully
drilling weak formations. It is best achieved by use of a PWD tool in the BHA
(Bottom Hole Assembly) because any swab and surge incidents can be
instantly seen and repetition avoided.lt is also the easiest way to know whether
or not the annulus is being loaded with cuttings or cavings.
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Glossary

Allowable damage angle: ~ The damage angle that a wellbore can tolerate while
still able to be successfully cleaned.

Breakout: Compressive failure experienced in the wellbore wall.
In anisotropic stress conditions this leads to wellbore enlargement in

the minimum horizontal stress direction. In isotropic stress conditions breakout leads
to a uniform wellbore enlargement. The failed rock forms carvings.

Breakout mud weight: The minimum mud weight that is accurate to prevent
wellbore breakout.

Cavings: Rock that originates from the borehole wall cause of
borehole instability.

Compressive stress: Stress that squeezes and crushes sooner than pulls
apart.
Damage angle: Half of the sum of all angles subtended at the mid of

the circular wellbore by circumferential arcs of breakout.

Deviated well: Well with a trajectory with inclinations more than
10°.

Fracture initiation pressure: ~ The pressure at which new fractures are formed in
undisturbed rock formations by tensile failure.

In situ stress: Stress that is present naturally within a rock mass.
Linear elasticity: Deformation that follows a linear relationship with
applied stress. Once the stress is removed rock properties return to their original state

providing the elastic limit has not been exceeded.

Minimum safe mud weight: The minimum mud weight required to prevent
wellbore breakout (see breakout mud weight).
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Offset well: An existing well considered to have penetrated
sufficiently similar formations to those anticipated for the proposed well to be used in
the design of the proposed well.

Overburden stress (cV): The vertical component of stress at a point due to the
weight of overlying formations.

Poisson’s ratio: The ratio of lateral elastic strain to longitudinal elastic
strain experienced by an object undergoing elastic deformation.

Pore pressure: The pressure of the fluid filling the formation porosity.
This is known as formation pressure in non-reservoir formations and reservoir
pressure within reservoir rocks.

Principal stresses: Three orthogonal stress components that define the
stress tensor at a given location, comprising the maximum stress magnitude, the
minimum stress magnitude, and the intermediate stress magnitude. The 3 shear stress
magnitudes reduce to zero in the principal stress directions.

Strain: The ratio of change in length to original length caused
by applied stress.

Strength: The property of a material that maintains the material in
mechanical equilibrium when subjected to stress.

Stress: A force (load) applied to an object expressed as magnitude per unit area. At a
given location within the object the stress magnitude varies with orientation. Stress is
described by 6 stress components, being 3 shear stress components and 3 normal
stress components, all with potentially different magnitudes. Where the object is a
body of non viscous fluid the shear stress components are zero and the normal stress
components are all equal, in this special case stress is known as pressure.

Stress path parameter, K: The ratio of change in effective horizontal stress to change
in effective vertical stress.

Tensile: Stress that pulls apart and separates.
Tensile mud weight: The mud weight at which new fractures are initiated.
Tensile failure: The breakdown of the fabric of the material leading to

fractures caused by stress components pulling the material apart and exceeding the
tensile strength of the material.
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Tornado diagram: A common tool used to depict the sensitivity of a result to
changes in selected variables. It shows the effect on the output of varying each input
variable at a time, keeping all the other input variables at their initial (nominal)
values.

Uniaxial: Having one axis. With reference to rock mechanics,
‘uniaxial’ refers to the application of stress in one axis only, normally the long axis of
a core specimen with no stress applied in the other axes, i.e. around the core
specimen.

Uniaxial compressive strength (Sc): Strength value derived from uniaxial

compressive testing of prepared core samples. Correlation exists between wireline
logging measurements and Sc. Strength is typically measured in psi
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ABBREVIATIONS

B Breakout test point

CALI Single arm caliper data

DA Wellbore damage angle

AP Change in Formation Pressure

At Delta t (sonic interval transit time)
ECD Equivalent circulating density

EMW Equivalent mud weight

FIT Formation integrity test

ft Feet

GR Gamma ray

LCM Loss circulation material

LO Losses test point

LOT Leak off test

MD Measured depth

MPa Mega (x106) Pascals

Y Poisson’s ratio

NB No breakout test point

NOLO No losses test point

NOT No tensile failure test point

Nphi Porosity data

OBM Oil based mud

OK No geomechanical stability issues, test point
POSNB Possibly no breakout test point

PP Formation pore pressure test point
Pp Formation pressure

PpgY Pounds per gallon

psi Pounds per square inch

Rhob Bulk density

SC Uniaxial compressive strength

SG Specific Gravity

ocHmax Maximum horizontal stress

ocHmin Minimum horizontal stress

oV Vertical stress

T Tensile failure (breakdown) test point
TD Total Depth, either hole section TD or total depth of the well.
TVDRKB True vertical depth relative to RKB
TVDss True vertical depth relative to mean sea level (sub sea)
UCS Uniaxial Compressive Strength
WBM Water based mud
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Appendix A

OFFSET DATA USED IN DIPLOMA PROJECT
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Table A

47

LOG LOG
DENS, DENS,
TVD,m |TVD,FT |LITHO |DENS |Eormation. GICC GICC
0 0 265 |- 0 0
100 328 267 |- 134517195 | 1.45656155
Cretaceous Salt=
300 084 2,69 | Fee 2.401036003 | 2,22465482
500 1640 2.67 | Jurassic Salt-Free | 2.401036903 | 2,24150667
700 2206 2.67 | Triassic SaltFree | 2.401036903 | 2,25833852
000 2052 265 | Triassic SaltEree. | 2.401036903 | 2,27521037
1100 3608 2.67 | Triassic SaltFree | 2.401036903 | 2,20206222
1300 4264 2.65 | Triassic SaltFree | 2.401036903 | 2,30891407
Reservoir I 5alt-
1500 4920 265 |Free 2.401036903 | 2,32576592
Reservoir I Salt-
1700 5576 265 |Free. 2401036903 | 2,34261777
Reservoir IT Salt-
1000 6232 267 |Free 2401036903 | 2,35046062
Beservoir IT Salt-
2100 6888 267 |Free 2401036003 | 2,37632147
Reservoir IIT Salt-
2300 7544 2,65 2.401036003 | 2,30317332
2500 8200 2.65 “2,4{:1(@59{:3 241002517
2700 8856 2.67 | Tatarian Salt-Free | 2.401036903 | 2.42687702
2000 0512 267 | Tatarian Salt-Free | 2.401036903 | 2,44372886
3100 10168 2.65 | Tatarian Salt-Free | 2.401036903 | 246038071
3300 10824 2.69 | Tatarian Salt-Free | 2.401036903 | 2.47743256
3500 11480 2.60 i 2401036003 | 2,40428441
3700 12136 2.67 2.401036903 | 2,51113626
3000 12792 2,63 2401036903 | 2,52708811
4100 13448 2.60 2401036003 | 2,54483006
4300 14104 2,65 2.401036903 | 2,56169181
4500 14760 2.67 2401036903 | 2,57854366
4700 15416 2,60 2401036903 | 2,50530551
4800 15744 2,63 2401036003 | 26080344
4000 16072 2,65 2.401036003 | 2,61646033
5000 16400 2,69 2,401036903 | 2,62488625
5100 16728 2.84 2401036903 | 2.63331217




Table A continued

| o
PR Psi

0 0| -p4208 0 0 0 0 0,534
1011] 13,1839 | -0202667 126 | 10515200 | 1793474 | 1237497 04335000
8733 602577| 0.10688 126 | 10515200 | 538.0422| 37.12491| 0237000
15555 | 107.3205| 0.686427 127 10.508663 | 903.8539 | 62.36592 | 0.035072
2237.7] 1544013 1175974 133 | 11000387 | 1325178 | 09143728 -0.197498
20100 | 2014731 166552 127 10308663 | 1626.037| 112.2586 | -0.364069
3602.1| 2485440 | 2.155067 127 10508663 | 1088478 | 137.2050| -0.56364
42843 | 2056167 2644614 131 10932479 | 2424036 | 167.2585 | -0.804068
40665 | 342.6883| 3.13416 1.35| 11266205 | 2882.369 | 108.8834 | -1.057068
5648.7| 3807603 | 3.623707 13| 10840025 | 3145696 | 217.0530 | -1.202424
63309 | 4368321 4113254 135| 11.266295| 3651.000| 251.9190 | -1481352
70131 483.9039| 4602801 135| 11266295 | 4035316| 278.4368 | -1.603495
76953 | 5309757 5.002347 14| 11.683566| 4583.322| 3162492 | -1.005094
8377,5| 578.0475| 5581804 14| 11683566 | 4081872 | 3437491 -2.215004
0059.7| 6251193 6.071441 146| 1218420 | $611.011| 387.1598 | -2.563278
07419 | 672.1911| 6560087 14| 11,683566| 5778072 | 3987490 | -2,655993
10424 | 7102620 7.050534 141 1176702 | 6221,646| 4202036 | -2.000349
11106 | 7663347 7.540081 141 1176702 6623043| 45699 -3121:2
1178 | 813.4065| 8.020628 141] 1176702] 702444 | 4846863 | -3.343401
12470 | 8604783 | 8510174 148 | 12351108 | 7794495 | 537.8201 | -3,768561
13152 9075501 0.008721 148 | 12351198 | 8215810 | 35668915 | -4.001132
13835 | 054.6210| 0408268 148 | 12351198 | 8637.143 | 5059628 | -4.233703
14517| 1001603 | 0087814 148 | 12351198 | 0058467 | 6250342 | -4.466274
15100 | 1048765 | 1047736 140 | 12434652 | 0543844 | 658,5252 | -4.734202
15881| 1005837 1096691 140 | 12434652 | 9068014 | 687.7930 | -4,068344
16222 1119373 1121168 1,06| 88461282 | 7242219 | 4007131 | -3.463705
16563 | 1142000 1145643 1,18 | 9.8475767| 82300353 | 35678736 | -4.008080
16005 | 1166.445| 1170123 1,18 | 0.8475767| 8308013 | 35794620 | -4.101703
17246 | 1180980 11,046 1.01| 8428858 | 7331802 | 5059006 | -3.513205
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Table A continued

e e

from log
0 0 0,224 0 0 0
142.4176 0826814 023771 | 01156 | 0,76004826 | 0,30483180
427.2528 20 48044 0.24007 | 0,104377 | 0.20156966 | 0.36822535
712.088 4913407 0261021 | 01156 027188663 | 034308223
006.9232 68,7877 0362066 | 0,1156 | 026110383 | 0,3103402
1281.7584 88.44133 0.608305 | 0.126824 | 024086737 | 0,2060727
1566.5036 108,095 1059441 | 0.1156 | 0.23080824 | 0.27580011
1851.4288 127.7486 1,778777 | 0,126824 | 02102069 | 025607498
2136.264 147.4022 2828715 | 0.126824 | 0.20837666 | 023744722
2421.0002 167.0558 4271657 | 0.126824 | 0.19754642 | 0.21006323
2705.9344 186,7095 6.170005 |  0.1156 | 0,19703705 | 020357112
2000.7696 206,3631 8.586162 | 0,1156 | 0.18634425 | 0.18821081
3275.6048 2260167 11.58253 | 0,126824 | 016505571 | 0.17385015
3560.44 245 6704 1522151 | 0,126824 | 0,15422547 | 0,16044008
38452752 265,324 105655 | 0.1156 | 0.15426585 | 0,14791467
4130.1104 284 0776 24 67692 | 0,1156 | 0,14357306 | 013623627
44140456 304,6312 30,61815 | 0,126824 | 0.12173476 | 0.12535051
46007808 3242840 37,4516 | 0,104377 | 0,13318762 | 0,11524044
4084.616 343.0385 4523068 | 0.104377 | 0.12262881 | 010583653
52694512 363,5021 54.04478 | 0,1156 | 0,10080186 | 0,00710674
55542864 3832458 63,02032 | 0126824 | 0,07841381 | 0.08001152
58301216 4028004 7405568 | 0,104377 | 0,0000524 | 0,08151287
61239568 422 553 87.18628 | 0,126824 | 0.05675333 | 0,0745743
6408,702 442 2066 100,6835 |  0,1156 | 0,05803067 | 006816080
66936272 4618603 115,5008 | 0,104377 | 0,050275900 | 0,06223926
6536,0448 471,6871 123.4408 | 0,126824 | 002607018 | 0,05045285
60784624 4815130 131,7275 | 0,126824 | 002155506 | 0,05677755
7120.88 401,3407 140,3776 | 0,104377 | 004079800 | 0,05420063
72632076 501,1675 149,300 | 0.020202 | 0,11837791 | 0.05174543
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Table A continued
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| -V P—
_Ep.actual | Mpa Ep. Ucs Sh min, psi

0 0 0,224 0 0 0 0
34817338 | 24023963 | 14,148144| 14705767 2526 174294 4.7167
-739.82794 | 5104813 0324455 7.6244949 737 8| 522881 3.7901
-450.83680 | -31,10774| 0.0198306| 8,1601458 1263 87,147 3.9161
-8, 1887805 | -0,565026 | 02227161 8.7414807 17682 | 1220038 -10.154
23478058 | 16200481 | 02402571 14,2149 22734 | 156.8646 -33.67
86561524 59727452 | 03019299 10,05912 27786 | 19817234 -141 88
10741573 | 74116859 | 04127079 2139736 32838 | 2265822 -290,03
14832738 | 10234589 | 09025049 2577862 3789 261441 -513 .38
18836653 | 120097201 | 1,8798323| 30,70376 42042 | 2862998 -827.16
25428160 | 17545431 5.0235105] 1452117 47994 | 331.1386 -1246.6
20406960 | 20200803 | 8.1211429] 1567078 33046 366.0174 -1787.1
30157925 | 20808068 | 88252405) 4868768 3800.8 | 400.8762 -2463.7
33620154 | 23204117 | 12626798 55.67976 6315 4357735 -3201.7
40554844 | 270.82843 | 23.260055] 18.30077 68202 | 470.5938 -4286.4

Table A continued
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Pp.actal, | Umaxan Sh,
Pp_actual Mpa Pp UCS Shmin. psi | minMpa | Umax,m_Shmin
439237727 | 30307403 | 30,11568| 1980420 73254 | 50543526 -5463.1
426824013 | 20450857 | 27.450603 | 7907703 7830.6 | 5403114 -6836.0
542347118 | 37421951 59251671|  23.25624 8335.8 | 575.1702 -§423.2
572004733 | 30474537 70238396 |  96.12527 8841 | 610,029 -10237
5456,18145 | 37647652 | 60390062 |  27.41074 0346.2 | 644.8878 12204
492045747 | 33951157 | 43,308915 | 113,738537 0851.4 | 679.7466 -14609
6386,00803 | 440,70203 | 00604657 | 1225053 10356,6 | 714.6054 -17198
4758,54922 | 328,3309| 38078255 | 131.4037 108618 | 749.4642 20075
5604,29564 | 386.6064 | 65780835 | 38.50227 11367 | 784323 -23256
64407103 | 44503063 | 102,73063 | 42,0148 11872,2 | 819.1818 26756
2883.78628 | 10808125 | 7.6139785| 15285490 12124 8 | 836.6112 -28631
213581045 | 14737002 | 2.8267475| 1569004 123774 | 854.0406 -30591
560076347 | 30328368 | 60414345 | 086587104 12630 | 87147 -32638
114010278 | 786.67092 | 6088377 100362011 12882.6 | 888.8994 34775
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Table A continued

Vertical
Poisson’. | Umaxm.., | Young's. Umax.m,, | displacement, | Breakous

Sy.psi | Sy.Mpa | sratio |Poisson | modulus. GPa | Young | metres Pressure.Mpa
0 0 0 0,22 0 0 0,016 0
20744 | 14,31336 | 049653 | 02746180 1,3347630 | 2,7285724 0,016 | 34.43576077
841.1| 580350 | 048647 | 02735118 3,0828613 | 0014417 0,016 1254108300
1470.56 | 102,0896 | 0.47029 | 02717316 41666142 | 0.8740010 0,016 217.115826
212282 | 1464748 | 0.45462 | 0.2700082 43615141 | 08350311 0,016 | 3113220545
277088 | 191.1007 | 044563 | 02600189 3.4702908 | 1.0494707 0,016 | 4002431564
3423.74 | 236.2380 | 042785 | 0.2670640 47878762 | 0.7606712 0,016 | 4916205109
40814 | 2816166 | 042356 | 02665011 40772349 | 07317315 0,016 | 5864740186
474386 | 327.3263 | 041423 | 02655651 5.8657724 | 0.6208001 0,016 | 6822047651
5411,12 | 3733672 | 040593 | 02646546 6.8435503 | 0,5321702 0,018 | 7692020003
6083.18 | 4197304 | 038927 | 02628108 6.1102638 | 0.5960462 0,018  867.381016
6760.04 | 466.4427 | 038231 02620538 64274842 | 0.5666201 0,018 |  050.008145
74417 | 5134773 | 038690 | 02625684 10276438 | 0,3544020 0,010 | 1059500151
8128,16 | 560.8430| 038253 | 02620779 11,567311 | 0,3148527 002 | 1152721955
881042 | 608.5399 | 036723 | 0.2603048 71252611 | 0,5111301 0,02 | 1256641484
051548 | 6365681 | 036407 | 0,2600481 7,3080548 | 0.4850208 0,02 | 1339376840
1021634 | 7040274 | 037457 | 02612031 15760764 | 02310801 0,02| 1434100016
10022 | 753,618 | 034626 | 02580884 83547711 | 04350185 0,02| 1527836958
11632.46 | 802,6397 | 0,34546 | 0.2580007 21.445755 | 0.1698238 0,02 | 1620520001
1234772 | 851,0926 | 03608 | 02506883 03186534 | 0,3908200 0,02| 1731.106142
13067,78 | 001,6768 | 0,37703 | 02614737 21,7158 | 0,1677110 0,02 | 1824746143
1370264 | 051,6921| 0,34897 | 0.2583863 25206675 | 0,1444855 0,02| 1018851972
145223 | 1002,038 | 0.38465 | 02623115 24664071 | 0,1476641 0,02 | 2013008372
1525676 | 1052.716 | 037383 | 02611216 11678336 | 03118505 0,022 | 2110776147
15006,02 | 1103,725 | 0,36225 | 02508477 12,375211 | 0,2042080 0,022 | 2205005186
1636745 | 1120354 | 040665 | 02647316 28,182142 | 0,1202307 0,022 | 2118717541
16740,08 | 1155065 | 041221 | 02653425 28854884 | 0,1262178 0,022 | 2200875173
1711301 | 1180859 | 037779 | 02615563 21,819587 | 0.1660142 0,022 | 2246392064
1748804 | 120673 | 019573 | 0.2415302 22810216 | 0,1596653 021 2235.70044
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Appendix B

LOG DATA REVIEW OF X-88 WELL
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Figure B1. Depth plot on well X-88
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Figure B2. Log data on well X-88
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Figure B3. Borehole images showing breakouts are the result of high horizontal
stress in the field. The image is from well X-88.
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