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ABSTRACT

Severe wellborestability issues such as stuck pipe, sidetraglof wellsand incomplete
pipe-conveyedogging operations have been encountered during drilling horizontal wehe in
West Kazakhstarfield. To contributeto solutions of these issuesan integrated wellbore
stability study was implemented to effectively pldne future drilling operations irthe West
Kazakhstan feld, to maximize the drilling margin for the future wells drillemhd to optimize
the future field developmentypically, only a rock mechanics component ¥allbore stability
analysis has bearsed to obtainvellborestability numericalmodesk. In this study, however, the
rock mechanical model was coupled witte mechanical stress, temperature alteration, shale
fluid physicochemical interaction, and the flomduced stress using the MeGoulomb and
Mogi-Coulomb failure criteriaThe problem diagnosis is a eimportant part of my wellbore
stability analysis.A special wellborestability problemdiagnostic scheme was first used to
identify problematic horizonS'he possible causes thfe wellborestability issues were narrowed
down. The well trajectory, drillingfluid density, and types of watdased mudvere confirmed
to have a dominant impact on the occurrence of the welstatglity problemsin West
Kazakhstan FieldDipole sonic, imagingand sonic scanner logs were uglizto obtain irsitu
stressesnd formation properties. The strikslip regime was identifieth the study feld. Pore
pressurewas predicted in thenterestintervals withn the West Kazakhstan Field utilizing the
Eaton method with significant modificatios of t hampdeion coeaffibients. The
stochastic risk and sensitivity analysis was conducted to evaluate the sensitivity of the obtained
input data on the study outcome. The M@giulomb formation failure criterion was found to be
a better charaetization of the brittle rock failure in the West Kazakhstan Fasldtilization of
the MohrCoulomb failure criterion resulted in overestimation of the wellbore collapse pressure,
probably due to ignoring the strengthening effect of the intermediateerstressThe results
of this studycould benefitthe mitigation and/or prevention of wellbestability issues in the
West Kazakhstan Field
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CHAPTER 1

INTRODUCTION

The West Kazakhstan Field is located on the northern margin éfréh@aspian Basin.
The PreCaspian Basin covers an area of approximately 550,0Gbé&rdered to the south by

the Russian Platform and Ural Mountains to the east.

The field has beencurrently n the exploration field evaluation and reservoir
characteriztion stages. Based on the informatiobtainedfrom the vertical wildcat exploration
wells, several horizontal and inclined wells have been drilled witbng-term production
purpose. Most of those horizontal and inclined wells experienced severe wstioiliy issues
in drilling and completion stagewhile a few of these wells were completed withoainy
wellborestability related challenges. The wellbeatability analysis conducted by one of the
service companies did not have a consistent agreereémedénthe recommended od weight
(MW) and the field observation. The reason for the difference between the actual MW and

recommended oneald be interpreted as follows:

1 the lack of provided information

1 time restriction

1 elastic assumption used for therf@tion instead of the realistic representation of
the formation using an elaspdastic rock behavior

1 insufficient geological knowledge of the area

Later, a few horizontal sidetrack wells were drilled with severe weHlbtagility issues. The
drilling progress charts for one of these wells are illustrated in Figures 1.1 and 1.2. Stuck pipe,
unplanned sidetracks, incomplete wleljging data collection as well as completion operations,
and excessive reaming have been encountered during drilling andetiognthe problematic
horizontal sidetrack wells. It can be noticed from Figure 1.1 that the deviation between planned
and actual curves starts at about 4800 m, and that is theofkigoint (KOP) in this case.

Analysis of the shape of the cavings (seguFé 1.3) indicates the feasibility of reducing or even



avoiding wellbore breakouts with increasing MW. First, however, the exact collapse pressure

should be constrained. Therefore, a rigorous wellstability analysis needed to be conducted.

[Time v.s. Depth]| Well:

Drill 20" section
Logging. Run & Set 16 374~ casing

Drill 15 1/2” section

Logging, Run & Set 12 34" casing

Drill 11 58" section

2000

2s00 Logging, Run & Set 9 58" casing

Degth [m)

3000

Drill 8 /2" section

3500

4000

5500

6000

Figure 11 The drilling progress chart shows significant deviation from the planned drilling time
due to the severe wellbestability issues encountered below KOP at 4800 m.

| Cost v.s Depth |

2000

2500

3000

Depth|m)

3500
4000

4500 Side wack from
4867 m

5000
5500 ~ \
6000 Cost[10 & USD]

0.0 1.0 20 3.0 40 5.0 8.0 7.0 8.0 9.0 10,0 110 120 130 140 150 16.0

Figure 12 The cost increase associated with the unplanned weliabdity issies
encountered below KOP at 4800 m.



Figure 13 Caving shapes suggest that borehole breakouts could have been avaidigthéir
MW was used.

1.1 Objectives of the Study

The purpose of this studi to determine the required drilling fluid densiand to
optimize the well trajectoryor future drilling operations and field development in the West
Kazakhstan Field This has been done using an integrated borehstability analysis in
conjunction with the offsetwell data. The problem diagnostic wkitow was applied to
determine the problematic horizons and key parameters affecting wedtiabikty behavior.

After the input data acquisition, the stress regime in the West Kazakhstan field was identified as
the strike-slip regime. The obtained inpdata was used in the new numerical wellbstability
model which is based on the conventional rock stress alteration (Kimsahjhe wellboréue to

the placement of an arbitrarily inclined well and coupled with the following factors:

9 fluid-rock and fuid-fluid chemical interactions
1 stress changes due to the temperature alterations from the circulating drilling fluid

9 stress alteration as a result of fluid flow into the formation

The derived wellborstability model has been calibrated using the dgllinformation, logging
data and geological model. A history match of the observed field welttalodity cases with

the coupled model was obtained. Thee drilling programs for future wells in the study field
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have been enhanced by designing optichimeud programs for any given wellbore trajectory.
Moreover, based orthe outcomes of this studyrecommendations for the future field

developmenhavebeenprovided.

Understanding the geological features of the field of study, sedimentation, andctectoni
history is very critical in any wellborestability analysisto be conductedThe geology and
tectonic history of the West Kazakhstan Field in the-®aspian Basin are discussedtime
subsequent sectionhe stratigraphic column of the West Kazakhskaeld is illustrated in

Figure 1.4.

1.2  Geologic Features of the West Kazakhstan Field

The West Kazakhstan Fieldlscated at the northern edge of fieeCaspian Basiand
surrounded in the east by the Ural Mountains and in the bgrthe Russian PlatfornThearea
experienced a tectonic history of basermetdted block faulting throughout the Paleozoic era. A
ring of uplifts fringing the basin margin were positive features for much of the geological
history. The West Kazakhstan Field discovery lies withis uplifedzone. These uplift features
are believed to be loAgved structural highs. During the Paleozoic Age, sedimentation on these
highs was dominated by shelf carbonates with reef development anatfygns. The deeper
inter-block areas predomamtly were sourced with shales and deepwater carbonates. Much of
the structural setting of the Carboniferous and Devonian intervals is therefore represented by
broad, gentle structures with minor or no identifiable fracturing. By the Middle Permian period,
the basin became partly closed, and the restricted marine influxes allowed for the accumulation
of a thick Kungurian evaporate section in the basid in the field of study as welihe West

Kazakhstan company geologist, 2011, personal communication).

Rocks of Proterozoic crystalline substructure and Paleozoic, Mesozoic and Cenozoic age
sediments were drilled in the West Kazakhstan Field to the maximum depth ofmb385
homogenous thickness of the Kungurian stage (more than h2@lvides sedimentary ger
into three lithologiestructural systems within the bounds of the-espian Basin. The pisalt
system consists of shallemarine formation carbonate rocks of Devonian, Carboniferous and

Lower Permian periods with thickness up to 259@rming a cabonate platform.
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Figure 1.4 The stratigraphic column of the West Kazakhstan Field in the intervaBe0D0M.

The first column is era; the second column is period; the third column is stage; the fourth column
is superhorizon; the fifth column is hpoin; the sixth column is thickness in m (modified from
geological data of the West Kazakhstan company).

The middle part of the sedimentary cover, dated as the Kungurian stage of the Early
Permian period, is presented by stratum of salt and anhydritesawnaximum thickness of

1278 m. The poskalt mega system, which consists of ages from the Late Permian to



Anthropogen and thickness up to 1649 consists of mainly clastic rocks with layers of

carbonate and salt deposits.

The Frasnian Unconformity peesents the main event in the qgedt section. Below this
unconformity, the prevalent trapping mechanism is tectonic (tilted fault blocks). Above the
unconformity, the traps are mainly of a lithological type. The Middle Deveintaver Frasnian
rocks wereaccumulated under various conditions: a) shallow shelf with predominantly carbonate
sedimentation; b) relatively abyssal conditions wptedominanceof siliceousargillaceous
carbonate rocks. The Middle Devonilipper Frasnian rocks are relatively abyssceous
argillaceouscarbonate layers. The Upper Frasrhiaurnaisian rocks are in the condition of the
northern PreCaspian margin. These rocks are accumulated in a fashion analogous with the
Devonian formations, i.e., in both shallow and relativdbyssal conditions. Limestones and
marls have accumulated in the shallow shelves, and there are also reef formations. Sedimentation
took place in a suboxic environmefihe West Kazakhstan company geologist, 2011, personal

communication)

The PreCaspian Basin consists of four principle tectonic zones: the Northwest
Monocline, Central Pr€aspian Depression, North Caspiaktyubinsk Uplift Zone, and South
East Marginal Depression. The locations of these tectonic zones with respect to the depth of the
Frangsan Unconformity are illustrated in Figure51 The West Kazakhstan Field is in the
Northwest Monocline zone. The margin between the Northwest Monocline and Russian Platform
is passive. Two theories of the REaspian Basin evolution exist (Zholtayev, 188rst, in the
beginning of the Middle Devonian epoch (the Middle Devonian), a platform existed in the Pre
Caspian Basin as a part of the East European Craton. However, the presence of step faults on the
northern and western margins of the basin conttadhis theory. Opponents of another theory
believe that, from the Early Paleozoic era (the Early Paleozoic), the basin was covered with an
ocean with massive carbonates and reefs on the margin of this ocean. The West Kazakhstan Field

is located on one dhese carbonate highs.

Zholtayev (1989) and Lisovskiy et gl1987) proposed the existence of two Paleozoic
subbasins in the Pr€aspian zone, separated by the Astrakhktyubinsk zone. Each sub
basin &perienced different subsidenhestory. MoreoverZholtayev (1989) did not exclude the

possibility of the existing several independent sedimentary basins within H@&afpean Basin
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Figure 15 Four principle tectonic zones of the Reaspian Basin with depth of the Fransian
Unconformity (Brunet etla1999).

with different subsidence dynamics and geothermal heating. Brunet et al. (1999) described six
stages of the Pr€aspian Basin evaluatidisted belowbased on tectonic subsidence analysis.

Subsidence during an active rifting phase in Riphean

Rifting in the VendiarOrdovician

Significant subsidence in the Late Devonian

Acceleration of subsidence during the Late CarbonifeRersnian

Renewed rifting during the Triassic

S T o

Neotectonic subsidence resulting from the crustal doending in a generall

compressional setting



1.2.1 Sedimentation of the PreCaspian Basin.

The PreMesozoic era is represented with about 10 km of the sedimentary thickness
(Volozh et al., 2009). Evaluation of sediments deposited in th&C&spian Basin is not very
well studied in the central parts of the basin due to the high sedimentation thickness. Moreover,
thick Kungurian and Kazanian salt layers create challenges for clearly interpreting existing
seismic data. Therefore, the uncertainty of the first sediments iRréh@aspian Basin creates
some theoriethatare based on the data obtained from the drilling and seismic activities on the
margins of the basin. On the other hand, data from deep exploration wells drilled in the West
Kazakhstan Field shows that the fisstdiments accumulated in this part of the basin were during

the Early Devonian.

According to Volozh et al. (2009), shallow water covered theGQspian Basin before
and during the Devonian as shown in Figli®@ The West Kazakhstan Field is one of tlighk
in the North Monocline Uplift zones, thateconsidered to be the most permanent strustoire
the PreCaspian Basin, and the erosional Fransian unconformity between the Devonian and
Carboniferous periods exists only in the central part of the Wazakhstan Field. Later, during
the Carboniferous period the water depth significantly increased in average to 1.5 km.
Fluctuation of the palewater depth in the West Kazakhstan Field could be the reason for the
sequence of thick carbonates with relativéin layers of shale. It should be noted that these
layers of shie are the source of wellbestability issuesncounteredn the studyfield. During
the Permian the second easst oriented compressional tectonic activities created the uplifts
near theUralian belts. Also, at the same period, the Ustyurt microcontinent arrived in the south
east which created barriers with the open ocean on the south aneéasupart of the basin.
These collisions resulted in the final isolation of the-@aspian Bas. A shortage of water
supply was a reason for thick salt accumulation during the Kungurian and Kazanian stages as

illustrated in Figurel..7.
1.2.2 Tectonics of the PreCaspian and Bordering Areas

The Uralide orogen, oriented noilbuth, was formed du& the collision of the

SiberianKazakhian terranes and the East European Craton. The collision occurred in the Late
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Paleozoic (Late Devoan/Early Carboniferous) and created geologic highs along the East
European Craton (Hetzel and Glodny, 2001)e Tinst collision resulted in the nortWwest
oriented trusting of Pr€aspian Basin sediments. This fault orientation is very close to the

obsened Devonian faults in thetudyfield (120 degrees from the North).

The second collision occurred in the Early Permian and esbutt eastvest directed
forces that had given rise tahe eastvest oriented faults in both the Devonian and
CarboniferousPemian deposits in the field of study. The fault orientations, based on the Hetzel
and Glodny studyare different from the present orientation of the maximum horizontal stress
(SHmax) direction (155 degrees from the North) in the West Kazakhstan Fiedddifference
in the stress orientations might be explained by the-terrg occurrence of the basin subsidence.
Another explanation can be the arrival of the Ustyurt microcontinent in the-sasittof the

basin.

The generation of the stress regingeaaresult of tectonic movements was described
the vicinity of the Southern Urals (Hetzel and Glodny, 20084 is approximately 500 km from
our study field. According to Hetzelnd Glodny (2001), indentation started with a reverse fault
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regime and beame a strikeslip regime due to the increase thie vertical stress. The stress
regime interpretation at the Southern Urals is close to the stress regime observation in the field of

thestudy, which will be discussed detail inthefollowing sections.

The origin of the Uralian deformation is dated to be the Middle/Late Devonian (Gieses et
al., 199). There are two main periods of the shortening of the Uralian deformation: the Late
Devonian and Late Carboniferous. According to Gieses et al9)1@%ing the Middle and Late
Carboniferous, a hiatus in the shortening of Uralian deformations occurred with the change of
convergence direction. The third and final deformation process resultine atosure of the
Uralian Ocean and separation the-Beespianarea as an individual basin. The ages of these
deformations are in good agreement with fault observations in the West Kazakhstan Field.
Gieses et al. (199 described the Riphean faults as normal faults. The termination of the Uralian
deformation occurre@t the end of Permian. As it was noted before, during the Permian, the
Ustyurt microcontinent arrived in the southeast that created barriers with the open ocean on the

south and soutkast part of the basin.

Zholtayev (1989) explains the Fransian and Pamminconformities by tectonic adiies
in the Middle Devonian and Early Permian. These tectonic activities, due to the plate collisions,
exposed some highs above water level and resulted in their erosion. The West Kazakhstan Field
experienced the samgeerosion evident from the observed lithological unconformities. In the
period of the tectonic collision of the East European Platform andTUoab o | 6 sk mi cr oc o |
the tectonic forces were oriented easist. Significant tectonic activation occurrddring the
Famennian and Tournaisian stages. It might be an explanation for the Tournaisian faults
observed in the field of study. At the end of the Tournaisian, the north movement of the
Karabogaz microplate took place (Zholtayev, 1989). It might be xp&mation of the current
SHmax direction in the field of study (155 degrees from the true North).

Nat al 6in and Sengor (2005) summari zed the
Platforms. These platforms are located at the southern margin afet@asgpian Basin as shown
in Figure1.8. Here is a high probability that the tectonic motions of these two platforms had a
high impact on the stress orientations in the field of study and in most parts of {Gadpian

Basin.In fact, strikeslip motionsof these platforms and the orientation of the shortening- (150
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160 degrees from the true North), as it is illustrated in Figu@eare in good agreement with

some fault orientations and the direction of SHmax in the West Kazakhstan Field.
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1.3 Data Utilization for wellbore-stability analysis

Utilization of available data for wellborgtability analysis is discussed in the following

subsections.
1.3.1 Well logging data

Well logging data is available for several wells drilled in stiedyfield. Well log data
has been used to itai petrophysical models for each infault section of the field. laddition
FMI and Sonic Scanner datallected in a limited number of wellasbesnutilized to obtain in
situ stress magnitudes avell asstressorientations and to estimate the legéstress anisotropy.
Moreover, the image logsvere used tocorrelate thedrilling data and observed borehole
conditiors to identifythe specifidntervals causg wellborestability issues. MDT and RFT data

wasuitilized to calibrategporepressurgredidion modes for the field of study.
1.3.2 Daily well site reports

Daily well site reports can keehelpful source to identifynstable intervals when welhg

data is not available.
1.3.3 Daily drilling reports

Daily drilling reports have been utikd to identify the reasons feinerock failurein the
vicinity of the wellbore Observed challenges duritige drilling processsuch as string overpulls,
landings, sloughingndmud losse$iave beertorrelated with caliper and well image log data to
identify the unstable intervalsThe ime effect associated witthe chemical interactionwas

indirectly implied fromthedrilling performance anthecaliper data.
1.3.4 Daily mud reports

Daily mud reportsvere utilized to comparghe chemical compositios of the mud with
the formation fluid and grain compositionhis analysis is helpful for thenodeling of the
chemical fluidfluid and fluidrock interactions during the drilling phasereliminary diagndgs
imply that potassium chloride provisidette wellbore stabilityin the field compared to the
aluminumresin complexIn addition the daily mud reportgrovidedanindirectclueto the hole

cleaning issues during drillingf thedirectional wells.
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1.3.5 Daily mud logging reports

Daily mud logging reportshave beenused to acquiranput data for petrophysical
modeling. Also, mud logging reporteave beerutilized for identifying thehigh pore pressure
zones in source shale intervalsat werecritical in correlaing the suitable pore pressre
prediction moded The sze and shape of cuttinggmve beerused toverify the active wellbore
failure mechanisntaking placen the fieldto make a critical decision abowhether toincreag
mud weight orto hold it at the same level. Moreover, gdsosv reading wereused to pinpoint

thepore pressurtor thehydrocarborsaturated shale intervals.
1.3.6 Primary cementing reports

An indirect utilization of cementing repolitsone of the correlatig factorsfor predicing

a maximum allowable ECI drill a particular section.
1.3.7 End-of-report and non-productive time analyses

Endof-report and nofproductive time analysesereused to estimataneconomical

optimization of the drilling projestfor the field development in the West Kazstigm Field
1.3.8 Geological Model

The existing geological model was improved by adding additional horizons to fulfill the
interval 27005300 m with geomechanical input parameters. The improved geological model was

also used to identify and visualizgervals creating wellborstability issues.
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CHAPTER 2

PROBLEM DIAGNOSTICS

A problemdiagnostic methodology has bedgescribed andppliedto two deviatel wells
in West Kazakhstan Field in order narrowdown andto identify the intervals andhe factors
affectingthe wellbore stability in the West Kazakhstan Fielth the following sections, details

of the problem diagnostic procedure we have usékis studyaredescribed.
2.1 Methodology

Several factors plakey roles when it comes to atyzingwellborestability problems in
a field during drilling and completion operatio’sadnoy and Looyeh, (2011), categorizbé
wellborestability issues as being caused by sdiliil interactions, complex stress conditions,
wellbore deviation and @ntation, lack of appropriate drilling and operating practices, pressure
alterations, and temperature change. In addition, the presence of faults, unconformities, stress
alterations due to fluid flow into a formation and formation anisotropy can alsairopathe
formation to cause an unstable behavior. Typically, a combination of these factors influence

failure at the wellbore.

The first step in diagnosing wellbestability problems is to confirm the existence of
wellborestability issues. Then, the wses of possible rock failure can be narrowed down by
excluding the key operational factors that did not create the problems. One of the techniques to
narrow this search is to carry out a comparative study using the data analysis for wells drilled
with andwithout wellborestability issues. If one of the factors was identical for both unstable
and stable well cases, we can temporarily exclude the specific factor from the data processing
with an assumption that this factor did not play a significant rok®dk failure. At the end of
this elimination process, only a limited number of parameters will be identified as contributing to
thewellbore failure. Yet, unless a complex wellbatability dataset is available, the diagnostic

analysis only helps in idefting possible factors without offering any solution.
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One of the most powerful tools that can significantly help in identifying the major factors
of a failure mechanism is an annular pressure gauge. The annular pressure gauge is theated at
drilling bottom hole assembly (BHA) and provides the value of the annular pressure in terms of
the equivalent static density (ESD) or equivalent circulation density (ECD). Analysis of ESD and
ECD data acquired using this tool can help in determining poor drillmagtipes such as
insufficient hole cleaning and/or high surge and swab pressures. Sometimes, only a stabilization
of the ECD during drilling (e.g. improved hole cleaning) and tripping (e.g. control of swab and
surge pressuresgan result in solving wellbeffailure occurrences. However, a rigorous
wellborestability analysis is always preferable to understand the influence of all key operational
factors on wellborestability behavior. Unfortunately, no annular pressure gauge has been used
yet in this field of our study. Therefore, it is difficult to state if excessive swab and surge
pressures were the reasonstfewellbore failure. The tseof an annular pressure gauge in the
directional BHA during drilling wells in the future is under consideration amadcbe the

subject of future research.

An illustration of the problem diagnostics workflow used in this study is presented in
Figure 2.1.Each drilled horizon is analyzed for the existence of any weHlsiatality issues
using the workflow shown in Bure 2.1. Then, the presence or absence of welliat®lity

incidents needs to be investigated based on several key operational parameters.
These parameters include:

1 lithology
9 drilling fluid type and weight used in the problematic intervals
1 wellbore irclination and azimuth at the unstable horizon
1 exposure time at the horizon
1 hole cleaning performance
This diagnostic workflow can be used to investigate the preliminary reasons for the absence or
existence of wellborstability incidents between two welts two boreholes of the same well at

the same horizon.

To quantify the severity of the iIssues,
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l Dnlled Horizon |

l Any WBS Issues? |

Yes l No
l Why? l Why?

Lithology. MW. Inclination.

Azimuth. ECD, Drilling time

(time effect). Hole cleaning.
Mud type (chemistry)

J

Figure2.1 The problem diagnostics workflow used in this study.

Numbers were assigned reps ent i ng stability or instabil it
represents the intervals wherenowellbere abi | ity i ssues occurred. A
minor indirect wellborestability problems that were handled without padk and loss
crcul ati on incidents. Finally, t he c odabiltyi20 r e
issues happened, such as a stuck pipe, lost circulationcqipeyed logging run restrictions

and sidetracks.

The outcomes for the diagnostic analysis have hbikgstrated in 3D view graphs to
better characterize the reservoir. One example of such illustration is shown in Figure 2.2 where
two fiproblem codedo we IAlkhsughabotlewekls werevdnillethrought he 3 D
the same horizons, the severellaorestability issues were encountered while drilling the

deviated well. However, no significant problems occurred during drilling the vertical well.
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Figure2.2 Mapping of problematic horizons in 3D. TI

2.2 Case Study for Well G

A detailed investigation was carried out and viefging data was carefully analyzed to
diagnose the troubles encountered at Well G dutieglirectional drilling from the measured
depth (MD) of 4660 m (KOP) to the total measumepth (TMD) of 5942 m. The key
operational data investigated for this analysis were the number of days spent on drilling this
horizon, MD, total vertical depth (TVD), MW, ECD, borehole inclination and azimuth, lithology
and operatioal comments. The integtion of all the data made the diagnostic process faster and
more flexible. The key aims of this diagnosis are to identify the formation(s) and lithologies that
complicate drilling operations and to estimate the-p@ductive time (NPT) due to the welli@o
stability if there is any NPT that can be eliminated. Also, the MW, ECD, wellbore inclination
and azimuth have been evaluated to find the influence of these parameters on \stlnbre
issues duringhe directional drilling of wells in the field. ®blem diagnostics were started from
the kickoff point (KOP) depth for the problematic deviated Well G. The drilling progress charts
for Well G are illustrated in Figureslland 12.

2.2.1 Eight and half inch Section

Well G was vertically drilled upatthe KOP at 4660 m (TVD 4656 m) with an open hole
size of 8 ¥ inches. Then, the 8 ¥ inch section was drilled to MD 4981 m with an inclination of
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35.21 degrees and an azimuth of 295.8 degrees. The pipe conveyed logging (PCL) was not
performed up to the ptaed depth due to landings at MD 4887 m. A 7 inch casing was run to
MD 4981 m and cemented without any mud and/or cement losses.

This section of the well was drilled through the formations of the Upper Devonian period
(Famennian stage, D3fm) and partiallyough the Middle Devonian. The Middle Devonian was
represented in this sector of Well G by the Givetian (Vorobevski horizon, D2g(vb)) and Eifelian
stages (Chernoyarovski horizon, D2ef(ch)). Due to the Frasnian unconformity, the Frasnian stage
along with the Mullinski and Ardatovski horizons of the Givetian stage are missing in the
stratigraphic column of this well.

2.2.1.1 Famennian stage

The Famennian stage was directionally drilled without any significant drilling issues
from 4660 m to 4840 m (4656326 m TVD) with a maximum inclination of 34.55 degrees and
291.91 degrees azimuth at 4840 m. To analyze the reasons for the absence of-stabidiye
issues in the Famennian stage, some key operational data were collected. This data is listed in
Table2.1.

Analyzing the data from Table 2.1, we assdrtfeat the reasons for the absence of any
wellborestability challenges in the drilling performance in this section are the lithology and low
inclination. Impacts of the azimuth and mud weights still nedoe verified from the modeling

part of this study.

Table 2.1 Key OperationalParameterdJsed forDrilling the Famenniarstage in the 8 Y% inch
Section of Well G

#of | MD | TVD | Lithology | Incl. | Azi. | MW ECD Mud Comments
spent| m m deg | deg| g/cc g/cc type
days (PP9) | (PPY)
1.21/ Wiper trip at
4660 4656| LST 70%| 4 35| 344 | 1 13 | "1 54 | Peflex | 4840m. Hole
5 / / and DLT / 36 / (9.85)| (10.1/ | Polymer | was in good
4845| 4830| 30% 292 | 7 ; ym 9
10.34) condition
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2.2.1.2Vorobevski and Chernoyarovski horizons

The next stratigrapb stages drilled after the Famennian stage were the Givetian
(Vorobevski horizon) and Eifelian stages (Chernoyarovski horizon). Severe wedthbrkty
issues were experienced while drilling these two stratigraphic horizons. These included landings,
overpulls, bit plugging, BHA stuck due to packf and lost in hole BHA. To determine intervals
influenced by the wellborstability issues, a detailed analysis of the available well logs and
drilling data was conducted. Again, the collected key operatictalid presented in Tables 2.2
and 2.3.

Table 2.2 Key OperationalParameterdJsed forDrilling the VorobevskiHorizon in the 8 %2
inch Section BeforePipe Got Stuck), Well G

#of | MD | TVD Lithology Incl. | Azi. | MW ECD | Mud | Comments
spent| m m deg | deg| glcc glcc | type
days (PPY) | (PPY)
4845 4830| ARLand SLT| ., 11'1280/ 11'2215/ fFl)eeXr Cavings up to
5 / / 80-90% and 48 292 © .85 / (1(') 11| Poly 2% from 4889
- 0, ) ' i i
4921 | 4885| LST 10-20% 10) | 10.43)| mer m, impreg bit

Table 2.3 KeyOperationalParameterdJsed forDrilling the ChernoyarovskHorizon in the 8 %2
inch Section BeforePipe Got Stuck), Well G

#of I vio |Tvp| . ncl. | Azi. | MW | ECD | g
spent m m Lithology deg | deg g/lcc | glcc type Comments
days (PPY) | (PPY)
ARL and 1.20/ Per ,
4921 | 4885 SLT 4095% | 47/ 105 1.27 flex Strlng packoff,
12 / / and 53 292 (10 / Poly high SPP and
4967 | 4914 LST 5-60% 10.43) (10.6) mer TQ, impreg bit

The first indications of boreholgtability problems were observed at MD 4886 m (TVD
4861m). While picking up the bit off the bottoat this depth, stand pipe pressure (SPP)
suddenly increased and activated jofp valves of the mud pumps. The circulation was
recommenced only after the second attempt, and an overpull of 5 tons was observed. After
pumping the High Viscosity Pill (HVP)2% cavings with 20% gas shows were observed on
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shale shakers. As a reaction to these observations, the mud weight was increadeti8figct

(9.83 ppg) to 1.20 g/cc (10 ppg). Later, drilling was continued to MD 4934 m without any
overpulls during conneicins. However, 1% o$harp angulacavings were still observed with
HVP. After changing the impregnated bit and MWD to new ones and running them in the hole
(RIH), the landing occurred at MD 4878 m and the impregnated bit got partially plugged with
formation. This happened 56 m above the bottom which implies that the borehole was sloughing
during the round trip to change the bit. During the run after cleaning the plugged bit, 6 tons of
landing was observed at MD 4877 m, which is the same depth at which ¢joe plugged. From

this information it can assumed that both landings occurred at a sloughing interval. Since the first
cavings were observed while drilling at MD 4889 m, the top of the sloughing interval is at 4877
4889 m. Since in this case landingslaverpulls took place after tripping, ECD fluctuations due

to swabbing and surging can be a rock failure mechanism.

Despite the hard reaming and sudden increase of the SPP and torque (TQ), drilling with
the same mud weight of 1.20 g/cc (10 ppg) wasicoatl to MD 4967 m where the string got
packedoff. No circulation or string rotation was possible. Jarring did not bring positive results.
As a result, the BHA was lost in the hole (LIH). The results of running Free Point Indication
tools showed that thetring was free at MD 4841 m and 84% free at 4891 m. Below 4891 m the
string was gradually packed with the sloughed formation. To verify the top of the shale
sloughing interval the caliper log was reviewed. The caliper log with gamma ray data is shown in
Figure 2.3. As can be seen from this figure, the severe washouts up to 22 % inches (the nominal
hole size is 8 Y2 inches) start at MD 4850 m, which is the top of the Vorobevski horizon. The
gamma ray values from MD 4850 m (up to 75 gAPI) imply that thelbthoat the interval
48504887 m is mainly composed of clay minerals. It might be that the Vorobevski horizon was
a shalesloughing source. Washouts in this interval was a reason for the PCL landing at MD
4887 m that caused incomplete well logging in tHé &ch section of this well. Sindbere are
no available wellog data for 8 %% inch section below MD 4887 m, it is hard to evaluate the
impact of the Chernoyarovski horizon on shale sloughing. However, the drilling reports were

analyzed to obtain indireformation a the shale behavior in the Chernoyarovski horizon.

The kickoff cement plug was set on the top of LIH tools in order to sidetrack. The 8 %2

inch sidetrack borehole was drilled throughout the Vorobevski and Chernoyahnovizkins
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Figure2.3 Transition zone from the Famennian stage to the Vorobevski horizon in the 8 %2 inch
section, Well G.

to MD 4981 m (TVD 4938 m), which is the bottom of the Chernoyarovski horizon. Throughout
drilling these two horizons, the well behaved similarlyttie previous wellbore. However, the

consequences of those wellbatability problems were different.
2.2.1.3 Vorobevski horizon (8 %2 inch sidetrack)

First indications of boreholstability problems, such as landings and SPP increase, began
at MD 4868 m(TVD 4849 m). This is 7 m above the TVD where the same indications occurred
during drilling the previous borehole. Cavings were observed at shale shakers at the same TVD
(4865 m) as in the previous hole. The amount of the cavings while drilling theasldetas up
to 15% (0.5 1 cm length), which is higher than in the previous case (up to 2%). The reasons for
the amount and size of cavings in this case could be the difference in the drill bit type and the
higher mud weight used in the interval. Key opiersal data are shown in Tables 2.4 and 2.5.
During drilling the previous borehole, when the BHA got stuck, the impregnated bit and turbine
was utilized. The configuration and grinding mechanism of the used impregnated bit restricts
passing of the cavinggrough narrow bit junk slot areas. Moreover, a turbine, with 1130
revolutions per minute (RPM) performance, together with the impregnated bit, works well in

crushing relatively big pieces of caving fragments into smaller pieces. Overall, ground and
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crushe cavings impacted on the mud rheology and packing tendency of the mud. On the other
hand, a tdcone bit was used in the second case (i.e. sidetrack case) when up to 15% of cavings
were observed with 0-8 cm length. Due to the bigger junk slot area efttiRcone bit, relatively

larger cavings were transported to the surface, which is an obvious indication of acceptable hole
cleaning performance. The higher mud weight 11257 g/cc (10.43.0.6 ppg) could also reduce

the rate of the shale sloughing amdprove hole cleaning. Even with the severe landings,
overpulls and torque increase, a drilling team was able to reach the bottom of the Chernoyarovski
horizon and set the 7 inch casing. Probable reasons for avoidingpfbankidents with shale
sloughingwere better hole cleaning and the effect of mud weight increase. Another reason can

be a lower inclination (38 degrees) of this sidetracked wellbore than the inclination of the
previous borehole (453 degrees).

Table 2.4 Key OperationalParameterdJsed for Drilling the VorobevskiHorizon in the 8 %2
inch SidetrackedSection, Well G

#of | MD | TVD | Lithology | Incl. | Azi. | MW ECD | Mud Comments
spent| m m deg | deg| glcc g/lcc | type
days (PP9) | (PPY)
ARL and Cavings up to
4870| 4850| SLT 80 200 | 125/ Per | 10-15% from
36/ 1.27 1.34 Flex .
14 / / 90% and 385 / (10.43 | (11.18) | Pol 4883 m, tri
4921|4895 LST 10 | 293 ' ' y cone bit, WBI
/ 10.6) -mer
20% problems

Table 2.5 Key OperationalParametersJsed forDrilling the ChernoyarovskHorizon in the 8 %2
inch SidetrackedSection, Well G

#of | 'vp [TvD | . ncl. | Azi. | MW | ECD | g
spent m m Lithology deg | deg g/cc g/cc type Comments
days (PP9) | (PPY)
ARL and Per Landing,
4921 | 4895| SLT 35 295 | 1.27 1.34 flex overpull, TQ
4 / / 60% and | 36 / Pol problans due to
4983 | 4939| LST 40 296 | (10.6) | (11.18) -me); hole stability
65% issues

It is important to notice that all hole issues, such as overpulls, landings, torque and SPP

increase, occurred in the intervals that are represented by the Vorobevski horizon. This allowed
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to infer, from the data in Taés$ 2.4 and 2.5, that the Chernoyarovski horizon was not a source of
the wellborestability issues encountered during drilling the 8 %2 inch section of Well G. This
assumption has been verified by modeling wellbore stability and analyzing the directionally
drilled wells at the same stratigraphic stages and horizons as discussed in &hapter

2.2.2 Sixinch Section

A 6 inch section was drilled through the Middle Devonian period (Eifelian stage, D2ef)
and the top of the Lower Devonian period (Emsian stadeeni). The Eifelian stage was
represented in this section of Well G by the Klinsovbkasolovski and Biyski horizonsThe
key operational parameters used for drilling these stages and horizons are shown in Tables 2.6,
2.7 and 2.8.

2.2.2.1 Klinsovsko-Mosolovski horizon

Even though some key operational parameters used for drilling through the Klinsovsko
Mosolovski horizon (see Table 2.6) are not favorable for directional drilling, no significant
wellborestability related issues were encountered duringiryilthis horizon. One of those
unfavorable parameters is the wellbore inclination, which was in a range when hole cleaning is
typically very challenging. Also, the relatively low mud weight, compared to the mud weight
used for the previous sections, and ligh shaleinhibitive KCI system justify our assumption
that the key operational parameter in this section was the lithology. The lithology in this horizon
is mostly limestone and dolomite dominated with a small inclusion of argillites. Since the
dominatng mineralogy is calcite, argillites did not cause significant drilling problems. On the
other hand, in the intervals where the lithology is up td@0% argillites (TVD: 5015 m, 5028
5038 m), shale sloughing was observed and was the reason for NPasslaciding, overpull
and reaming tights. However, these skddeninated intervals are not thick; therefore shale
sloughing did not grow into the upper and lower intervals from the sloughing interval. The
caliper data in Figure 2.4 confirms that wellbordufe in the shale intervals was not severe.
Overall, the Klinsovskéviosolovski section needs to be checked for clay mineralogy. There is a
high possibility that the clay in this horizon is less reactive or potassium/uranium enriched,
which can be a reasdar the absence of wellboitability issues at the drilling stage. Also, the

shale in this horizon might be hydrocarbon source.
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Table 2.6 KeyOperationalParameterdJsed forDrilling the KlinsovskeMosolovskiHorizon in
the 6 inchSection, Well G

#of \'yip |TvD | . ncl. | Azi. | MW 1 ECD g
spent m m Lithology deg | deg glcc gl/cc type Comments
days (Pppg) | (PPY)
ARL 5- 1.18/ | 1.24/ .
6 | 983193 comand | 36/ 289/ 119 | 128 | NACH] MinorWBl
5123|5030 | LST/DLT | 68 | 291 | (9.85/ | (10.35/ me¥ intervals
80-95% 9.93) | 10.68)
o 1 FS : _ e =
Bit size : q Lithology: 50% Argillite EEme =
o] Hole size > 5{ I 5
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Figure2.4 The KlinsovskeMosolovski horizon in the 6 inch section, Well G.

2.2.2.2 Biyski horizon

After the KlinsovskeMosolovski horizon, the Biyski horizon was drilled. No significant
wellborestability problems were eountered during drilling through this horizon. The key
operational parameters used for drilling this horizon are shown in Table 2.7.

As in the previous KlinsovskW®osolovski horizon, the lithology in the Biyski horizon
for this well is mostly rem@sented by limestone and dolomite. Only small inclusions of argillites
(up to 5%) were observed along this interval, except MD SB# m (TVD 5129 m), where
the lithology was 100% argillite (Figure 2.5). However, since the shale thickness at this depth

was only 1 m, there were no significant wellbstability problems except some landings.
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Table 2.7 KeyOperationalParameter&Jsed forDrilling the Biyski Horizon in the 6 inch
Section, Well G

#of l'mp | Tvp | incl. | Azi. | MW | ECD g
spent m m Lithology deg | deg glcc gl/cc type Comments
days (PpP9) | (PPY)
5123| 5030| ARL 3-5% 201 | 1.19 | 127/ | Naci| NOWBS
68 1.29 problems,
13 / / and LST/ /82 / (10.6/ Poly- except some
5920| 5139 | DLT 95-97% 294 | (9.93) : mer b
10.76) shaly intervals

As in the previous KlinsovskiMosdovski horizon, the lithology in the Biyski horizon
for this well is mostly represented by limestone and dolomite. Only small inclusions of argillites
(up to 5%) were observed along this interval, except MD EB#W m (TVD 5129 m), where
the lithology wasl00% argillite (Figure 2.5). However, since the shale thickness at this depth
was only 1 m, there were no significant wellbstability problems except some landings and
overpulls. Besidethe lithology effect, the wellbore inclination in this sectiomuldoresult in a
positive impact on wellbore stability of this section. Again, as in the Klinseivssnlovski

section, the used mud weight was relatively low.
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Figure 2.5 The Biyski horizon in the 6 inch section, Well G. At 5845 m, the litholesgy00%
shale, but no washouts were observed.

2.2.2.3 Emsian stage

The last stage drilled in this well was the Emsian stage. Only 22 m (TVD 3 m) were
drilled in this stage before the TMD was reached. The key operational parameters used for
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drilling this short section are in Table 2.8 which is very similar to the parameters shown in Table
2.7.No significant drilling challenges and hedéability issues occurred during entering tbp

of the Emsian stage. Since not enough data is available for thisnsectias assumed that the
shale behavior of the upper Emsian stage might be very similar to those described for the Biyski

horizon.

Table 2.8 Key OperationalParametersJsed forDrilling the EmsianStage in the 6 inclsection,
Well G

# of .| MW ECD

spent MmD T\r:]D Lithology Igglé '32'9 gl/cc g/cc | Mud type rigms
days (pp9) | (pPPY)
1z |20 P ARL30% and) o, | g, | 149 | 128 | NaCl | NowBS
o )
5042 | 5141 LST 70% (9.93)| (10.68) | Polymer | issues

2.3 Case Study for Well H

To diagnose the troubles enobered at Well H during directional drilling from MD
4680 m (KOP) to TMD 5629 m, a detailed analysis of conducted operations addguelsults
was performed. The collected key operational data for the analysis includes the number of days
spent on drillng this horizon, MD, TVD, MW, ECD, borehole inclination as well as azimuth,
lithology and operation comments. The purpose of this diagnosis is to identify the formation and
lithology that complicate drilling operations and to estimate the NPT due to thigoree
stability issues if any exist. Also, the MW, ECD, wellbore inclination and azimuth will be
evaluated to find the influence of these parameters on weldivabdity troubles during

directional drilling of this well. Problem diagnosis was startethftbe KOP.

2.3.1 Eight and half inch Section

Well H was vertically drilled to KOP at 4680 m (TVD 4680 m) with the open hole size of
8 Y inches. Then, the 8 % inch section was drilled to MD 5048m with the inclination of 58
degrees and azimuth 191 degree€L was not performed up to the planned depth due to
landings at MD 4952 m. While running, the 7 inch casing got stuck at MD 5016 m. It was
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cemented with 4 fthr mud losses. Excessive surge pressure while running the 7 inch casing was

a cause of mud loss.

The 8 % inch section of Well H was drilled through the Upper Devonian period
(Famennian stage, D3fm) and partially the Middle Devonian period. The Middle Devonian was
represented by the Givetian (Mullinski, Ardatovski and Vorobevski horizons) ancaBifghges

(Chernoyarovski horizon).
2.3.1.1 Famennian stage

The Famennian stage was directionally drilled without any significant drilling issues
from 4680 m to 4840 m (4688833 m TVD) with the maximum inclination of 28.5 degrees and
186 degrees azimutat MD 4840 m. To analyze the reasons for the absence of wesltadmiéty
issues in the Famennian stagjee key operational data was collected. This data is shown in
Table 2.9.

Table 2.9 Key OperationalParameterdJsed forDrilling the Famenniarbtage in the 8 %2 inch
Section, Well H

#of 'vp [TvD ||, incl. | Azi. | "W | EcDgice| Mud
zpent m m Lithology deg | deg (g/cc) (opg) type Comments
ays PP9
4680| 4680 | LST 73% 1.21/1.24
230/| 1.19 Perflex
3 / / and 2/23 184 | (9.93) (10.1/ Polyme No WBS
4814 | 4809 | DLT 7% 10.35)

From Table 2.9, we assume that the reasons for the absence of wetiimlity issues

while drilling this section are lithology and low inclination. However, in evaluating the caliper
log in the Famennian stage (Figure 2.6), we can obsersbowts up to 12 inches while the
nominal bit size was 8 ¥z inches. From this information we can derive that even in carbonates the
time-dependent formation weakening occurred in the interval 4680 m. The reasons for the
formation weakening can be filteainvasion, which changes rock properties and alters stresses
due to the bottom hole temperature change during circulation and tripping operations. Porosity
and permeability of the washed interval need to be compared with the same parameters of the in

gauwe intervals in order to verify the correlation between filtrate invasion and washouts. Since
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the inclusion of shale in this interval is negligible, the sfifttate interaction is not considered
in this case. Impacts of the azimuth and mud weights lacermt considered due to the low
inclination angle in this interval. Even though no problems were encountered at this interval
while drilling, washouts shown in Figure 2.6 suggest that this formation could contribute to the

hole-cleaning issues occurredrihg drilling the Givetian stage.

The next stratigraphic stages drilled in the 8 % inch section, after the Famennian stage,
were the Givetian (the Mullinski, Ardatovski and Vorobevski horizons) and Eifelian stages (the
Chernoyarovski horizon). Severe Wwere-stability issues, such as landings, overpulls,
incomplete PCL, casing stuck and LIH BHA, were experienced while drilling and tripping
through these two stratigraphic stages. To determine intervals influenced by the wellbore
stability troubles, a datled analysis of available well logs and drilling data was conducted.
Again, the key operational data was collected in Tables 2.10, 2.11, 2.12, 2.13 and 2.14.
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Figure 2.6 The Famennian stage in the 8 %2 inch section, Well H. Washouts areegtdma and
dolomite intervals.

2.3.12 Mullinski horizon

While drilling the Mullinski horizon, no significant wellbowsability issues were
encountered. The key operational parameters used for drilling this section are shown in Table
2.10.
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Table 2.10 Key OperationalParameterd&Jsed forDrilling the Mullinski Horizon in the 8 %2 inch
Section, Well H

#ol l'vib |TvD | . Incl. | Azi. | MW | ECD 1 g
spent m m Lithology deg | deg gl/cc gl/cc type Comments
days (Pp9) | (pPY)
1.21/
4814 4810| LST 0-73%, 1.19 No WBS
1]/ / | DLT 20-60%, 2330’ 186 (1162;1 / Egrf:ﬁér issues.
4840/ 4837| ARL 10-40% 9.93)| 7035 y Washouts

However, as seen in Figure 2.7, there are obvious washouts at MD 4815 m (washout
diameteri 12 inches) and at 4842 m (washout diamétet7 3. inches). fie last depth
corresponds to the transition from the Mullinski horizon to the Ardatovski horizon. Because no
indications of wellborestability and holecleaning issues were observed, such as SPP increase,
torque fluctuation and cavings, we can assumetttf®main reason for the wellbore failure at
this horizon was the time effect. Time effect implies formation weakens due to the filtrate
invasion after some period of the formatimud contact. The presence of argillite at MD 4842 m

could exacerbate and aterate the formatiefailure process due to chemical interactions.
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Figure 2.7 The Mullinski horizon, 8 %2 inch section. Washouts at the MD 4815 m and 4842 m.
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2.3.13 Ardatovski horizon

Drilling the upper part of the Ardatovski horizon wamooth without wellborstability
or holecleaning problems. The key operational parameters used for drilling this interval are

shown in Table 2.11, and the log plot is illustrated in Figure 2.8.

Table 2.11 Key OperationalParameterdJsed forDrilling the Upper Part of the Ardatovski
Horizon the 8 % inclsection, Well H. Thdnterval iswithout Significant Washouts

#of | 'wip | TvD . incl. | Azi. | MW 1 ECD 1 g
spent m m Lithology deg | deg g/lcc | glcc type Comments
days (pp9) | (PPY)
LST 20%, 1.21/
3 48/40 48/37 DLT 20-40%, 3/0 1?7 1.19 1.24 | Perflex | No WBS
ARL 10-60%, (10.1- | Polymer| issues
4896 | 4880 SS 4075% 40 | 189 (9.93) 10.35)
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Figure 2.8 The Ardatovski horizon, 8 %2 inch section. No washouts are in the intervai 4860
4910 m.

The information from @&ble 2.11 and Figure 2.7 was integrated and analyzed to
understand the reasons for successful drilling at the intervat4@83® m. Two main parameters
were derived that could contribute to the closén-gauge drilling results. One of these
parameters ishe lithology. As shown in Figure 2.7, the dominant lithology in the interval of
interest is sandstone. Rock properties of the sandstone in this interval need to be evaluated.

Another parameter that could have a high impact on wellbore stability is ancbnation
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which was less than 40 degrees in this interval. However, severe washouts were observed in
upper intervals, such as the Famennian and Mullinski, where the inclination was lower than 30
degrees. Evaluation of drilling operations and well lagthe same horizons while drilling the 6

inch section in this well can facilitate the determination of the key wel$tailwlity parameters.

The first indications of wellborstability related problems started at MD 4896 m (TVD
4880 m). At this depthwerpulls up to 15 tons were observed. From MD 4896m (Figure 2.8) the
lithology changes from predominantly sandstone to siltstone. It is also the depth with severe
washouts. Even though significant washouts in the Ardatovski horizon were presentedgeas at th
depth 4935 m (Figure 2.9), the hole cleaning performance was sufficient to avoidfpack
issues. Analysis of the shdrtp and rounetrip results when no overpulls or landing were
observed confirms the acceptancehafkey hole cleaning parameterstiagé Ardatovski horizon

as shown in Table 2.12.

Table 2.12 Key OperationalParameterdJsed forDrilling the Lower Part of the Ardatovski
Horizon in the 8 ¥z incl®ection, Well H. ThdntervalHasSignificant Washouts

#of | 'mp [TvD |, ncl. | Azi. | MW 1 ECD T g
spent m m Lithology deg | deg glcc glcc type Comments
days (PP9) | (pPY)
1.21/ Overpulls up
4896 4880 LST 35 40/ 189| 1.19 1.24 Perflex | to 15 tons. No
3 / / 60%, SS 42 ! (10.1/ | Polymer| hole cleaning
4940 4913 | 40-65% 192 | (9.93) ' .
10.3 issues
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Figure 2.9 The Ardatovski horizon (lower part), 8 %2 inch section. Washouts are in the interval
49204940 m.
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2.3.14 Vorobevski horizon

The next horizon drilled after the Ardatovski horizon in the 8 % inch section was the
Vorobevski horizon. The drillig performance analysis showed no significant wellstability
issues with drilling this horizon. No 8 % inch opleole-logging data is available for this interval
to correlate the acceptable drilling performance in this horizon with the caliper datavétow
the 6 inch opetholelogging data for the Vorobevski horizon can be used to obtain a correlation
between the drilling performance and key operational parameters. The key parameters used for
drilling the Vorobevski horizon in the 8 %2 inch section sinewn in Table 2.13. Since the 8 ¥
inch logging data was not available for this interval, mud logging reports were used to obtain the
lithology for the Vorobevski horizon. The domination of limestone in this horizon could be a

reason for avoiding boreheiability problems.

Table 2.13 The Vorobevskilorizon. Key Operational ParametersUsed for Drilling the
VorobevskiHorizon in the 8 % inclsection, Well H. Thdnterval iswithout Wellbore Stability
Issues

#of | 'mp |TvD | . ncl. | Azi. | MW | ECD g
spent m m Lithology deg | deg g/cc glcc type Comments
days (Pp9) | (pPY)
LST 30 Per
o | 0O oo, | 43/ o, | 119 | 124 | flex ’\I':n‘é‘i’fé"s’“;'jrﬂgd
4980| 4939 ARL 10- | 47 (9.93)| (10.33 | Poly- short/round trips
55% mer

2.3.15 Chernoyarovski horizon

The Chenoyarovski horizon, drilled after the Vorobevski horizon, was a source of
wellborestability challenges during drilling the 8 %2 inch section of Well H. Chippeécaving
sloughing, observed from MD 4982 m, was one of the reasons for the stuck pipepleteo
openthole logging, stuck casing and timensuming reaming. Since gas shows up to 35% were
indicated during prolific chippedizedcavingsloughing, we can extrapolate that an abnormally
pressured shale interval was a primary reason for the-chaigy sloughing. Even though mud
weight was gradually increased from 1.19 g/cc to 1.27 g/cc (9.9 to 10.6 ppg), as a response to the
sloughing problems, it did not stopwng sloughing. Also, hole cleaning might be inadequate

compared to a significant sloloigg rate. As a result of the sloughing and lack of hole cleaning,
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PCL tools could not reach the Chernoyarovski horizon, and the 7 inch casing got stuck at MD
5016 m. The key operational parameters used to drill this horizon (Table 2.14) need to be

evaluaed to obtain critical reasons for the wellbastability issues in this section.

Besides the lithology, dominated by siltstone in this horizon, the well inclination ranged
between 47 and 58 degrees. These two parameters (from the 8 %2 inch hole secgon) wer
analyzed and compared to the key operational parameters used to drill the 6 inch hole at the same
horizon in this well. The other important information we can extract from Table 2.14 is the
number of drilling days versus total days spent for this horifwilling the Chernoyarovski
interval in this well took 4 days with chippaizecaving sloughing and significant gahow
handling. A wiper trip performed immediately after reaching MD 5048 m did not show any hole
cleaning or tighthole issues. That wasreason for keeping the mud weight range between 1.21
1.22 g/cc (10.410.2 ppg). This mud weight was not enough to keep the hole from sloughing, or
additional sloughing was created due to excessive swab and surge pressures while tripping.
Therefore, sigricant time was spent for PCL and reaming until finally the mud weight was
raised to 1.27 g/c€10.6 ppg). However, the hole was still sloughing even with this mud weight.
Unfortunately, no caliper data is available for this horizon in the 8 %2 inch sezti@iermine an
exact sloughing interval. Another factor that could impact the siltstone sloughing could be the
time effect. Since the Chernoyarovski interval was exposed to the mud about 17 days, there
might have been enough multhy contact time to weak shale intervals and facilitate the
sloughing rate and volume. It is critical to drill and complete mud sensitive shale intervals as fast
as possible unless a mud system is compatible with the clay minerals present in the formation.

Table 2.14 KeyOperationalParameterdJsed forDrilling the ChernoyarovskiHorizon in the 8
% inchSection, Well H. Sever&/ellbore Stability IssuesNereEncountered

#of | 'mp [TvD | . Incl. | Azi. | MW | ECD g
spent m m Lithology deg | deg glcc glcc type Comments
days (Pp9) | (PPY)
1.19/ 124/ Severe sloughing
4980 | 4939 LST O 1.27 129 Per gas shows, hole
25%, a7/ flex cleaning issues,
4/17 / / 191 . ,
SLT 7% 58 (9.93 Poly | pipe and casing
5048 | 4982 (10.35/ L
100% / mer | sticking, PCL run
10.76) :
10.6) issues
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2.3.16 Seveninch Casing Stick and Collapse

While RIH, the 7 inch casing stuck and collapse occurred in this well. There are at least
two factors that contributed to these problems. First, the mud weight during RIH the 7 inch
casing was 1.27 g/cc (10.6 ppg), which istreddy higher than the mud weight used for drilling
the upper part of this section. This mud weight, in combination with the surge pressures and poor
hole cleaning, was the reason for mud losses if#/hr) during RIH the 7 inch casing. Usually,

a mud wejht used for RIH a 7 inch casing in vertical wells in this field is in a range ofl11B7

g/cc (9.7- 9.9 ppg). The reason for increasing the mud weight to 1.27 g/cc (10 ppg) was an
attempt to stop the shale sloughing. The second factor was the deégigimp lost circulation
materials (LCM) when the casing had not yet reached the planned shoe depth. Pumped LCM,
together with mud solids, created a bridge around the 7 inch casing and packed it off. This
second factor might be considered as a human emrothat situation. Except obvious
recommendations to mitigate wellleestability problems and to improve a halkeaning
program, two follow up recommendations exist. First of all, it is highly recommended to run an
autofill type shoe track in order to deice a surge pressure while RIH casing strings. Moreover,
control of a pipe velocity is also a critical factor in reducing surge pressure values. Acceptance of
the second recommendation depends on the severity of mud losses during RIH casing strings. If
amud loss rate is relatively moderate as it was in this case, it is critical, first, to reach a planned
casing set depth. Only after that, start working on reducing mud losses before cementing
operations. In case a depth for the mud loss is determinechbiyngua temperature gauge on a
wireline, it would be possible to derive an estimated surge pressure for a mud loss depth and to

correlate that value to the calculated minimum horizontal stress magnitudes.
2.3.2 Sixinch Section

After determining the 7 ith casing collapse depth, a whipstock system was set MD 4962
m, which corresponds to the Vorobevski horizon. While drilling, MD 4@78vhich is the top of
the Chernoyarovski horizon, string pagH took place. After jarring, the string got free, and
circulation was reestablished. Bottoragp cuttings were 10% limestone and 90% siltstone.
Then, at MD 5004 m (TVD 4960 m) the string got packédagain. It is the same problematic
TVD encountered during drilling the 8 %2 inch section in the Chernoyarovskinodarring did

not bring any positive results, so the BHA was LIH. Before the string-ptickas observed, a
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fluctuation of the SPP and TQ occurred, which is considered to be a sign of gpatrkiigg
tendency. The key parameters used to drill this gfathe 6 inch section in Well H are shown in
Table 2.15.

Based on the parameters in Table 2.15, there are a few potential reasons for the wellbore
failure and LIH. First of all, setting the whipstock at the Chernoyarovski horizon with the shale
dominated lithology could be the cause of the immediate formation sloughing observed during
drilling at the casing exit. Also, the attempt to drill this section with the reduced mud weight
(1.18 gl/cc, 9.8 ppg) could accelerate the wellbore failure. Moredweryéllbore vicinity at the
whipstock depth could be affected by a stress alteration caused by drilling the 8 %2 inch section.
The possible causes for the severe welllstadility issues during drilling this short 6 inch

section can be narrowed down by lgmang the 6 inch sidetrack section drilled in this well.

Table 2.15 Key OperationalParameterdJsed forDrilling the ChernoyarovskiHorizon in the 6
inch Section, Well H. Sever@/ellbore Stability IssuesVereEncountered

#of 'vp |TvD | Incl. | Azi. | MW | ECD g
spent m m Lithology deg | deg glcc gl/cc type Comments
days (pp9) | (PPY)
KCL Seyere
4980| 4939| LSTO 118 1.04 / sloughing, hole
2 / / 10%, SLT | 47 | 185 (9.85) (16 35) | Poly cleaning issues,
5004 | 4960| 90-100% ' ' mer pipe sticking,
LIH BHA

2.3.3 Sixinch Secton (Sidetrack)

After failing to drill the 6 inch section from the Chernoyarovski horizon, a-&itlplug
was set on the top of the LIH BHA. Then, a whipstock system was set at MD 4772.7 m which
corresponds to the Famennian stage. This 6 inch sectiordnilasl with a relatively good
performance and without severe wellbgtability issues. Using the same diagnostic model, key
operational parameters used to drill each encountered horizon were evaluated to explain the

reasons for the successful and/orgpenatic drilling performance.
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2.3.3.1 Famennian stage

Drilling of the 6 inch section through the Famennian stage was smooth without any
significant wellborestability issues. The key operational parameters used for drilling this part of

the 6 inch sa@mn are shown in Table 2.16.

Tade 2.16 Key Operational ParametersUsed for Drilling the FamennianStage in the
Sidetracked 6 inclsection, Well H. NoWellbore Stability IssuesVereEncountered

f of MD | TVD . Incl. | Azi. MW ECD Mud

spent m m Lithology deg | deg g/cc glcc type Comments

days (opg) | (ppg)

, | 470147 DLT 98w, | L, | yge | 1187122 127 'Figl';/ oWl
sg14 ag11 | ARL2% (9.85/10.2) (10.6)|

The ingauge hole illustrated in Figure 2.10 correlates with the good drilling performance
obsenations. In order to identify the reasons for the absence of weliitabdity issues in this
interval, the key parameters in Table 2.16 were evaluated. The main reason for no wellbore
stability issues is considered to be the lithology which is dominatéichbstone and dolomite in
the Famennian stage. Even though the Famennian stage was exposed to the whole 6 inch section
drilling time, the time effect was not an issue for this stage with the given parameters. Stress
alterations at the Famennian stage eveegligible in causing the rock to weaken over the
designated time period. The low borehole inclination in this stage could also be the reason for
this troublefree performance. It is important to note that the mud system for the 6 inch section
was changa from the PERFLEX to the KCI systerMore information about the PERFLEX
mud systentan be foundn AppendixA. To evaluate th difference in the performance between
these two mud systems, the well logs for the 8 ¥z inch and 6 inch sections of the Faistageian
were analyzed. The wdibg plot of the 8 Y2 inch section of the corresponding interval is

illustrated in Figure 2.11.

It can be clearly seen from these two figures that the caliper log of the 6 inch section is
close to ingauge while the caliper logf the 8 %2 inch section shows some hole diameter increase

at the same Famennian stage interval. The most probable reason for this differencéhean be
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betterthe better efficiency of the KCl system. The accuracy of this assumption needs to be

checked byvaluating 8 ¥z inch and 6 inch section logs at shale intervals.
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Figure 2.10 The Famenian stage, sidetracked 6 inch section. No washouts in the log plot
correlate with the successful drilling performance in the interval-4814d m.
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Figure 2.11 The Famennian stage, 8 % inch section. The deviation in the caliper log in the
interval 478064814 m could be due to the time effect and chosen mud type

2.3.3.2 Mullinski horizon

Similar to the Famennian stage, the Mullinski horizon was drik@hout any wellbore

stability problems. The key operational parameters used for drilling this horizon are shown in
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Table 2.17. From Figure 2.12, a cldsein-gauge hole in the 6 inch section of the Mullinski
interval is in good agreement with the stalgerformance observed during the drilling. The
comparison between the key parameters used for drilling this interval (Table 2.17) with the same
interval in the 8 ¥ inch section, shown in Table 2.16, gives insight into the reasons for the two
different belaviors. The following parameters have been analyzed to explain this performance

difference:

1 wellbore inclination
1 mud weight
1 mud system
These three parameters are different in the two key parameter datasets considered and could be

the reasons for the diffent wellborestability behavior.

The first parameter is the wellbore inclination. The inclination of the 8 ¥ inch section at
the Mullinski horizon was in the range of-328 degrees. This is not considered to be a critical
factor for the hole cleaning, weit is higher than the inclination in the 6 inch section at the
Mullinski horizon. Another parameter is the mud weight. The mud weight used for drilling the 8
% inch section in the Mullinski horizon was 1.19 g/cc (9.9 ppg), which is less than the mud

weight used to drill the same horizon in the 6 inch section.

Table 2.17 Key Operational ParametersUsed for Drilling the Mullinski Horizon in the
Sidetracked 6 inclsection, Well H. NowWellbore Stability IssuesVereEncountered

# of MW ECD

MD | TVD . Incl. | Azi. Mud
spent m m Lithology deg | deg g/cc g/cc type Comments
days (PPY) | (PP9)
4814 | 4811 DLT 0-38%, 1.92 127 KCL
1 / / LST 38100%, 17 | 180 (10' 18) (16 6) Poly | No WSI
4840 | 4836 SLT 2-95% ' ' mer

Finally, different mud systems used in the 8 %2 inch and 6 iectiosis could also be the
reason for the time affected wellbestability behavior. Possibly, the KCI| system had more

formation compatibility than the PREFLEX system used in the 8 %2 inch section.
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Figure 2.12 The Mullinski stage, sidetracked 6chn section. No washouts in the log plot
correlate the successful drilling performance in the interval 4840 m.
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Figure 2.13 The Mullinski horizon, 8 %2 inch section. The deviation of the caliper log in the
interval 48144840 m could be due tbe time effect, well inclination and chosen mud system

2.3.3.3 Ardatovski horizon

No wellborestability problems were encountered during drilling the 6 inch section
through the Ardatovski horizon. The key operational parameters used for drillinguthf the
6 inch section are shown in Table 2.18e caliper log in Figure 2.14 shows thegiauge hole
throughout the whole Ardatovski horizon in the 6 inch section even though this horizon was
dominated mostly by siltstone. This figure helped in urtdading that time effect was not an
issue for this horizon with the givetey operational parameters. On the other hand, a totally
different situation was observed during drilling the same horizon in the 8 ¥z inch section. The log

plot for the Ardatovski hiazon in the 8 ¥z inch section is illustrated in Figure 2.15.
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Table 2.18 Key Operational ParametersUsed for Drilling the ArdatovskiHorizon in the
Sidetracked 6 inclsection, Well H. NoWellbore Stability IssuedVereObserved

#of | vp | TvD . Incl. | Azi. | MW 1 ECD g
spent m m Lithology deg | deg gl/cc gl/cc type Comments
days (Ppg) | (PPY)
DLT 10-65%, 1.28/ | KCL
4 4%40 4%36 LST 3565%, 17 | 180 1.22 1.31 / No WBI
4922 | 4915 SLT 30-65%, (10.18) | (10.68 /| Poly
SS 060% 10.9) | mer
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Figure 2.14 The Ardatovskhorizon, 6 inch section. No washouts in the log plot correlate the
successful drilling performaean the interval 484d922 m.
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interval 48464922 m ould be due to the time effect and wellbore inclination.
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During drilling the 8 % inch section through the Ardatovski horizon, a number of
washouts were observed in this interval, correlating the encountered landings and overpulls. To
analyze this diffenece, the key operational parameters used to drill the Ardatovski horizon in the
8 % and 6 inch sections were evaluated (Tables 2.12 and 2.18). Again, there are three parameters
which are different in these two cases: the wellbore inclination, mud weighinad system. As
can be seen from Tables 2.12 and 2.18, a higher mud weight was used in the 6 inch section,
while the inclination in this section was less than in the 8 % inch section. Also, a KCI mud
system was used for drilling the 6 inch section whtiézing the PERFLEX system for the 8 %2
inch section.

To narrow down the range of causes for the different formation behavior in these two
sections, a comparison of rock properties for the 6 inch and 8 ¥z inchwasesnducted. This
comparison will hip to evaluate the impact of the mud type on this difference. The impact of the
mud weight and inclination has been derived from a numerical wel#tabdlity model thatwill

be discussed in a subsequent section.
2.3.3.4 Vorobevski horizon

The Vorobevki horizon was also drilled without any wellbes&ability issues in the 6 inch

section. The key operational parameters used to drill this horizon are shown in Table 2.19.

Table 2.19 Key OperationalParametersUsed for Drilling the VorobevskiHorizon in the
Sidetracked 6 inclsection, Well H. NoWVellbore Stability IssuesVereObserved

#of | 'Mp | TvD . Incl. | Azi. | MW | ECD 14
spent m m Lithology deg | deg gl/cc gl/cc type Comments
days (Pp9) | (PPY)
4922 | 4915| DLT 23%, LST KCI
> |/ | 1 |60%, SLT15%, 16 | 181 (1162128) (116258) Poly Ngs\’gff
4948 | 4939 SS 2% ' ' mer

Based on drilling reports, there were no significant wellizbability problems
encountered during drilling this horizon in the 8 ¥z inch section. Unfortunately, PCL did not

cover this lithology in te 8 %2 inch hole. However, by integrating the key operational parameters

42



, _
N L7
b & L
=
R=x ERE
— BRI
= S
=~ d
~ [y
5 T
o IE =P
o ilmn i ‘\:‘Zg L |
A(jEI” I 1 = +
[N
<5
-l e
Y =] =
(] ._? o =
— I =5 ] ——=
= EHES —
et b .
B L=l =] £ || 90% Siltstone
lL 3 Lyl T 717

Figure 2.16 The Vorobevski horizon, 6 inch sidetracked section. No washouts in the log plot
correlate the successful drilling performance in the interval 4923 m.

from Tables 2.13 and 2.19 with the Vorobevski horizon log plot for the 6 inch section (Figure
2.16), it was possible to extrapolate the data to determine the reasons for well stability in this
horizon. The relevant parameters are the well inclination, mud tyermaid type and lithology,

which is dominated by limestone. As can be observed in Figure 2.16, there are no washouts even
at the intervals which are dominated by siltstone (MD 4950 m).

2.3.3.5 Chernoyarovski horizon

Another horizon drilled without wedlbrestability problems in the 6 inch sidetracked
section is the Chernoyarovski horizon. The key operational parameters used to drill this horizon
are shown in Table 2.20. Even though the logging data from the 8 ¥z inch section is not available
for this horzon, according to daily drilling data, this horizon was the main source of the severe
wellborestability issues in the 8 Y% inch section. The available caliper log data from the 6 inch
borehole, plotted in Figure 2.17, shows no serious washouts in tleerh@ven at the highly

shaly intervals.

Analyzing data from Tables 2.20 and 2.21, in combination with the caliper and lithology
data illustrated in Figure 2.17, it can be extrapolated that the main reason for the absence of
wellborestability issues in # 6 inch Chernoyarovski sidetracked section is the wellbore
inclination. This 6 inch section was intentionally drilled with a low well inclination. Obviously,

that decision brought positive results in terms of keeping the wellbore stable. The mud weight
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Table 2.20 KeyOperationalParameterdJsed forDrilling the ChernoyarovskiHorizon in the 6
inch Sidetracked Section, Well H. NoWellbore Stability IssuesNereObserved

#of | vip | TvD . ncl. | Azi. | MW | ECD g
spent m m Lithology deg | deg gl/cc glcc type Comments
days (Pp9) | (PPY)
1.23/
4948| 4939 | LST 0-40%, KCl
> | 1 | 1 |SLT40100%,| 14 | 181 (1%2256 / (1163913) Poly NicS)SVL\J/IGBSS
5011|5000 SS 060% 10'43) ' mer

evaluation in the Chernoyarovski horizon for both the 6 inch and 8 % inch sections gave
interesting reults. First, in the 8 2 inch section, the mud weight was increased up to 1.27 g/cc
(10.6 ppg) at the Chernoyarovski interval due to sloughing of chippegiltstone avings. Gas

shows during drilling this interval indicated an oyeessured shaly zon&econd, the mud
weight in the 6 inch section was increased up to 1.25 g/cc (10.4 ppg) due to high gas shows, but
not because of siltstone sloughing. Another reason for the drilling performance discrepancy in
these two sections could be the two differdniiting mud type systems. Based on the analysis of

this horizon, wellbore inclination is a major factor for the wellbstability control during

drilling the sidetracked 6 inch borehole through the Chernoyarovski horizon.
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Figure 2.17 The Cheroyarovski horizon, 6 inch sidetracked section. No washouts in the log
plot correlate the successful drilling performance in the interval-5948 m.
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2.3.3.6 Klinsovsko-Mosolovski horizon

After the Chernoyarovski horizon, the Klinsovsktmsolovski horzon was successfully
drilled. Even though some shale sloughing was observed in the intervab88X0m, this did
not complicate the drilling process. The key operational parameters used to drill this horizon in
the 6 inch section are shown in Table 2.Zhe available logging data for this horizon is
illustrated in Figure 2.18.

The integration of drilling reports with the log analysis helped to interpret the correlation
between the absence of wellbatability issues during drilling and the enlargemeiisws1 on
the log plot. The only borehokability issue indicated during drilling the Klinsovsko
Mosolovski horizon in the 6 inch sidetracked section was the chispestishale caving
sloughing at thénterval 50765081 m.However, that was not a loigmm sloughing, and it did

not create any drilling issues.

Table2.21 KeyOperationalParameterdJsed forDrilling the KlinsovskeMosolovskiHorizon
in theSidetracked 6 inclsection, Well H. NowWellbore Stability IssuesNereObserved

#ol 'mp [Tvp | . incl. | Azi. | MW | ECD | g
spent m m Lithology deg | deg g/cc glcc type Comments
days (pp9) | (pPPY)
1.231 No WBS
5011| 5000| LST95%, | 15 |181| 1.24 | L, | KCI | . ° 000
5 / /| ARL3-100%, | | | | | (10.26 jo'gq | Poly | G20 s
5150| 5106| DLT 0-20% | 63 | 190| / 23| mer 5070950891
10.35) -veim

There are, at least, four factors which explain why the sloughing was not prolonged: the
lithology, wellbore inclination, mud weight and mud type. As can be seen from Figure 2.18, the
lithology at the interval 5076081 m is dominated by limeston&herefore, the sloughing
interval is probably 5108115 m, where a higher shale factor in the lithology and bigger
washouts exist. The shale intervals in the Klinsovskisolovski horizon are not massive, and
as a result the washouts were not propagatedetapper and lower intervals. Another reason
can be a relatively low value for the wellbore inclination. In this interval it was about 40 degrees,

implying that hole cleaning was not an issue. The used mud weight could also be sufficient to
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Figure 2.18 The Klinsovskblosolovski horizon, 6 inch sidetracked section. The indicated hole
enlargements did not impact on the successful drilling performance in the interved BRl in.

stop the sloughing propagation. Finally, KCI mud was able tibiindd small fraction of shale in
this interval.

On the other hand, the caliper log data in Figure 2.18 shows significant washouts all
along the KlinsovskéMosolovski interval. The absence of wellbeatability problems during
drilling this section allowe it to be inferred that this washouts occurred in a continuous manner.
Also, the hole cleaning was sufficient to clean a borehole experiencingspk®d sloughing. It
can be reasonably assumed that the ndtordere ef f e
to estimate an approximate time required to weaken a formation in the Klinddesiabovski
horizon, drilling and tripping reports were analyzed. According to those reports, the first
indication of the washout existence, such as overpulls and landiegurred 16 days after
starting to drill the Klinsovskdlosolovski horizon. At that time Well H reached the TMD.
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Estimating the time effect for different formations helps predict the safe drilling time after which

a risk of rock weakening and sloughiimgreases.

Based on the data in Tabk21 and the wellborstability behavior of Well H in the
KlinsovskoMosolovski section, it is reasonable to assume that it is feasible to drill this horizon
even with the moderate well inclination and relatively lowd weight. However, the preferable
azimuth selection, lithology comparison, and sufficient hole cleaning program were analyzed in

detail before accepting this assumption.
2.3.3.7 Biyski horizon

Similar to the case of drilling Well G, no wellbeseability problems occurred during
drilling the Biyski horizon in the 6 inch sidetracked section of Well H. The key operational

parameters used for drilling the 6 inch hole through the Biyski horizon are shown in Table 2.22.

Table 222 Key OperationalParametersJsed forDrilling the Biyski Horizon in theSidetracked
6 inchSection, Well H. NoWellbore Stability IssuesNereObserved

#of | 'mp | TvD | . ncl. | Azi. | MW 1 ECD g
spent m m Lithology deg | deg glcc g/cc type Comments
days (pp9) | (PPY)
10 5150/| 5106 /| LST 40%, | 63/ |188/| 1.23 1.31 ggll No WBS
5560 | 5148 | DLT 60% | 85 | 190 | (10.26) | (10.93) me)r/ issues

The main reasons for the successful drilling performance in this horizon are the lithology
and wellbore inclination that is greater than @&fgmkes in this part of the 6 inch section. The
lithology is represented by dolomite and limestone. According to drilling reports, there are few
cases when landing and pipe stuck occurred at the intervat322@ m. All those cases
occurred during runningr pulling out a stiff BHA. By integrating the caliper and well survey
data, it is possible to find causes of those incidents. The interval322@m, shown in Figure
2.19, is a transition zone from the bui@ to the tangent sections; therefore, du¢hto well
geometry and BHA stiffness, additional reaming occurred at this interval, explaining the ledges

observed at the depth of 5232 m. Assuming that this is a correct explanation for the pipe sticking
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and landing, it can be considered that the holenthg program in this section was sufficient to

remove all cuttings to the surface.
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Figure 2.19 The Biyski horizon, 6 inch sidetracked section. The indicated borehole
enlargements resulted from the oveaming due to BHA stiffness.

2.3.3.8 Emsian stage

After the Biyski horizon, 70 m of the Emsian stage was drilled with significant wellbore
stability issues. Rapid SPP and TQ increase and excessive reaming due to frequent overpulls and
landings were experienced during drilling this shotenval. The key parameters used for
drilling the Emsian interval are shown in Table 2.23.

Table 2.23 Key OperationalParametersJsed forDrilling the EmsianStage in theSidetracked 6
inch Section, Well H. SignificanWellbore Stability IssuesNereObserved

#of | 'mp [TvD | . ncl. | Azi.| MW 1 ECD 1 g
spent m m Lithology deg | deg glcc glcc type Comments
days (pPg) | (PPY)
5560| 5148| ARL 70 KCl | SPPandTQ
100%, 1.23 1.33 ) )
3 / / 85 | 185 Poly increase, bit
DLT (10.26) | (11.1) : .
5629 | 5148 30% mer | plugging, reaming
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The daa in Table 2.23 and log data in Figure 2.20 were analyzed. It is obvious that the lithology,
dominated by argillites, was the main reason for the unstable wellbore behavior. Even though
PCL tools did not reach to the TMD, and most of the logging datatigvailable below MD

5580 m, it is possible to extrapolate that the gamma ray data and caliper log fingering will be
continuing toward TMD 5629 m. Obviously, the used mud weight was not enough to counteract
the clay sloughing tendency in this intervalsé| the KCI mud, used to drill this section, was not
compatible with Emsian argillites. Since the Emsian stage is not a source rock, it is not
recommended to drill through this stage. A gamma ray sensor in the LWD system can help to

avoid entering into tisi stage during drilling horizontal wells in the Biyski horizon.
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Figure 2.20 The Emsian stage, 6 inch sidetked section. Severe wellbestbility issues
occurred during drilling the interval 55&529 m.

Because of the low inclination atethvorobevski and Chernoyarovski horizons and
utilization of KCI mud, the sidetracked 6 inch section of Well H was drilled without significant
wellborestability problems. However, the 4 % inch stuck liner due to highlepgeverities
(DLS) at the Klinsogko-Mosolovski horizon indicates that the shmatlius trajectory creates
completion issues. Therefore, it is necessary to conduct an integrated wsitimliey analysis
in order to determine a required safe mud weight to drill with a relatively low BIs®, severe
wellborestability issues encountered during drilling the Emsian stage indicates that the Emsian
stage should be a rgo layer.
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2.4 3D Problem Visualization in Petrel

To better visualize the drilling performance in terms of wellborbilgig the same
diagnosticcoding discussed earliavas | mpl ement ed. The code f00
where no wellborst abi |l ity i ssues occurred. 10 show:
wellborestability problems that were handled without patkand loss circulation incidents.
Finally, the code A20 r epr e s-stabilitgissuen happened | s wl
such as the pipe stuck, loss circulation, PCL failure and sidetrack. Then, this coding system was
utilized for Wells H and Gand transferred to Petrel to determine if the wellistadility issues
are associated with a particular horizamot (Figures 2.21 and 2.2)he 3D analysis of these
figures shows that the Biyski and Klinsovskimsolovski horizons are not problemaittervals
in terms of wellbore stability. Moreover, the Vorobevskid Chernoyarovski horizons are
represented with A20 and fAl1l0 codes for both w
to be the source of wellbostability issues. The minor ftiuation in coding for these two
problematic horizons can be explained with the presence of the fault between the two wells
(Figure 2.23).

General

Figure 2.21 Cross sectional view of Well H with all horizons from the top of unconformity to
the Emsian stage.
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Figure 2.22 Cross sectional view of Well G with all horizons from the top of unconformity to
the Emsian stage.

Figure 2.23 Top view of Wells G and H with a fault between these two wells.
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CHAPTER 3
GEOLOGICAL MODELING OFTHE WEST KAZAKHSTAN HELD AND

IN-SITU STRESS MAPPING FOR WELLBORBTABILITY ANALYSIS

Considering the complex geology of the fraspian Basin and the West Kazakhstan
Field, it is critical to integrate the geological model developed in our study into the wellbore
stability aralysis. Even though the importance of this integration is well recog(iizé¢dncu et
al., 2006) geological data is typically not available for the service companies who provide
analysis for the producing companies. An existing geological model from és¢ Kézakhstan
Field was adapted as a basis for the geological modeling for this study. Note that, in the existing
geological model for the West Kazakhstan Field, only productive net zones have been included
in the geological model, while neproductive itervals were not considered. This modeling
approach is acceptable from reservoir engineering and production optimization stand points.
However, most wellborstability issues observed in this field of study corresponded te non

productive intervals, partitarly to seal shales.
The primary goals of building this geological model are as follows:

1 to incorporate the missing horizons in the geological model in the interval of interest
(27005300 m),

1 to analyze the wellborstability problems in 3D, and to betteisualize problematic
intervals in the model,

1 to map the uniaxial compressive strength anditim principle stresses in each horizon
for the entire field,
to better understand the existing fault locations in the study field,
to predict rock propemris and stress distribution at a parcuhrea based on available

data from offset wells and presence of faults
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3.1 Enhancement of the Existing Geological Model

The existing geological model consists of the Devonian fault map and three horizons.
Thosehorizons are the top of the Fransian Unconformity, Klinsovdksolovski and Biyski
layers. Since the intervals wellbestability problems experienced are above Klinsovsko
Mosolovski and Biyski horizons, the geological model was modified by adding nexsla
between the bottom of the Kungurian salt system (about 2700 m) and Emski horizon (at about
5300 m). This was a very important implementation since a few horizons are eroded in some
parts of the West Kazakhstan Field due to the presence of the Fridns@amformity (see Figure
3.1).

Elevation depth (m]

Figure 3.1 The surfaces of Vorobevski and Chernoyarovski horizons are eroded below the
unconformity in the northwest and soutleast parts of the field. These two horizons are
considered to be a source for wellbgtablity issues. The bar scale is the depth (44200 m)

below the mean sea level.

The horizons above this unconformity are considered to be conformable. As mentioned in

Chapter 1, the tilted block system exists below the Fransian Unconformity (see Figjur
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Figure 3.2 A tilted block system below the Fransian Unconformity. The scale is depth (4740
4900 m) below the mean sea level.

Figure 3.3 The multilateral well (in red circle) was drilled without any wellistability issues
because hte Vorobevski and Chernoyarovski horizons are eroded in this part of the West
Kazakhstan field.

54



Therefore, in order to capture tilted block features in these zones, the existing key horizons were
adapted as a basis for further modeling. These egi&ky horizons were modeled based on
seismic data and represent an actual undulation of the horizons. It was found that the presence or
absence of the Mullinski, Ardatovski, Vorobevski, and Chernoyarovski horizons in the
stratigraphic column varies depengion the well location. Note that no wellbetability issues

were experienced during drilling deviated wells in the area where the Mullinski, Ardatovski,
Vorobevski, Chernoyarovski horizons are eroded. For instance, in Figure 3.3, the multilateral
well is shown in the red circle. Since the sHaéaring Vorobevski and Chernoyarovski horizons

are not presented in the stratigraphic column of this well, both laterals were drilled without any
wellborestability issues. On the other hand, these horizons ergemt in the wells with
wellbord stability issues. It should be acknowledged that, besides the fact of presence of these

horizons, the wellbore inclination and azimuth play a dominate role in welib@ipdity issues.
3.2 3D Petrophysical Model
The lasic steps used to build the 3D petrophysical model in this study are as follows:

pick new well tops

create new surfase

make simple grid

make layers

perform geometrical modeling
scale up well logs

perform data analysis

© N o g s> w D P

perform 3D petrophysical modeling.

A selection of well tops from the well logs is an important starting step in building up
new horizons. Primarily, the gamma ray, cl ay
been used as a basis for the well top selection in the Petrel software pdékage 3.4). In

total, 20 well tops were picked from 2700 m to 5300 m. Then, using the selected well tops, 20
surfaces were created. Recommendations of Schlumberger geologists were taken into account
while creating unconformable surfaces below the Feankinconformity. The simple grid size

used was 250x250 m. The thickness of each layer wasn5 After performing geometrical

modeling, the well logs of the principle stresses and UCS were upscaled. While the overburden
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stress was horizontally upscalede thorizontal stresses and UCS were upscaled along layers.
The anisotropy range in the petrophysical modeling step was set as 500x500 m-jnpiame

and 10 m in the vertical plane. While the moving average technique was utilized for the 3D
petrophysicaimodeling of the overburden steeghe kriging method was e for the principle
horizontal stresses and UCS.

The upscaled overburden stress, minimum and maximum horizontal stresses, and UCS
are illustrated in Figures 3%8.
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Figure 3.4 Selectioof well tops in the Devonian interval. Track 1 is measured depth in m;
Track 2 is clay volume in fraction; Track 3 is gamma ray in gAPI; Track 4 is bulk density in
glem® Track 5 is dynamic Youngds modul us.
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Figure 3.5 The upscaled overburden stussisg the density logs from the wells in the area. The
color bar range is 4040 MPa.

Figure 3.6 The upscaled maximum horizontal stress using geological analysis, well log and
other data obtained in the field. The color bar range-30MPa.
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Figure 3.7 The upscaled minimum horizontal stress. The color bar rang&ie MPa

Figure 3.8 The upscaled UCS. The color bar range-i68MPa.
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3.3 Fault Mapping and Implication to the Stress Regime

The inclinations and orientations of thaulta can infer the tectonic history of the West
Kazakhstan Field. The newertical Devonian faults are illustrated in Figure 3.9. The main
orientation of most faults is eastest. Some faults are oriented to nemést soutkeast, which
is, according to MI interpretations, the current direction of the maximum horizontal stress.
Similar faults are observed in the Carboniferous age intervals (Figure 3.10). According to
Zoback (2010), the neaertical faults imply the existence of the stril@ stress regie when

the faults were formed. The derived strilg stress regime in the West Kazakhstan Field is in

agreement with observed fault interpretations.

5898

5280

5635

5921
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Figure 3.9 The map of the neaartical Devonian faults in the West Kazakhstan Field.
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Figure 3.10 The map of the neaartical Carboniferous faults in the West Kazakhstan Field.
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CHAPTER 4

INPUT DATA ACQUISITION FOR WELLBORESTABILITY ANALYSIS

Input data acquisiin is an important part of wellbowgability analysis.The requred

input data we used in this study are listed below.

overburden stress

pore pressure

bottom hole pressure aedyuivalent circulation pressure
Bi otds coefficient

static Poissonbdbs ratio

1
1
1
1
1
T static Youngbs modul us
1 uniaxial compressive strength of the formatio

1 tensile strength ahe formation

9 friction angle or friction coefficient

1 orientations dthe principle horizontal stresses

1

magnitudes ofhe principle insitu stresses
Methodologies used to obtain the input data and results are described in theentsstiions.
4.1 Overburden Stress

The overburden stress is a dirantegrationof the bulk densitymeasured in the well of
the interest area. Yett is essentialto take into account that the bulk density value can be
affected by neawellbore washots and watershale adverse interactions that wiksult
measuringa lower than actual bulk density value (van Oort et al.,, 200ligfist r ess ar c hi
effect can cause the difference between the calculated overburden stress and the actual one. In
this stuly, due tothe small values of dip ags and the early stages pfoduction with no

depletion effect encountered y#ieil st r e s s a rdaestnot a gignificant impaa on the
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overburden stress and has not beensidered. fie 3D model of the ovdiurden stress in the

field of study is illustrated in the geological modelpaytof the thesis in Chapter 3.
4.2 Pore Pressure Prediction

Understanding eplogical history of the field with distinguishing hydrocarbon trapping
mechanisra at variousintervals is critical in pore pressure predictibiat we calculated ithis
study The predicted pore pressusene of thekey parameter$or constraininghein-situ stress
statein the studyfield that is implerented in an integrated wellbestability model. Predicted
pore pressure has facilitated solving wellbst&bility issues encountered during drilling vertical
and horizontal wells ithe West Kazakhstafield. In a general case, pore pressure is a critical
parameter for successful drilling opeosts, reservoir characterizatiorand production
optimization. In the tight formations afur study, pore pressure prediction issignificantly
challenging task. Therefore, mostthéreliable pore pressure datatite West Kazakhstafield
is obtained inproductive reservoir intervalfom pore pressure measuremenisizing the
wireline tools. Data from well testing analysis can also be an important source in pore pressure
determination. Howeer, in order to solve wellborgtability problems encountereduring
drilling vertical and horizontal wells in the West Kazakhdtaald, it is critical first to determine
pore pressure not only the productive intervals, but also in the overburden intervals. With the
geological complexities including unconformigynd tilted fault systems in the arefinterest,
uniform pore pressure distribution throughout the freidght create misleading predictisnOne
of the drilled wells in the central part of the field contairm@hbnormally high pressure zone
just belowthe FrasnianUnconformity. The overpressuie this zonehas been interpretdd be
the result of compartmentalization in the faulted system that requspscificdetermination of
pore pressure in each int&wult system.

The rormal trend (Eaton) anelxplicit methods (Holbrook, Bowegre commonly used in
the oil industry for pore pressure prediction. The critical parameters for the predictions in these
methods have been determined using well and laboratory core datah&d@ulf of Mexico,
Gulf Coastand North Sea fieldS.he methods oHolbrook, Bower and Eatomvere used in this
study forthe West Kazakhstan Field with modificatigrssit is an unconventional field with
complex geology, geographically far from the area where the original datalmsistsese

methods were used.
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4.2.1 Modified Eaton Method

It is essentiato determine the normal pore pressure trend line, normal trend of compaction,
and Eaton exponerfEaton, 1975)0 utilize the Eaton normal trend methtmt pore pressure
prediction in the West Kazakhstan Fielthe normal trend for pore pressure in the field of study
is selectedusing a calcite/dolomite compaction line based the available pore pressure
measurement datdhe normal trend for pore pressure is found t®485 pgft. The normal

sonic travel time is based ¢ime calcite/dolomite compaction trend and shown in Figuie
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Figure 4.1 The crosslot of sonic travel time as a function of TVD, celmyded according to
volume of shale in decimals. The red line whahe normal compaction trend that is selected
based on a calcite/dolomite compaction line from available pore pressure measurement.

The sonic travel time in this figuis color codedaccording tahe shale volume. This sonic
travel time trends used hroughout the fieldThe original Eaton compaction coefficiergedis 3
and requires significant modification to be implemented in tight unconventional reservoirs
(Contreras et gl 2011). Different Eaton exponents were tried for calibrating the noremadl tr
prediction. Eaton exponents in the range of -0L3 indicated better agreement between the
predictedand measured pore pressure dhiliate that the range ahe Eaton exponents in 01l

0.3 varies based on a well location in the Higedt block sysem. The pesence of faults the
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areaimpacts the local variations in pore pressure in different wells. The modified Eaton model
was utilized in 17 wells in the field 0 of whichhad in situ pore pressure measurement data. The
comparison of the prediaepore pressurevith real field measurementgpresentedgood
agreementFigure 4.2) exceptfor the interval 42881400 m This interval was considered to e

depleted compartmenthelow porepressuren this interval extends only in treastandcentral

Pore pressure EMW, (g/cc)
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Figure 42 Pore pressure prediction using the Modified Eaton method shows good agreement to
MDT data except in depleted interval.

parts of the field, while in the rest of the field the predicted pore pressure in this interval is
close proximityto the actual measured pressures. It is critical to know the distributioes# th
abnormal low pressure zones in order to bypass possible mud losses during drilling activities.
We modifiedour prediction in this interval by evaluating porosity data initiberval of interest

and by setting different zones based on the porosity. Then, each assigned zone was tied to the
MDT data. Note that low porosity intervals with high clay content did not have MDT
measurements due to low permeability. Therefore, inettsmly/tight intervals, the Eaton
method with 0.10.3 compaction coefficients was utilizéche agreement between the MDT data

at different deptl in the welk and the predicted pore pressure confirms that the Modified Eaton
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Method when adjusted for degiled intervalsis an acceptable methodology for pore pressure

prediction in the West Kazakhstéield.

4.2.2 Holbrook Method

One of the explicit pore pressure prediction methods implemented in this projeet is
Holbrook method. Irthis method it is not requiredo set anynormaltrend linesdue tothe use of
the relationship between the porosity, mineralogy, and effective stress in granular sedimentary
rocks. Tle effectivestresdaw was used successfully in the North Sea to predict pore pgaasur
limestone, shaly limestone and sandstone intervals (Holbrook, 183f)ation 4.1 is used to

calculate the effective stress of the formatiothmHolbrook method

” " z p 0 and (4.2)

O Y , h 4.2

where ,, is the effective stress required to reduce the mineral porosity to zero, @ is porosity
from well | ogs, b -hardsning doefficientfon thetgpe of minerats,tavda i n

is theoverburden stress. The powaw-compactiorcoefficients for selected sediments are listed
in Table4.1.

It is important to note thahe Holbrook method highly depends time accuracy of the
obtained porosity and lithology. The porosity and lithology identification data from Well A was
used to alculate the effective stress for the entire inteofahe study areasingEquation4.1.
Limestone coefficients were utilized in the dolomite intervalen, the obtainedffective stress
was usedn Equation4.2 to calculat¢he pore pressure. The calated pore pressure ualks were
compared to the MDT #gitu test results for Well A. The difference in the calculated pore
pressure versus the MDT pore pressure4$9:81-0.03g/cc (0.080.25 ppg)for clean limestone
intervals. However, overallthe poe pressure predicted usitige Holbrook method has poor

agreemento theMDT dataas seen ifrigure 4.3.

Core measurements with different facies are required to custaimizgowedaw-
compaction coefficients for tight formatisim the West Kazakhstafrield and to improve the

coefficient formore accurate pore prediction using the Holbrook pore pregeeatetion
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Table 4.1 TheHolbrook CoefficientsUsed toPredictPore Presure at Well A (Holbrook, 1999)

Mineral (or Rock) | G 4 fm V| B I(—|rr?r(()jrrllsss (Spc:umt;ility g/ilcr; density
Quartz sand 130000 | 13.219|7 6 2.65
Average shale 18461 8.728 | 3 20 2.543.15
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
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Figure 43 Pore pressure prediction using the Holbrook method shows poor agreement to MDT
data.

method. The coefficientdistedin Table4.1 and used in our predicticare for moderate porosity
formations and requira better character&ion ofthe compaction behawvidor tight limestone
dolomite, sandstone and shdi@matiors in the West Kazakhstan Field for higher accuracy in

our study field
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4.2.3 Modified Bower Method

The modified Bower method was implemented as an alternative metlowvder to have
a constraihin pore pressure using sonic logsis method does not require establishing normal
trend lines and is commonly used in predicting pore presses seismic data is preseiihe
modification was made in establishing relatidpshbetween compressional and shear velocities
and effective stress in the forai &0 & @z & @2, . The coefficients a, b, and ¢ were
obtained using pore pressure MDT dfxtan the wells and multlinear regression analysis. The
determination coefficients were greater than 0.90 in the Permian and Devonian intenvidédsl L
agreement was obtained between measured and predicted pore pressure using thehipelation
and theModified Bower method. Thereforethe modified Bower method is natn optimal
primary methodfor pore pressure prediction (Figuded). Yetit can beused as a constraining

limit for pore pressure determination.
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Figure 44 Pore pressure prediction using the Bower method shows poor agreement to MDT
data.

The pore pressure prediction the West Kazakhstan field wasbtainedutilizing the

Modified Eaton model withlow (0.1 - 0.3) exponential coefficients. However, abnormal low
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pressure zones in the depleted interval 42800 m were not capturedcuratelyby this model.
Porosity and MDT data were coupled for different zonafimndepletion adjustnré in the
depletedinterval. Pore pressure distribution throughout the field shows that the complex
geology ofthe West Kazakhstarkield has a greatmpacton pore pressurefluencing the

localized variations in pore pressure
4.3 Bottom-Hole Pressure

Four bottomhole-pressure scenarios have been considerethisnsection: hydrostatic
bottomhole pressure, surge pressure, swab pressure, and circulation pressure. Evaluating
magnitudes of these pressure data provide us some constridietofizontalstress magnitudes

utilizing wellbore breakouts and tensile failures.
4.3.1 Hydrostatic Bottom-Hole Pressure

Hydrostatic bottorrhole pressure was directly calculated by integrating the drilling fluid
density. Besides considering the mud density vanalige to hydrostatic pressure, it is important
to compare the hydrostatic pressure calculated with the ECD and surge/swab preSsrges.
and swab pressuresevec al cul ated usitmagedheé amishardy!| ow
wellbore assumptions for p@wlaw fluids (Bourgoyne et g11986) andvere compared tdhe
hydrostatic and circulation presssr@he input dataisedandresultsare shown inTables 4.2
and4.3.

4.3.2 Equivalent Circulation Density (ECD)

Typically, arculating mud pressure is stvn in terms of ECD. In this study ECas
obtained from daily mud report¥he nud service company uses Modified Power Law in their
modelng of the mud pressure and ECD. TBED calculated using this approach shown in
Table 4.3.

Since the highest ECIi3 expected to be during cementing operations, cementing ECD
was also directly obtained from the eofdcementing reports. The cement company used
different rheological models in ECD calculations based on whether the fluid in the well was

spacer, the drithg mud, or cement.
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4.3.3 Surge and Swab Pressure

Typically, four different pipeend conditionsvereconsidered in the commercial software
package (Liu, 2011):

1 open

1 closed

1 open with autéfill or bit

1 with flow diverter

In this study, only two of thesdpe-end scenariosvere appropriate: closed and open with bit.

For surge pressure calculations, only a closed pipe condition has been considered due to the
utilization of check or float valves in BHA and casing strirdys.open with bit conditiorwas

used br swab pressure calculations with the assumption that a check (float) valve might start
opening while tripping up. However, since a pipe velocity value in the field of study is moderate,
the most reasonable scenario is a closed pipe end in both trippiagdudown conditions.
Therefore, even though it might be conservative, only clesed pipe condition results are

shown here.

A literature review was performed to analyze the existing methodologies in surge and
swab pressure calculations. Burckhardt6l®presented a simplified methodology to calculate
the surge pressure assuming Bingham plastic fluids. An effective fluid velocity was used in this
technique. A similar methodology for surge pressure calculations for gawefluids was
derived by Schulf 1 96 4) . Bot h modeHsd,owde psruersgeen tpirnegs sfusrtee
used to build a computer program to evaluate various parameters in surge and swab pressure
calculations (Clark and Fontenot, 1974). Latdtang and Chukwu (1996) captured drillsyi
acceleration effects in these calculations. Lubinski et al. (1977), Lal (1983), and Mitchell (1988)
argued t iotatef | fowtde amdoyd e | s c-predctatheastirgevpeetsyre whene r
dynamic effects such as fluid inertia, fluid and wellbore casgibility and axial elasticity of a
moving pipe are considered. Moreover, Hussain and SH&¥7 and Srivastav et al. (2012)
theoretically and experimentally showed the decrease of surge pressure with the wellbore

eccentricity increase.
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In this study surge and swab <calcul atiosss atweo e

laminar flow and concentric wellbore assumptions for pelaerfluids (Bourgoyne et a11986).
Input data for surge/swab pressure calculations are given in Table 4.2. The resultseof the

calculations are presentadTable 4.3

Table 4.2 Input DataFor SurgeSwab PressureCalculations

Depth Depth
Input data 4350 m 5030m
Mud weight 1.17 glcnt 1.17 glent
b 300 28 41
D 600 42 60
Pipe velocity 1.25 ft/s 1.25 ft/s
DC length 100 m 100 m
DC OD 6.5 inches 6.5 inches
DP OD 5 inches 5 inches
OH size 8.5 inches 8.5 inches
9 5/80 casi | 2750 m 2750 m
9 5/80 cas 8.921 inches 8.921 inches
7 @asing length 4350 m 5050 m
Table 4.3 Outputs fromSurgeSwab Calculations
Depth Depth
Outputs 4350 m 5080 m
Surge/Swab pressure 90 psi 166 psi
EMW of hydrostatic pressure 1.17 glent 1.17 g/lom®
EMW of Surge pressure 1.1715 glcnt 1.1898 glcnt
EMW of Swab pressure 1.1685 gl/cnt 1.1502 gl/cnt
EMW of collapse pressure 1.25 glcnt 1.6 glcnt
ECD 1.23 glen? 1.24 glent

As can be seen from the calculation results, surge and swab pressures in the Wes
Kazakhstan Field are not significant. However, mud rheology and casing pipe velocity should be
carefully controlled to avoid significant wellbepeessure fluctuations while running casing

strings.
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44 Formation Properties

Acquisition of formaobn mec hani c al properties, such
modulus, tensile strength, uniaxial compressive strength (UCS), and friction angle, is of great
importance in conducting wellbesgability analysis. Formatioproperties are also important
input paraneters in identifyingthe localstress regimekey information in wellbore stability
analysis.The demical activity of drilling fluid and formation, together with the membrane
efficiency, are also critical parameters to evaluate the pore pressure ftuctlia to formation
filtrate physicechemical interactions. Typically, extensive laboratory experiments need to be
conducted to acquire these formation properties. However, since no core was released for this
study at the time of the completion of thiady, all the parameters were obtained utilizing well
log data and appropriate empirical approaches. Methodologies and results of constraining the

formation parameters discussed above are described in the subsequent sections.
441 Youngds Modskosmbdan®aPoi

Using the concept oélastic modul equations described by Clark (1966), the dynamic
compressive modulud), shear modulu€O), bulk modulugK) along with the dynamic Young
modulus(O)and Poi s § dhavdedeen @lculated. The results of the calculations are

shown inFigure 4.5. Theslastic modulsequations used ashownin Equations 4.3 thru 4.7.

Dynamc Compressive Modulus (Pressure units) 0 T (4.3)
DynamicShear Modulus (Pressure units) O g (4.4)
Dynamic Bulk Modulus (Pressure units) 0 0 12— (4.5)
DynamicPois on6s Rati o f (4.6)

Dynamic Youngb6s Modul us ('CPr—Ze—%—sure uni {49))

The compressional slownes¥o( ) and shear slownesgd used are in' i @D The bulk

densty (") is in g/cnf.
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Figure 4.5 Calculated dynamic elastic moduli, Well Arack 1 is a measured depth in m; Track
2isYoungO6s mGRjuUtack 8 iscompressionamodulus inGPg Track 4 isshear
modulus inGPg Track 5 isbulk modulus in GPalrack6i s Poi ssoné6s ratio

It is not very challenging to calculate the dynamic elastic moduli if bulk density and
dipole sonic log (DSI) data are available and if the linear elastic rock assumption is used. In our
study8 out of 18wells have DSI datin the intervals of interest. In 10 other wells shear slowness
data were missing. However, compressional slownessadetaecorded. Numerous researchers

have studied estimations of shear velocity from clay volume, porosity, and other petrophysical
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paraneters using empirical correlations, and one should be cautious to directly utilize these
equations. Han, Nur, and Morgan (1986) derived empirical equations to estimate the
compressional and shear velocities in shaly sandstone with the known porositgyandiane
under a confining pressure of 40 MPa. Correlation of shalinesg/t fatio in shaly sandstone
was also presented by Eastwood and Castagna (1983). Greenberg and Castagna (1992)
developed an approach for estimating the shear velocities usingoamy/y/Vs relationships
and Gassmanno6és fluid substitution equations.
velocity, lithology, porosity, and water saturation of the formation of interest. Utilization of
Gassmannds eqgu atadlogynngghtiben cortsiiered a smaiichnd simplification,
since these equations are obtained for an isotropic homogenous rock unlike the tight formations
that are typically highly anisotropic.

Later, Brie (2001) developed a model for estimating compredsambshear velocities
in not only shaly sand, but for all sedimentary rocks including carbonates. Another methodology
for obtaining a synthetic sheamave velocity in carbonate formations was proposed by
Kazatchenko et al. (2006). This methodology is dase the determination of matrix as well as
secondary porosity values and secongase shapes using compressiewale velocity, micre
resistivity, total porosity, bulk density, and gamma ray logs. Then, a syntheticvanear
velocity is obtained usinghese log datavith the matrix and secondary porosity dalde
statistical approach of correlating a sheave velocity with some petrophysical parameters of
carbonate reservoirs was also proposed by Eskandari et al. (2003). The authors used five
paramegrs (compressional velocity, neutron porosity, bulk density, gamma ray, and deep
resistivity) in a multivariate model to obtain a sheave velocity. The correlation coefficient of
this methodology was approximately 0.94.

Another approach of shearave velocity prediction using fuzzy logic, m®-fuzzy, and
artificial neural network (ANN) techniques was presented by Rezaee et al).(20ese
researchers successfully utilized a back propagation ANN approach which takes input
parameters in a network duigomputes a difference between a desired output and calculated one.
Then, the error is back propagated to obtain the optimal weights. The training iterations stop
when calculated and desired outputs are in a close proximity. Rezaee et glof#@hedgood
agreement between outputs utilizing these three methodologies validating the feasibility of

utilizing fuzzy logic, neureguzzy, and ANN in sheawvave velocity prediction in carbonate
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formations.

To obtain sheawave velocity data in the 10 wells wiethe sear data was missing,
Techlog software package (the Schlumberger product) was utilized. This software provides an
ANN tool for the user similar to the one described by Rezaee et all)(2860, Techlog has a
good control for a synthetiog qualty. Each inteffault block of the West Kazakhstan Field has
a well with DSI data. These wells are key wells to provide the input data and quality control for
the synthetically derived sheatrave velocities (V). Key wells in each intefault system were
used to validate and train the Techlog ANN tool and to obtain the synthgticthe wells in the
same block area. The primary seven petrophysical parameters (bulk density, compressional
velocity, porosity, gamma ray, clay volume, and photoelectric fasterg utilized in Techlog

ANN to createsyntheticVs (seeFigure 46).

GRSL/| PE/Baseline POR
Reference .
(M) ZDEN Vp_meas GRSL CNC PE POR VSH Shear Velocity_7-14-1 |Shear Velocity_7-14-1_proba
1200 [795 g/cm3 2.95 | 10500 Fi/s 27500 0 GAPI 150 | 45 % -15|0  B/E 1030 % D[]0 V/V 1664516 FI/S 11333.2 | 1.5 D
i -

- 4725

- 4750 -

e e

Figure 46 Input data for ANN and obtained synthetic shear veloditack 1 is a measured
depth in m; Track 2 is bulk density ¥ & ; Track 3 is compressional velocity fidisec; Track

4 is gamma ray in gAPI; Track 5 is neutron porosity in %; Track 6 is photoelectric factor in b/e;
Track 7 is porosity in %; Track 8 is clay volume in fraction; Track 9 is obtained synthetic shear
velocity in ft/sec; Track 10 is quality cootrfor the obtained synthetic shear velocity, blue color

is a good quality indication, and red one is a poor quality indication.
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In several of the wells, photoelectric factor data was also missing. Therefore, only six
parameters were used in those lsteEven though the six mentioned petrophysical parameters
are sufficient to derive a reliable synthetig(8ee Figure %), it was found that the photoelectric
factor enhances Jéstimation, probably, due to a better lithology capture.

Shear Velocity_5-10-1
Reference P e oete FT/s 1200
{M) RHOZ Wp_meas FIGN ECGR =N Ve hear valaciky_S-10-1_qus

1:200 1,95 afcrm 3 2,35 | 10596.3 Fryg 235637 | 30 Y oo GAPT 150 | [ i 1 | 5500 1.5 o

- 4700

- 4725

Figure 47 Input data and synthetic shear velocity using ANN. The obtained synthetic shear
velocity is in good agreement with measured one even with missing photoelectric factor data.
Track 1 is a measured depth in m; Track 2 is bulk densit@i & ; Track 3 is compressional
velocity in ft/sec; Track 4 is porosity in %; Track 5 is gamma ray in gAPI; Track 6 is clay
volume in fraction; Track 7 is measured shear velocity (black line) and synthetic shear velocity
(blue line), both in ft/sec;rack 8 is quality control for the obtained synthetic shear velocity, blue
color is a good quality indication, and red one is a poor quality indication.

Static elastic moduli are preferred over moduli obtained using dynamic apgs@asa
and Kazi,1988). This preference is based on the theorthepseudestatic behavior of rock.

Therefore, many studies were conducted to correlate these two ntadelmightfind a scatter
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of dynamic to static moduli ratim the literature Analysis of the literatre ofa dynamic to static

modublscorrelationwas briefly discussed in the following paragraph.

Thed/ nami ¢ Y o un gtypisallygeatethlanthestaticY oungés . modul us
1 The &/ nami c Poi ssonds r at ithe staticsonegandirelingad | y | o
correlation between these twodaghallenging tasklue to the typically lower resolution
of lateral deformation measurements in calculating the radial strains
1 The mtio betweerthe dynamic and static moduli approachgpically to unity as the

confining pressure increase

The log based measurements are in the kilohertz range while the physical loading on the
wellbore under the ipsitu conditionsis pseudestatic (Tutuncu et gl1992; Judzis et al., 2009).
In order to calibratea dynamic to stati elastic moduls correlation with confidence, it is

necessary to perform core measuremenddaboratory under isitu stress conditions.

There have been no core measurements to obtain the formation mechanical properties in
the WestKazakhstan FieldTherefore, a review of the relevant literature in static to dynamic
modulus correlations was performed. The specific interests for our investigation for the literature
seach were confining pressurekiring an experiment, porosity, presence of microcraaks
lithology of core plugs. Moreover, Tutuncu et al. (1994) emphasized, the significance of the
measurement frequency, strain amplitude, clay presence, amount and type of pore fluid as the
causes of the discrepancy between the static and dynamic etfastidi in addition the factors

described above.

Cheng and Johnston (1981) measured the static and dynamic bulk meauid(Ky) of
the Bedford limestone (12% porosity), Westerly granite (0.9% porosity), Ammonia tanks tuff
(6% porosity), Colorado oil sthe, Berea sandstone (18% porosity) and Navajo sandstone (16%
porosity) at pressures from atmospheric {8 Rilobars. For both sandstones and granig#kK
varied from 0.5 (at atmospheric pressure) and close to 1.0 (at 2 kilobars presgiigfoiK
limestone was close to 1 with a high uploading pressure, but it was reduced with the low pressure
in an unloading mode. For the oil shale, with few microcrack& vas relatively constant

(about 0.7) at various pressures.
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King (1983) reported measuremerft o t he r ati o of dynamic to
(E4/Es) for biotite schist specimens. These specimens were separated into two groups: with
microcracks and without microcracks. The matrix porosity of specimens was in a range of 1
1.8%. The static modulus wabtained under uniaxial stress that was increased to a maximum of

35 MPa. The following relationship for microcrafrkee specimens was obtained:
O pg 9060 ¢ @, (4.8)
where Youngod6s moduli are in GPa.

Later, Montmayour and Graves (1986) predicted a correlation betweancEE for
consolidated and unconsolidated sandstones with and without microcracks. For the biaxial test,
the confinhg pressure approached to a maximum of 34.5 MPa. The correlation of the static to
corrected dynamidEy) Hretresstyded santdstahe dpeciménk was expressed
in Equation 4.9.

— T@p ¢zpm 20h (4.9)
where both the external stress (P) and moduli are in psi.

The obtained relationship between Youngos
is illustrated inFigure 48. From the plot, it is evident that the modulus ratio for dolomite and

limey-sandstone approaches to the value close to unity with the increase of the differential stress.

A gener al relationship between statyc and
Heerden (1987). The test specimens in the study were norite, magnetite, and different
sandstones. The value of tor these specimens varied in the range 50 GPa. Heerden
(1987) reported the correlation for the specimens under different incrernerdalal stresses

(maximum 40 MPa). The correlation is expressed as follows:
O w20, (4.10)

whereaandbar e stress dependent parameters, and Yo
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Figure 4.8 Effectofdi f f er enti al stress on the ratio of

for all consolidated cordsbiaxial testing (from Montmayour and Graves, 1986).

Ei ssa and Kazi (1988) analyzed avail abl e
correlationdfor different rocks. They reported that the main reasons for the discrepancy in static
to dynamic Youngods modul.i correlations are r
determining static modulus and nbnear elastic behavior of a specimen. Hughors noted that
generally the dynamic Youngbés modulus is high
modulus of elasticity this difference reduces, and static and dynamic moduli ratio approaches to

unity. From their analysis Eissa and Kazi§&9derived the two following equations:

O ™ w0 mPg and (4.12)
€0 Mg X EAE QD20 h (4.12)
where Youngods moid(udkidensity) sing/eth GPa, and

According to Tutuncu and Sharma (1992), th
laboratory measurements can b1 t i me s hi gher than thRhte Younoc

conditions with the same stress conditions. Also, in the same study Tutuncu and Sharma
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compared these two Youngdés moduli with the | o
The outcome of these experiments on the tight gas sandstone core seonpkee Travis Peak

Formation from East Texas wagi&sonic> Esonic™> Estaic EXperimental and modeling results also
showed that at high overburden stresses value

each other due to crack closures (TutuacdSharma, 1992).

Differences between the static and dynamic elastic moduli of Calcare Massiccio
mudstondimestone was studied by Ciccotti and Mulargia (2004). The porosity of this rock is in

the range of ¥%. Uniaxial stress was applied to obtaintistelastic moduli. According to

experiment al resul ts, the dynamic Youngdés mod
ratio was O0.28NO0.02. The static Youngds modul
ratio was in the range of 0.8D43. Cico t t i and Mulargia (2004) not «
ratio is not constrained. Therefore, the dy

frequency close to 10would better represent the static values. These authors found that the
difference betieen the static and dynamic elastic moduli was within 10%. They reported that

this result is an agreement with the data for brittle rocks obtained from Eissa and Kazi (1988). It
should be noted that the lithology, porosity, and dynamic elastic module isttialy of Ciccotti

and Mulargia (2004) are very close to the parameters in the West Kazakhstan Field.

Later, Ol sen and Fabricius (2006) compared
North Sea chal k. They found 3B @nes Highee thath the@ a mi ¢
statically measured Youngds modul us. There n
bet ween the static and dynamic Youngbés modul i
high porosity (about 44%). Also, the confining pressused in the experiment was only 0.5
MP a . Anot her correlation between the static
relatively high porosity (up to 23.3%) sandstone specimens (Balin, 2001). Balin (2001) reported
t hat t he dynami modulusdas 8 itimes kigher thanrihg étatic one with the

confining pressure of 22.2 MPa. The derived relationship from that study is as follows:
0O ™M®Oo, (4.13)

where the Youngds modul i are i n GPa.
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Research relevant to our study field was conducted Hyhalyea and Khan (2001). Rock

type for that study was limestone with a porosity of 5.4%. Theserauttorted that the ratio of

static to dynamic elastic moduli was about unity with confining pressure betweetO1(®

MPa. They explained the reported results with a high UCS of specimens. These lithology and

parameters in the study of -Slhayea and Km(2001) are very similar to the data in the West

Kazakhstan Field.

An unpublished relationship between

the st

dynamic bulk modulus was reported by Santos and Ferreira (2010). This relationship, intended

for carbonate formations, is as follows:

(4.14)

wherev is a dynamic bulk modulus in GPa, and 79.6 is the assumed carbonate grain bulk

modulus also in GPa. When the dynamic bulk olos reaches the value of the grain bulk

modulus (79.6 GPa) for carbonate rocks, porosity would be significantly reduced. Therefore, the

static Youngds modul us would approach

t he

Equation 4.14 might be applicable for other minerals witlagpropriate substitution of

dyn

the mineral bulk modulus. In this study Equation 4.14 was utilized with the different mineral

bulk moduli. The mineral bulk moduli used in this study are listed in Table 4.4.

Table 4.4 Mineral Bulk Moduli Used forThis Study

Mineral Mineral bulk modulus, GPa References
Calcite 70.15

Dolomite 73

Clay (illite and kaolinite) 36.7 Wang et al. (2001)
Quartz 37.9

An average

was utilized in a mixedthology environment to obtain a grain bulk modulus. A histogram of the

of Voigtods

80

upper bound

and

Reus



obtained Youngds modul i ratio is illustrated
in the range of 411.3 which is in agreement with the reviewed literature. Also,rdmge of the

ratio is reasonable in a low porosity and high stress regime media as in the West Kazakhstan
Field.
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Figure 49 Hi st ogram of dynamic to stati c¢bhlB0omungos mi
Well A.

The obt ai ne dusYamouvasgafiesnpted oo@tarminingthest at i ¢ Poi S s«
ratio (see Figure 4Q). From Figure 4.10 it is evident that this approach might be feasible for the
static Poissonbs ratio case; however, the ri
Poissobs ratio as the upper | imit for Poissonods
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Histogram of Static Poisson's Ratio
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These errors might be caused by the possible errors involved in measurements of the
shear velocity in the field due to the presence of washouts. Also, the errors might be caused by
this dynamic to static PoiAshindtsogragamoofcody med
ratio is illustrated in Figure 4.1Further coresamplemaydemonstrat@ level ofaccuracy othe
assumptionsused. Meanwhile, the aforementioned dynamic to static modulus correlation is
utilized for this study withthe ut of f at Poi ssonbés ratio of 0.4
4.10).

44.2 Uniaxial Compressive Strength

Uniaxial compressive strength (UCS) is a critical parameter in both constraining the
maximum horizontal stress magnitude and obtaining aroppate roclkfailure envelope for the
formation of interest. Typically, this parameter is obtained from laboratory core measurements
under uniaxial loadingtress conditions. Core samples shaefaresent various facies. Then, the
obtained UCS is usuallgorrelated to the different petrophysical and geomechanical parameters
such as compressional vel ocity, porosity, c
correlation may enhance a prediction of UCS from the -logllderived properties without
expensiveand timeconsuming laboratory experiments. It should be admitted that this prediction
would be inherent only for the field it was derived from, and this prediction or correlation does
not have to be assumed directly applicable to other fields. HowevegJatmns derived in the
regions geographically close to the field of study with similar tectonic history, stress regime,
lithology, and petrophysical properties might be applicable to obtain initial constraints of UCS.
There is a high possibility that tlempirically obtained UCS values would contain some errors
compared to the actual one. Definitely, further validation and calibration using laboratory
measurement data should be applied. In this study, since core samples are not available yet, the
empiricd correlations from the literature review were used to constrain UCS in the West
Kazakhstan Field.

Santos and Ferreira (2010) presented a summary of UCS correlations from the literature.
A summary of the formation strength correlations used in thig/sitel presented in Equations
415thru 4291 n al | of these UCS equations wunits fo

compressional velocityf) areshownin brackets. Porosity'( is in fraction.
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YO Y Uy xapm 27 ; 20 3y — Zp ¢ (4.15)

Y6 'Y g — 8 (4.16)
Y6 Y ™ X $F10 ¢8 v 4o (4.17)
Y6 Y Ypoeam®, (4.18)
8 z 8
Y6 Y p T - (4.19)
Y6 Y p @z0°8 (4.20)
Y6 Y c®z0os’ (4.21)
Yo Y CX®Hp 0z (4.22)
Y6 Y pT®yzQ 87 (4.23)
Y6 Y p odz'Q 87 (4.24)
Y6 Y pBzQ 87 (4.25)
Y6 Y p x@z'Q 87 (4.26)
Y6 Y oc®KZN  p CRT (4.27)
Y6 Y R exQ & (4.28)
Y6 Y p@ oxgQ 87 (4.29)

Equation 4.15 was derived for carbonate formations. Equation 4.16 was for igneous and
metamorphic rocks fothe Canadian Shield (King, 1983). Equation 4.17 was obtained using
several hundred core measurements on sandstone, shale, limestone, and dolomite specimens.
Golubev and Rabinovich (1976) derived the UCS correlation reported in Equation 4.19. Equation

4.20 was derived for limestone rocks with UCS in the range 68AMMPa. For dolomite rocks,
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with the UCS in the range of €0 MPa, Equation 4.21 might be applicable. Rzhevsky and
Novik (1971) derived Equation 4.22 for the Korobcheyev carbonate depdRiissia. Cheng
(2004) presented Equation 4.23 for a Middle East rock with the porosity and UCS in the range of
0.050.20 and 1800 MPa. Cheng (2004) also reported Equation 4.24 for rocks with the porosity
and UCS ranges of-0.20 and 1800 MPa. Smorodinoy1970) derived Equation 4.25 for a
group of carbonate rocks in Russia. Another correlation for carbonate rocks was expressed in
Equation 4.26 (Farquhaat al, 1994). Equation 4.27 was obtained from the wide range of
samples from the North Sea area wittiedlent mineralogy, porosity, and heterogeneity. Ameen

et al. (2009) reported Equations 4.28 (dolomites) and 4.29 (limestone) for the Ghawar Field.

Another set of the empirical relationships between UCS and other petrophysical
parameters for sandstonehales, and carbonates was summarized by Zoback (2010). Among
those equations, only equations derived for low porosity, compacted, and strong rocks are
considered for this study. The selectgdup of equations iksted in Equations 4.30 thru 4.35.

Y6 Y T ARz T 27 4, Zo (4.30)
Y6 Y =277exp {10*n) (4.31)
Yo6Y  m8tup? (4.32)
Y6 Y pgrmpn 8 (4.33)
Y6 Y ™ nEp’ (4.34)
Y6 Y i’ (4.35)

where porosity in Equations 4.31 and 4.33 are in fraction. Equation 4.30 was derived for
consolidated sandstones imgtralia with the porosity in the range of 0032 and UCS above

80 MPa. Equation 4.31 represents wide range porosity (@@3X sandstones with the UCS
between 2360 MPa. For strong and compacted shales Equation 4.32 might be applicable. Also,
anotherUCS correlation (Equation 4.33) for low porosity and high strength shales was reported
by Lashkaripour and Dusseault (1993). Equations 4.34 and 4.35 were derived for the same rocks

as in Equations 4.20 and 4.21 hut with differ
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The West Kazakhstan Field is represented with limestone, dolomite, sandstone and shale
facies. To empirically obtain UCS in the study field, Equations 4.24 (for dolomites), 4.31 (for
sandstone), 4.32 (for shale) and 4.34 (for limestone) were utilizesl curve of the calculated
UCS values for Well A is illustratesh Figure4.12 (red curve) The calculated UCS should be
checked through the quality control process by measuringatteal UCSin laboratory

conditions if core samples amgadeavailablein the future
44.3 Tensile Formation Strength

Tensile strength of rock is an important parameter in calculating and constréiging
minimum and maximum horizontal stresses. Typically, for unconsolidated formatinsile
strength is assumed to beaeThat assumption is based on the disturbaneaiotact condition
of rock by bit penetration. However, in highly compacted and strong formations under -igh in
situ stresses, as wur studyfield, the tensile strength might beonzera To obtain a rikable
tensile strength value, Brazilian laboratory measurements should be conducted. In the absence of
the core measurement data, thesile strength igsuallyestimatedat 10-12% of the UCSfor all
facies. This approach might be somewhat misleadingidenng that tensile strength is typically
impacted by the lithology type, compaction level, lamination orientation, and presence of
microcracks (Hobbs, 198. The relationship between UCS and tensile strength for different rock
types was reported by Hobl{196!). Hobbs (198) also investigated the difference of tensile
strength when a | oad was applied at di f feren
experiments are shown in Tables 4.5 and 4.6.

In Tables4.5 and 4.6, it is evidentthat most of masve rocks such as limestone and
sandstone have higher ratio tbk tensile to UCS tham the laminated rocks. Therefore, ig
reasonable to uselh ratio for massive and strong rocks (dolomite, limestone, and sandstone)
and ratio of @5 for shale formations inour studyfield (see Figure 4.12)A lower boundary of

the™YQ and™Q wasestimated when the tensile strength at the wellbore was éasizemno.
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