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Summary:

Recently, the application of the maximum reservoir contact strategy is increasing by
incorporating new techniques like the multi-stage fracturing technology. For better
results, the new stimulation application requires a geometrical horizontal wellbore to be
drilled along the in-situ minimum horizontal stress. Drilling such special horizontal
candidate represented a challenge for the operators. In this work, an optimization
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with oil-base-mud (OBM) is a must. This study presents an insight into the
development of the optimization process.



Acknowledgment

First and foremost, 1 would like to express my sincere thank to God, the Almighty, for
helping, blessing, and giving me the purposeful vision and willing to complete this
work. | would like to take this opportunity to thank to Prof. Dr. Abdel Sattar A. Dahab
who was always providing his guidance. | would like also to thank A. Prof. Dr. Abdul-
Aziz for his invaluable insights and direction, wise supervision and support in
developing the early stages of this work and throughout my studies at Cairo University.
Special gratitude also goes to the Prof. Dr. Fouad Khalaf the great lead in the Faculty of
Engineering - Cairo University for helping me to know the principles and theories of
rock mechanics.

| also would like to express my deep appreciation and thanks to the staff members of
Petroleum Section; Mining, Petroleum, and Metallurgical Engineering Department,
Faculty of Engineering, Cairo University for their guidance and help during my

graduate studies till the submission of this thesis.



Dedication

| would like to dedicate this work to my parents, my wife, and all the family who have

been a continuous source of motivation and support throughout this experience.

Vi



Table of Contents

ACKNOWLED GEMENT ... et e e e e e e e e e e e e e e e e eeeeannas \Y}
(D]t 9 ] 1O AN I O ] T Vi
TABLE OF CONTENTS ...ttt e e e e e e e e e e e e e n e e e eaaees vii
[ ST O T I AN = I = T iX
LIST OF FIGURES ...ttt ettt e e e e e e e e e e e e e e eraanan X
NOMENCLATURE ..ottt ettt r st e e et e see st s st eeesesessbrranrreeeeeseeens Xiv
A B S T R A C T .o e ettt ettt e e e e e e e e e e e e e re e e eaeaaaenan—_ Xvii
CHAPTERZL: INTRODUCGTION L.ooeitiiii ettt ettt e e et e ee s s s s e s s eeessbn s e e eeeees 1
CHAPTER 2: LITERATURE REVIEW ... .ottt 3
2.1. INTRODUCTION TO MINIMUM STRESS DRILLING (MSD) ....ccocovviiiiiiiieecie e, 3
2. L. . ST RESS ettt e ettt e et e et e e et e et e e e e e e —e e et e a——eaateea—teaa—eea—aeaateeatenaaeaaeas 4
2.0.2. PRINCIPAL STRESS. . .ete ittt it e eeeeteeeeteesa e e st e sateeesneesaneesateeesaseeeseeesneesaeeesaneesarees 5
2.1.3. DEFINITION OF MINIMUM HORIZONTAL STRESS. .. cteioeeeeeeteeeeeeeeeeeseeeeeeeeseee s 6
2.1.4. APPLICATIONS OF MINIMUM HORIZONTAL STRESS.....ciiioteeeeeeeeeeseeeeeeeveee s 6
2.1.4.1. Reservoir Geomechanical CharaCterization.............vveoeeveeeieeiieeiseeeesseieeessenees 6
2.1.4.2. Modeling of Anisotropic Reservoirs — FIow Anisotropy........cccccevveveiesvennennenn, 7
2.1.4.3. HydrauliC FraCturing.........ccccuuiriierieieieieiesiee sttt 7
2.1.4.4. Analysis of Wellbore Stability During Drilling..........ccooeoiiiiiiiniiicee 8
2.1.4.5. Estimation of Wellbore Collapse and sand Production .............ccccceeveviieennenenn, 9
2.1.4.6. Minimum Stress Drilling (MSD) For MSF Application...........cccooovvinenennenn. 10

2.2. GEOMECHANICAL CHARACTERIZATION ..uuutieeeeeteeeieeeseeeeeseesteessesessseessssnnseeeeeees 10
2.2.1. GEOMECHANICAL IMODELING ......ueteeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeeesneeeenennesans 10
2.2.1.1. OVEIDUITEN SITESS ...oeeeieeeee ettt e ettt ettt e e e e e ee e eteeeseeae e aaeeeeeeeenaans 11
2.2.1.2. MinNimMUM HOFIZONTAI SEIESS .....eeeieeeee ettt e et e et e e e e e e e e e e e 11
2.2.1.3. Orientation of Minimum HOFzZontal STreSS .......coocveveeeeeeeeeeeeee e 12
2.2.1.4. Maximum HOFIZONTAI SEIESS .....ccovveeeeeeeeee et e e ettt e e e e s e e eeeeeeeaans 15
2.2.1.5. POIE PrESSUIE ..o 16
2.2.1.6. Rock MechaniCal PropertieS.........ccouieieieiiiiiiisesesieeees s 16
2.2.1.7. Log-Based ROCK Srength ..o 17

2.3. STRESS DISTRIBUTION AND WELLBORE STABILITY wueiieeeeeieeieee e eeeeeeeeneeeeeees 19
2.3.1. STRESS DISTRIBUTION AROUND BOREHOLE ......cooieeeeeeeee e eee e 19
2.3.2. MOHR-COULOMB FAILURE CRITERION ...ceotvtetetieeeteeeeeeeeeeaeaeeeseeeeseeessneessennesans 22
2.3.3. STEREOGRAPHIC ANALYSIS .. oottt eee et eee e e e e eeeeseeeseeeaeneeeateeesnneeenineennns 25

2.4, CUTTINGS FLOW METER (CFM) ..ot 26
2.4.1. DESCRIPTION OF THE TOOL ...uetiiiet et eee e e eee e e e eeeenteeenneeennnennns 27
2.4.2. OPERATION PRINCIPLE ..ot eet et eee et eeeeeee st e e e e esaeeseteeeseeeseeeesstaeesneeeeseneenans 28
2.4.3. DATA ACQUISITION AND WORKFLOW .....voeiuieieieieeecte ettt see s ee e 29
CHAPTER 3: STATEMENT OF THE PROBLEM ......cooi e 31
3.1 INTRODUGCTION «etetttuuteteeeeteeeetee e e e e e et et eee e aeseeeeeseessns s seeeeaseessansseeeeseeenssnnanreeeeeees 31
3.2. PROBLEM DESCRIPTION ..iiteeetuueeeeeeeteeeeeteeasseeeeeseesnnenassssessseessnnassesesseeennsnaassseeeeees 31
3.3. OBIECTIVES AND SCOPE ....iiiiiiiieetetie it e eeeteeeeis s e e ee et eee et s eeeeeseeesssasseeesseeessrnnes 32
CHAPTER 4 : MINIMUM STRESS DRILLING (MSD) OPTIMIZATION................. 34

vii



o [ N = (0] 01U o 1 (] N TP 34

4.2. PLANNING AND DESIGN OPTIMIZATION ....vvvieieeeeririrreiereesesressssssssssssesssssreessssereee. 34
4.2.1. DIRECTIONAL DESIGN ..ttiiitiie sttt ettt st ette sttt e s sita s sba s sata s s eban s saaaesates 34
2 0t O | (o o[0T o o U 34
N N Y, T 1 g ToTo (o] o Y AR 35
4.2.2. GEOMECHANICAL IMODELING......ctiiteitesee st st e eeeses et een e ean e st e seeesaesene e 36
A W | 1 (0o [0 Tox o] o TR 36
VR Y, g ToTo (o] [0 Y PR 36
4.2.3. DRILLING FLUID (MUD) SYSTEM OPTIMIZATION ....coviviiinieieieieesiseneereresesesenens 52
4.3, REAL TIME SUPPORT ...ovtttttttteetttsetesesssseessssssssssssssssstssssssssssssssssssssssessesssmern. 53
I8 N [N =00 ] 01U o 1 [0 N TR 53
4.3.2. REAL-TIME OPEN HOLE IMAGING.......cocoviiiii ittt 53
4.3.3. CUTTING FLOW METER (CFM) ..ottt 55
4.3.4. TORQUE AND DRAG TRENDS ....oottiitieitiestie st sttt ettt stessressan s saa s sre e sreesrassae e 55
4.4, MSD OPERATIONS BEST PRACTICES ...ovvviviiiiiieiiiieeeieieeeeeeseeeeeeeeeeesesesesesesesesesesenens 57
4.4.1. MSD SPECIAL PROCEDURES......ccutiitieitiestie st sttt ettt stesstessas s eta s stn s srassrasste s 57
g OO [ (0T 11 o2 o TR 57
4.4.1.2. CONNECLION PIOCEAUIES ....vvvieiitiiieiittiee s stiee e s sttt e e s sbae e e s sbaesessabaassssbbasesssrbeeesins 58
4.4.1.3. Tripping GUIAEIINES .....cccviieiicieee e 59
4.4.1.4. Drilling GUITEIINES .......oiviiieiecece sttt 59
4.4.1.5. Best Practices TIME FIaME ....ocveveiiiriiie ittt sttt s e sbre e e s sbae e e s srrae e 59
BA.2. WIPER TRIPS ...eoiiett ettt ettt et ettt st e st ettt ettt s st s bt e et e e eta e sbeesbeesreesatesanas 60
CHAPTER 5: RESULTS AND DISCUSSION. ...t 61
T N [N = (0 o1 o 1 [ N I 61
5.2. PLANNING AND DESIGN OPTIMIZATION .ivvvviieiitiieieieieeeeeeerereeeeeeeereeeeeeeeeeereeeeeee. 61
5.2.1. DIRECTIONAL DESIGN ....cooiiiiiiee e 61
5.2.2. GEOMECHANICAL MODELING ...ttt 66
5.2.3. DRILLING FLUID (MUD) SYSTEM OPTIMIZATION .....covriieieienienieniesiesieeeeneen, 69
R T = I WY SRS 1U ] /=] = 3 L 70
5.3.1. REAL-TIME OPEN HOLE IMAGING .....uuuutee e 70
5.3.2. CUTTING FLOW METER (CFM) ...oeiiiiiieee et 74
5.3.3. TORQUE AND DRAG TRENDS ......ueiiiiiitiiieiiitiieeeeiireeeeeeteeeeseesteeeesesaeeessnsreeeeans 77
5.4. MSD OPERATION BEST PRACTICES ...ooiviiiiiiiiiiiiiieeeeeeee ettt ettt ee e ee e e aeaees 81
5.4.1. MSD SPECIAL PROCEDURES .....uuuuuuiuie e 81
BA2. WIPER TRIPS ..o 85
CHAPTER 6 : CONCLUSIONS AND RECOMMECDATIONS .......ooooiiviiiiiieeeeeee 90
L = = AN L8 TR 92

viii



List of Tables

Table 3.1: Actual versus planned days for sample of MSD wells...........c.ccoceviiieiinnne 32
Table 4.1: Summary of MSD best practiCes time..........cccevveieiieieiie e 60
Table 5.1: Snap-shot of wellbore directional survey, Well A5 LO-1.......c.cccceevenenen, 63
Table 5.2: Well_AL propoSed AFE ..o e e 67

Table 5.3: Summary of MW (pcf) program as recommended by wellbore stability and
geomechanical MOEIS ..........ooveii e 68

Table 5.4: Summary of the application of Overbalance mud concept in combination

with both WBM and OBIM SYSEEMS.........cceiiiiriiiinieieie e e e 69
Table 5.5: Daily cumulative recovery from CFM —Well A2 ... 76
Table 5.6: Complete log of the wiper trips performed in Well AL ........cccoovvveiviinnnen, 86
Table 5.7: Complete log of the wiper trips performed in Well A2 .........cccovvvevveinnen, 86



List of Figures

Figure 2.1: Multistage fracturing application in an MSD candidate (Al-Ghazal et al.,

100 ) OSSPSR 3
Figure 2.2: Stress state in three dimensions (Al-Ajmi, 2006) ..........ccccevveverieieeneiiiennn, 4
Figure 2.3: Principal stresses in three dimensions in which shear stresses vanish .......... 5

Figure 2.4: Fracture propagation perpendicular to the minimum horizontal stress

(Modified after ECONOMIAES, 2007) ...ocveiieiiiiieiiieie et 7
Figure 2.5: Borehole compressive and tensile failures in reference to the minimum
stress direction (Modified after Fjaer, 2008) .........ccccevvveviiiieiieeie e, 12
Figure 2.6: Common interpretation of 4-arm caliper logs (Zajac, 1997) .........cccccoeuee.ee. 13

Figure 2.7: Real-time bulk density image developed from azimuthal Density-Neutron
VLY I (o o OSSR 15

Figure 2.8: Mohr-Coulomb criterion in the [¢';-c"5] plane (Modified after Fjaer, 2008) 17
Figure 2.9: Sonic slowness (At) versus uniaxial compressive strength (UCS) ............. 18
Figure 2.10: The transformation geometry (Modified after Fjaer, 2008) ...................... 19

Figure 2.11: Mohr-Coulomb criterion in (t—o0) space (Modified after Fjaer,
2008). . .. ettt bbbt R et et bbb et b e R ne ettt 22

Figure 2.12: Orientation of the failure plane relative to the largest principal stress. The
thick solid line shows the failure plane. The dashed line shows the maximum
inclination of the failure plane according to the Mohr—Coulomb criterion
(Modified after Fjaer, 2008) ........ccoiiimieiieiieieiese et 24

Figure 2.13: Stereo plot (Stereographic projection of lower hemisphere) that can
display required geomechanical properties versus well deviation and direction to

ensure wellbore stability (Zoback, 2006) ...........cccooviiiiiriiiiie e 25
Figure 2.14: Lower hemisphere stereographic projection of wellbore stability versus
well deviation and direction (Zoback, 2006) ...........cccceeveeiiiiiie i 26
Figure 2.15: Wellbore cleaning optimizations as developed by CFM system (Kilroy,
2009) i e et a et et et et e areareereeneeeerees 27
Figure 2.16: Cuttings Flow Meter (CFM) installation at Shale Shakers Exit ................ 27
Figure 2.17: Schematic of Cuttings Flow Meter (CFM) devVicCe...........ccocorvvrivrveinernnnnen. 28
Figure 2.18: CFM system WOrKFIOW ..........cccoiiiiiiiiii e 29



Figure 4.1: Well plan for Well A1 _LO0-2 re-entry shows 2D well profile..................... 35

Figure 4.2: Comprehensive wellbore stability analysis work-flow using geomechanical
400 ] SRRSO 37

Figure 4.3: Progress chart of Well_AL Phase-1...........cccoviiiiiiniiiniiineees 38

Figure 4.4: Extrapolation of logs obtained in Well-Al (L-0-2-2) to develop updated
geomechanical model for prognosis of lateral (LO-2-3) .......cccoovvveiieivicicieeiee 39

Figure 4.5: geomechanical model for Well-Al lateral L-0-2-3 based on data of lateral
Lm0-252 ettt ettt b e reereene et re s 40

Figure 4.6: Calibrated geomechanical model for horizontal section of offset Well
Figure 4.7: Calibrated geomechanical model for curve section of offset Well
A2F2. . e bbbttt 42

Figure 4.8: Calibrated geomechanical model for horizontal section of offset Well
AZ2F2. . bbbttt 43

Figure 4.9: Calibrated geomechanical model for curve section of offset Well
A . e re e 43

Figure 4.10: Calibrated geomechanical model for horizontal section of offset Well
A2 3 bbbttt 44

Figure 4.11: Calibrated geomechanical model for curve section of offset Well
AZFA e e e e e e e e e e anae e 44

Figure 4.12: Calibrated geomechanical model for horizontal section of offset Well
AZ2F A, ettt 45

Figure 4.13: Final proposed geomechanical model for horizontal section of planned
Well A2 based on offset Well A2F1.........cccoooveieiieiece e 46

Figure 4.14: Final proposed geomechanical model for curve section of planned Well A2
based 0N OFfSEt WEIl A2F2 ... s 46

Figure 4.15: Final proposed geomechanical model for horizontal section of planned
Well A2 based on offset Well A2F2..........ccoov e 47

Figure 4.16: Final proposed geomechanical model for curve section of planned Well A2
based on Offset WEell A2F3 ... 47

Figure 4.17: Final proposed geomechanical model for horizontal section of planned
Well A2 based on offset Well A2F3..........ccooviieiiee e 48

Xi



Figure 4.18: Final proposed geomechanical model for curve section of planned Well A2
based on OffSet WEIl A2F4 ..o 48

Figure 4.19: Final proposed geomechanical model for horizontal section of planned
Well A2 based on offset Well A2F4 ..o 49

Figure 4.20: Lower hemisphere stereographic projection (at 11,877 ft) of wellbore
breakout MW (severity) versus well deviation and direction...........cccccceevevveinenen. 50

Figure 4.21: Lower hemisphere stereographic projection (at 11,877 ft) of wellbore
breakdown MW (severity) versus well deviation and direction ...........c.ccccceevuenen. 50

Figure 4.22: Lower hemisphere stereographic projection (at 11,911 ft) of wellbore
breakout MW (severity) versus well deviation and direction...........c.cccccevevvenennen. 51

Figure 4.23: Lower hemisphere stereographic projection (at 11,911 ft) of wellbore
breakdown MW (severity) versus well deviation and direction ..............cccccoevvenen. 51

Figure 4.24: Selective analyzer for recommended safe MW window at 11,877 ft versus

deviation (Left) and versus direction (RIght) .........cccccoveviiiiiieie i 52
Figure 4.25: Selective analyzer for recommended safe MW window at 11,911 ft versus
deviation (Left) and versus direction (Right) ........c.ccoovriiiiiiiieee, 52
Figure 4.26: Caliper and ADN Image log showing severe breakout from 15040 ft to
15090 ft (MD) — WEIL AL ..ot 54
Figure 4.27: Drilling drag parameters of lateral L0-2-2, Well Al ........c..cccoveieivennne. 56
Figure 4.28: Drilling drag parameters of lateral L0-2-2, Well Al ........c.cccoveieivennne. 57
Figure 4.29: Stresses distribution around borehole (Fjaer, 2008) ........c.ccccevvevievivenenne. 58

Figure 5.1: Caliper and Density image showing breakouts interval, Well Al lateral
(L0=2) . ot ettt ettt e st renrenne et nas 62

Figure 5.2: Effect of directional work (Turn Steering) on WBS, Well A5 _L0-1 (5%
inch hole size increased to 10.7 inch at 12,720 ft) ......cccccovveiiiiiii e, 64

Figure 5.3: Another interval (Well A5_L0-1) shows effect of directional control work
on wellbore stability during MSD OPerations............c.ccooveveieneneneneneseseeeeieees 65

Figure 5.4: Deteriorating and unstable borehole condition as indicated by the AND real-
time imMage and CAlIPET .......vvoie e 70

Figure 5.5: Breakout section stabilized by increasing MW after logged by the AND
real-time IMage tECANIGUE .........oiviiiiiri e 71

Figure 5.6: Deteriorating and unstable borehole condition as indicated by the AND real-
time IMage and CAlIPET .......vi i 72



Figure 5.7: Post drilling caliper log of Well A2..........cooo oo, 73

Figure 5.8: CFM recovery curve indicates good hole-cleaning post enough circulation
TIME, WEIT ALttt e re e ae e 74

Figure 5.9: Secondary recovery during circulation times with simultaneous
(0] - 1[0 o HU RO URSUROTPRPRIS 75

Figure 5.10: CFM curves show progressive hole-recovery and effect of tandem sweeps
every 45 ftdrilled —Well A2........c.oo o 77

Figure 5.11: Drag parameters indicate progressive resistance as simulation updates
cross the safe frictional boundaries — Lateral L0-2-2, Well Al.........c.ccoovvvenne. 78

Figure 5.12: Torque trend indicate progressive resistance as simulation updates cross
the safe frictional boundaries — Lateral L0O-2-2, Well Al........c..cccoeveeiveieiiennenn, 79

Figure 5.13: Cavings samples were collected on the CFM tray confirming unstable
breakout spot from 15,050 ft t0 15100 ft.......ccceeriiieiiieiesiereee e 80

Figure 5.14: Diagnosis of unstable breakout spot from 15,050 ft to 15,090 ft as
confirmed by the AND image and Caliper ...........ccccouevveieiiic i 81

Figure 5.15: Ratio between time of the MSD special procedures to productive time for
BACN TALEIAl ... s 82

Figure 5.16: Ratio between time of the MSD special procedures to productive time for
BACN WEI ... 82

Figure 5.17: Ratio between time of the MSD special procedures to overall drilling

OPEIATION TIME .ttt bbbttt 83
Figure 5.18: Drilling and MSD special procedures hours for each lateral ..................... 84
Figure 5.19: Positive effect of wiper trips on cutting lift — Well A2.............ccoeenne. 87
Figure 5.20: Cuttings recovery improvement after wiper trip based on 24 hours log as

indicated by CFM recovery curve —Well A2...........coooieieeiiic e 88
Figure 5.21: CFM overall recovery curve —Well A2 ... 89

xiii



Nomenclature

a Azimuth angle, degree

AFE Authorization for Expenditure

BHA Bottom Hole Assembly

CFM Cuttings Flow Meter

Co Uniaxial Compressive Strength, psi

CwWD Caliper While Drilling

DLS Dogleg Severity, °/100ft

E Young’s Modulus, Mpsi

ECDR Equivalent Dry Cuttings Density, Ib/ff® (pcf)

ERD Extended Reach Drilling

g Acceleration of gravity (9.81 m/s?)

i Inclination angle, degree

LOC Loss of Circulation

LP Landing Point

LCM Loss of Circulation Material

LWD Logging While Drilling

m Slope of regression line of Mohr-Coulomb criterion in the (o, — a3)
plane

MD Measured Depth, ft

Mpyy Mass of dry cuttings, Ibs

Myix Mass of mud and cuttings mixture, Ibs

My Mass of mud with wet cuttings, 1bs

Myix Mass of mud and cuttings mixture, Ibs

MRC Maximum Reservoir Contact

MSD Minimum Stress Drilling
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MSF Multistage fracturing

MW Mud Weight, pcf

MWD Measurement While Drilling

NPT Non Productive Time

OBM Oil Base Mud

ppY Pound per gallon, or Ib/gal (1 ppg = 7.48 pcf)

Pw Wellbore pressure, psi

Pp Pore pressure, psi

r Radial distance from well center, ft

RSS Rotary Steerable System

R, Well radius, ft

ROP Rate of Penetration, ft/hr

So Cohesion, Mpsi

TD Total Depth, ft

TVD True Vertical Depth, ft

UCS Uniaxial Compressive Strength, psi

Vory Volume of dry cuttings, ft3

Vimix Volume of mud and cuttings mixture, ft3

Vatua Mud volume in wet cuttings, ft®

WBM Water-Base Mud

WBS Wellbore Stability

WOB Weight on Bit, Ibs

VA Depth, ft

At Acoustic compressional slowness, ps/ft)

B Failure angle, degree

) Angle of internal friction, degree

Y Angle describing the slope of the failure line in the principal stress
plot, degree
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