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Abstract

The drilling process is one of the most important and expensive septdet oil and gas industry.
Drilling is required during mining for different ore production processes such as blasting and large
drilling operations. Overall, it contributes significantly to the total cost of mining. As a result, an
accurate prediction of the rate of penetration (ROPusi@rfor drilling performance optimization

and contributes directly to reducing drilling costs. Knowledge of drilling performance is a powerful
tool to aid in the development of a consistent drilling plan as well as to anticipate issues that may
arise duing drilling operations.Several approaches, with varying degrees of complexity and
accuracy, have been tested to predict drilling performance, but all have shown several limitation to
predict the complete drilling performance curve including locate tinedier point. This limitation

can be extended to their capacity of covering different drilling scenarios with high act¢nrthcy.
thesis(manuscript stylea review of the history of drilling performance prediction is conducted
with enphasis on the rotadrilling of small and large diameters. The approaches are grouped into
two categories: physidsased modeland datadriven models. Due to the low complexity of the
physicsbased models and the scarcity of drilling performance prediction researchpthréd the
founder point location, a novel physibased ROP prediction modet rotary drillingthat include

the founder point location is presentdthis model presents high accuracy to predict the drilling
performance for fixed cutter drill bit, rollerone drill bit, and large diameter drilling operations.

The behaviors of the new model constants (drillability coefficient and drillability constanj term
are discussed whemnalyzed inrelation tothe unconfined compressive strength (UCS), bit
diameterand rotary speeddditionally, anew experimental setup approach was developed based

on the circular movement of the fidtale disc cutter that are normally used in raise boring and



tunnel boring machines. This setup will permit to simulate the largeedéa drilling operations in
laboratory scale aiming the understanding of the fragmentation process and application of

optimization to this scenario.



Acknowledgments

| would like to express my gratehdssto my wife Wanderl@ Fanticelli de Moura, my deyhter
Brunna Fanticelli de Moura and my son Eduardo Fanticelli de Moura suipporéed and

encouragd me withtheir patience and love, being my foundation and my inspiration.

| would like to express my immense gratitude to my supervisor Dr. Stephen tCarBluiny ce
supervisor Dr. Jianming Yang, as well as to Dr. Syed Imtiaz whoavpast of my supervisory

committee, for their patience, technical support and guidance during my research work.

| am gratefuko Novamerdnc., Memorial University of Newfourdnd, and MITACs through the
Sustainable Mining by Drilling (SMD) proje&ttechnical and financial suppomwhich made the

results of this research possible.

I would like to express my appreciation to dle group membex of Drilling Technology
Laboratay, which suppordme in several activities such as drilling experiments, field trials, and

literature reviewsalways acting witta greatsense opartnership.

Last but noleast, | would like to dedicate this work to my mother Maria da Penha Leite deiMo
(in Memoriam), my sister Jaqueline Aparecida de MouraNlemorian), my father Jeronimo Jose
de Moura,my brother Alex Sander de Mourand my parenis-law Edson Fanticelli i

Memorian), and Tercia Rossini Fanticelln(Memorian).



Contents

A D S T T BB B B ———————————————— 2.
ACKNOWIEAGMENTS ... e e e ennenneeeeeeeeees
(@0 T A=Y= 1= S PP 5.
Li st of .  dab S e 12
IS o) o U= RSP 13
ADDIEVIALIONE .. ..ottt ceeet e e e e e e e e e e e e emmr et e e eeaaaeaeaeeeeeeesssssmmneaeeeeaeaeaannnnnne 21
FAN o] 1= T [0t =< TSR OUPPPPRP 24
Chapter 1 Introduction and OVEIVIEW. ..........coueeiiiiiiiiie e 25
0 I 0T [T 10 o SO 25
1.2 Statement of the Problem ..o 26
1.3 Research Plan and ODJECHIVES.........coooi e 26
1.3.1 A New Model to Predict the Diillg Performance for Fixed Cutter Drill Bits........ 27

1.3.2 Extension of the New Model to Predict the Drilling Performance Including the Founder

Point Location for ROIGICONE DIill BitS......oouieiieeiee e 27



1.3.3 Extension of the New Model to Predict the Drilling Performance Including the Founder

Point Location for Large Diameter Drill Bits (RBM and TBM)..........ccccoeveiiiiiiccccnnnnns 28
Chapter 2 LIterature REVIBM..........ccociiieiii e eeeee et eeees e e e ennn e 29
2.1 ROAIY ArilliNG. ... e ————————————————— 29
2.1.1 Fixed Cutter Drill BitS...........oooiiiiiiiiiitieems e eees e e e e e e e e e emas 30
2.1.2 ROIIEFCONE DIl BItS . ..eeieeiiiiiiiiieee et eeei ettt mn e e smmnas 33
2.1.3 RBM @GN0 TBM...oiiiiiiiiiiiiiiiieee et ee st eners e 35

2.2 Drilling Performance Prediction Modelling...........ccccceeeeeiivieeeiiiee e, 40
2.2.1 PhySic$ased MOUEIS.........ccooiiiiiiieeieeee e eme e e e e e e e e e e aneas 41
2.2.2 Datadriven MOEIS..........uuiiiiiiiii e e 58

2.3 RETEIEINCES. ....ciiiiiieee ettt ettt e e eemt e e et e e e 63

Chapter 3 PhysieBased Rate of Penetration Prediction Model for Fixed Cutter Drill. Bits.71

3.1 Coauthorship StatemMent..........ccooii i i i e 71
I Y o 11 = ot AT P PP PPPPPRPO 72
IR N [ 11 70 o [8 [ox 1] o DO PP P PP PPPPTPPPPP 73

3.3.1 PhysicdBased Prediction Models................viiiiicreeeiiiiiiiineee e eeeeeseennee 4

Vi



3.3.2 DataDriven PrediCtion MOAEIS. ... ... 76

G - T (o [ (o 11 ] o PRSPPI 79
341Maured s Cor.r.el a b b D e 80
3.5 Development of a New Physibased ROP Prediction Model................ccovvivieeennn. 81
3.5.1 Coring Bili Drill -Off T@SS.....iiiiiiiiiiiie e 81
3.5.2 The New Physidsased ROP Prediction Model............cccooviiiiieeee s 84
3.6 Applicability and Accuracy Tests of the New Model............cooooeiiiiiieeeeiii 87

3.6.1 PDC Drill Bit Field Trial (Rana, Abugharara, Molgaard and Butt (2015) [28])..88

3.6.2 Natural Diamond Bits Laboratory DOT (Winters and Warren (1983).[31)).......! 91
3.6.3 Other DOTs and Field THalS..........oviiiiiiiiiiieeeeeee et 93
3.7 CONCIUSION ...ttt ettt ekt e e e et seeemt e e e e e r e e e e e 99
3.8 ACKNOWIEAGMENLS......oiiiiiiiiiie et e e e e e e aeeer s s e e e e e e e e e e e e e e e eeerebannneaeeeeeees 100
L REIEIEINCES. ...ttt 100

Chapter 4 An Empirical Model for the Drilling Performance Prediction for R@l@me Drill



A2 ADSITACL ... e e e e 107

v G [ a1 oo [0 ox 1 o] o DSOS PPPPPPPPP 108
V=1 g T Yo o] [T |V USUSPPPPR 113
4.4.1 Experimental Methods............uuiiiiiiiii e eaee 114
4.5 Drill-Off Test Reslis and DiSCUSSIONS...........ooiiiiiiiiiiimres s eeeseeeneeees 118
4.6 Comprehensiveness Evaluation of the New Madel............ccccoovveeeeieiiiiiiiiiiiiiinnns 125
4.6.1 Tricone Insert Drill Bit Field Drilling Test Fermed in Compacted Shale.......... 126
4.6.2 Tricone Insert Drill Bit Drilling Operation Performed in Basalt........................ 128

4.6.3 Rollercone Drill Bit Drilling Operation Performed in a Rock Specimen with CCS of

G IR TC I Y1 == T TP PSPPI 131
4.6.4 Other Drilling OPerationNS........ccceiiieeeeeeeeeeeeeeee et eene e e e e e e e e e eeeaaannnes 133
A7 CONCIUSION ...ttt ettt e bt eeer et e e e ekt e e e e e e bnemtn e e e e e e e annnreeeeas 136
4.8 ACKNOWIEAGMENLS. .. .uuiiiiei i eeeee e eeme e e e emmrannnnnaes 138
4.9 NOMENCIALULE ...ttt e et e e s ammme s e e e e 138
4.10 REFEIBINCES... ...ttt ettt eeet e e e et e e e e mn e e e e e e e e 139

viii



Chapter 5 A Novel Rate of Penetration Prediction Model for Large Diameter Drilling: an Approach

Based on TBM and RBM ApPliCAtiONS. ........coieiiiiiieeiiiiieeeiee e eeeeeeeeeeeeeeme e 143
5.1 -authorship StatemMeENt...........cooiiiiiiii e errer e e e 143
5.2 ADSIIACL ... ettt 143
SIRC I [ 11 (oo [8 o1 { o] o FA OO PP TPPPPPPPP 144

5.3.1PhysicsBased Prediction MOELS...............uuvuueiiiicceeeiiccse e 146
5.3.2 DataDriven Prediction MOEIS............cccuiiiiiiiiiiemiieecec e 149
Lo S - T (o | o 11 ] o o PP 151
5.4.1 CSM MOUEL....uuuiiiiiiiiiiiiiiiii et eeee s 154
5.4.2 GENING MOUEL.......coiiiieeeee et e e e e e e amenre s 154
5.4.3 de Moura and Butt MOdEL............cooiiiiiiiiieeeiieeeei e 155
5.4.4 Data Dispersion and Model Accuracy Measurements............cccccevvveemeeeeeeneeene. 156

5.5 Comprehensive Analysis of de Moura and Butt Model for Large Diameter Drilling

(@] 0= = 11 0] PP 157

5.5.1 Tunnel Boring Machine with 80 Disc Cutters of 17 Inches in Very Hard RocKLE77]

5.5.2 Raise Boring Machine of 1.5 m DiameteHard Rock [10]............ccceeeeiieiiiiiinnes 160



5.5.3 Other Large Diameter Drilling Operations...........cccoeeeieiieeeeeiiiiiiiie e 163

5.5.4 Comparative Analysis between the CSM, Gehring, and deaMmd Butt Model.166

5.5.5 The existence of the Founder Point in the Large Diameter Drilling Operatian68

5.6 CONCIUSION ...ttt eeer ettt e e e e e e e e e e e s s ammme e e e e e e e e e e e e e e 170
5.7 ACKNOWIEAGMENTS.....uiiiiiiiiiiie et e e e ee e e e e e e et e e e e ameeeeeaeennes 172
5.8 NOMENCIALUIE. ... e s emmee e e e 172
5.9 REIEIBINCES. ..ottt eenr e e e e e 173
Chapter 6 Drillability Coefficient and Drillability Constant Term...............ceeeevvvvieeeeeeeennn. 178
6.1 INEFOAUCTION......eiiiieeei ittt eeme e e e e e e e eeer e e e e e e e eas 178
6.2 General Behavior of the Constants of the de Moura and Butt Madel.................... 178
6.2.1 FiXxed CUtter DIill BItS........ccooiiiiiiiiieeiiieemre e rmmee e e 180
6.2.2 ROIIEFCONE DIill BItS......iieiiiiie ittt 182
6.2.3 Large Diameter DIilling.........ooovviiiiiiiiice e errrn e e e e e e e 185
6.2.4 CONCIUSION ..ottt ettt e e s s e 187
Chapter 7 Concluding REMAIKS..........uuuiiiiiiiii i e e e e e sreers s s e e e e e e e e e aaeeeeeeaneens 190



A RS0 [ 110 1= U PSPPSRI 190

7.2 ConcCluding REMAIKS ... ..cooiiiiiiiiiiii e e e e e e e e e e e aneeana s 191
7.3 Dissertation Highlights and ContributiQnS............coovviiiiiiceei e 193
7.3.1 Universal Rotary Drilling Performance Prediction Model..............c.ccoooveeee. 193
7.3.2Founder POINt LOCALIAN. ........uiiiiiiiiiiiiii et mmee e 194
7.3.3 Adjustable Disc Cutter Mounting (ADCM) SyStem...........cceeeiiiiiisccesvnnninn, 194
7.4 Recommendations for FUtUre WOLK.............coooiiiiiieeeiiiicee e 195

Xi



List of Tables

Tablle A plicability and Accuracy..Eval.uafd on fo

Tablldrd4cone roller inser.t..bi.t. .. .t.echni.c.allé speci

Tabl2e ULS and Young Modul us...of.. .t he. . Gr.anlla e Spe
Tabl3e Compnsei veness Ev-@).uat..a.n..af... . Eqn...J»1844

Tablle Comprehensi venes-3).Ev.al.uat.i.on..of...B63n. (5

Xii



List of Figures

Fi gulr eTRRe rotary dr.i.l.l.l.ng..p.r.o.ces.s..J[.1]...29

FiguRe R@ck fragmenit@a) ofi xmedh&ni $mr Bits (po

compact (PD&)o)n,e (Bb)t srpoomAldedy.t..e.d...foiin. 30
Fi gu3 ePR2C cutter engaged..i.n..r.ock.... Ad.apt3dd fron
Fi gu4d eDr2ag bits with two..bhl.ades....Adapt.e3@ from
Figuy e( &) Diamond bi.t.s....(.b)....RDC.. . bi.t.s..[.13P.
Figugd e( )-c®oé|l-mmbpbt Bdand (b) Tungs.t.en..caddbi de i
Fi guf eCr2Zat er mechani sm..bh.eneait.h..a..bi...t.o36th [ 1]
Fi gu8 eTBRM Push Cy.l..nder. s [ ). 36
Fi gud eTBM Schemat. l.Co ol 37

Figul@ Risc Cut tbhars: C(ud)t elbiissig I(@&ut tTewisAaDi acd ( C

CUT T B S [ e s 37
Figulle @i sc Cutter Chi.ppi.ng..Rr.oc.es.s..[.7.]38
Figurz Rai se Bor..ng..Rr.oc.ess..[.9) . 39
Fi @ul23 Boxhol e bo.r.i.ng..met.haod. . [.9]) .. 40

Fi gul eR&8l ati onship bet we ¢g26]..t.h.e...RQP...v.£.r.880s WOB

Xiii



Figure 32 Schematic of Smabrilling Simulator (SDS) used to conduct of DOTs. Adapted from

22 4 PO 82
Figure 33 Compari son between Core drilling operat|
to drill bit outer (26.4mm)@d inner diameter (19.6Mm)...........ccoovviiiiiiiiiiiemee e 84

Figure 34 Dirillability constantk (Eqn. (33)) as a relation to the WOB to core drilling operation

(DOT) considering the drill bit outer diameter...........cccoooviiiieiiceeiice e 85

Figure 35 Comparison between the core drilling operation (DOT) and the curve derived of the

o [ T (1) SR 86

Figure 36 Drillability constant k a a relation to the WOB for a drilling operation with RDI€of

152.7 mm diameter in a resiale formMation.........co.vee et 88

Figure 37 Comparison between the ROP of the drilling operation with -BDGf 152.7 mm

diameter in a reghale formation and the ROP predicted by Eg#h)(3.........cccevvrrrrrinnnnnn 89

Figure 38 Drillability constantk as a relation of the WOB for a drilling operation with natural

diamond bit 0215.9 mm diameter in a carthage limestone formatian......................... 92

Figure 39 Comparison between the ROP of the drilling operation with natural diamond bit of 215.9

mm diameter in a carthage limestone fatimn and the ROP predicted by Eqn5{3......... 93

Figure 310 Comparison between the ROP of the drilling operation with drag bit of 35.0 mm with
a concrete specimen and flow rate equal 100 L/m atidomnventional configuration and the

ROP predicted by EQN. {B)......vuueiiiii oo e 98

Xiv



Figure 311 Comparison between the ROP of the drilling operation with drag bit of 35.0 mm with
a concrete specimen and floate equal 100 L/m and with pVARD configuration 1 and the

ROP predicted DY EQN. {8). ....coovviiiiii i eeeee e erner st 98

Figure 41 Rock fragmentation mechanism: (a) Fixed Cutter Bits Polycrystalline Diamond

Compact (PDC);l) Rollercone Bits. Adapted from [13]......cccceeiiiiiiieiiiiiiiieeeieeeeee, 112

Figure 42 Laboratory Drill Simulator: (a) 3D Presentation; (b) Simplified Schematics (depicted in

10 S (0] =) TN PP 115
Figure 43 Tricone roller insert bit designed to drill into very hard formations................. 115
Figure 44 Natural granite bloCK SPECIMEN............coiiiiiiiiiiieeee e s 118

Figure 45 DOT for a drilling operation with a tricone bit of 2 ¥z inches diameter in a granite rock

5] 0 LS 12 1T o PSSR 119

Figure 46 Comparison between the DOT, forrdlioshg operation with a tricone bit of 2 ¥ inches

diameter in a granite rock specimen, and Maurer madel............ccccoooiiieeciiiiiccineennn. 120

Figure 47 Drillability constant (Eqn. (4)) as a relation to the WOB for a drijroperation (DOT)

with a tricone bit of 2 %2 inches diameter in a granite rock specimen........................ 122

Figure 48 Comparison between a drilling operation (DOT) with a tricone bit of 2 ¥ inches

diameter ina granite rock specimen and the curve derived from Eg@).(4.................... 123

Figure 49 Comparison between the ROP of the DOT with a tricone bit of 2 %2 inches diameter in

a granite rock specimen and thOR predicted by EQN. {@). ..o 125

XV



Figure 410 Representative curve of a field drilling test performed in compacted shale with a

tricone Dit Of 444.5 MM QIAMEEOI ... oot 126

Figure 411 Drillability Constant as a relation to the WOB for a field drilling test performed in

compacted shale with a tricone bit of 444.5 mm diameter..............coovvivccciiiieeeeeennns 127

Figure 412 Comparison between the ROP of a field drilling test performed in compacted shale

with a tricone bit of 444.5 mm diameter and the ROP predicted by E@)...(4.............. 128

Figure 413 Representate curve of a drilling operation performed in basalt with a TCI drill bit of

7 | 1] g ST R o L= 10 g =1 (Y SRR 129

Figure 414 Drillability Constant as a relation to the WOB for a drilling operation pexddrin

basalt with a TCI drill bit of 12 Y4 inches diameter..........oveueee e 130

Figure 415 Comparison between the ROP of a drilling operation performed in basalt with a TCI

drill bit of 12 ¥4 inches diameter drthe ROP predicted by EQN-®........ccvvvvevvviiiiinnnnnn 130

Figure 416 Representative curve of a laboratory experiment performed with acatierdrill bit

of 216 mm diameter in a rock specimen with CCS of 11BIBA................cccovvevvvvvvieen... 131

Figure 417 Drillability Constant as a relation to the WOB for a laboratory experiment performed

with a rollercone drill bit of 216 mm diameter in a rock specimen with CCS of 113/88.M

Figure 418 Comparison between the ROP of a laboratory experiment performed with-asoker
drill bit of 216 mm diameter in a rock specimen with CCS of 113.53 MPa and the ROP predicte

o)V =0 | T ) TR 133

XVi



Figure 419 Comparison between the ROP of the drilling scenario on line 17 of T-&udmd the

ROP predicted by EQN. {3). .....vueiiieie e 134

Figure 420 Comparison between the ROP of the drilling scenario on line 2 of T&blnd the

ROP predicted DY EQN. {Z). ....coovriieie e ere e 136
Figure 51 Drilling performance curve in the @hd gas drilling [25]........cccoovviiiiiiiiiiiieeee. 152
Figure 52 Drilling performance curve in the TBM applications [27]).............ccccovviivvieeen.. 153
Figure53 A Dr i | | ab ik of theyMauZeo mosidl as a relation to the WOB.[1]...155

Figure 54 Representative curve of a TBM field performance test performed in very hard formation

WITN 80 QISC CULLETS.. .. e ettt e et e et 159

Figure 55 Drillability constant (Eqn. ®)) as a relation to the WOB for a TBM field performance

test performed in very hard formation with 80 disc CUtters...............ovvvvvicceieieeeeennnns 159

Figure 56 Comparison between the ROP of a TBM field performance test performed in very hard

formation with 80 disc cutters and the ROP predicted by EGR).(5.......ccccoevviieeeeeininnnn, 160

Figure 57 Representative curve of a field drilling test performed in hard formation with a 1.5 m

(o [ T (oY (T G R d =Y PP OTURRT 161

Figure 58 Drillability constant (Eqn. (%)) as a relation to the WOB for a field lting test

Figure 59 Comparison between the ROP of a field drilling test performed in hard formation with

a 1.5 m diameter RBM and tiROP predicted by EQN. {B).......cvvvvvrriiiiiiiiieeeeiceeeieeenn. 162

XVii



Figure 510 Comparison between the ROP of the drilling scenario on line 12 of Table 1 and the

ROP predicted DY EQN. {B). ....uuuiiieiiii ettt et 165

Figure 511 Comparison between the ROP of the drilling scenario on line 15 of Table 1 and the

@ o] f=To [Tox (=To [N o)V =T | T ) TR 165

Figure 512 Comparison between the ROPa TBM field performance test performed in a very
hard formation with 80 disc cutters and a friction of 3,805 kN for CSM, Gehring and de Moura

= Ta Lo I =] U] L0 o [=] E- TR 167

Figure 513 Comparison betaen the ROP of a TBM field performance test performed in a very
hard formation with 80 disc cutters and a friction of 3,52 3 kN for CSM, Gehring and de Moura

= Ta Lo I =] U] L0 o [=] - 168

Figure 514 Conparison between the ROP of a RBM drilling operation of 2.6 m diameter and de

Moura and Butt models including the founder point locatian................cccccovccevvveennnnns 169

Figure 515 Comparison between the ROP of a RBM idiglloperation of 0.66 m diameter and de

Moura and Butt models including the founder point locatian.................ccccovccevvveennnnns 170

Figure 61 General behavior of the de Moura and Butt Model constants.................c...c.. 179

Figure 62 The general behavior of the de Moura and Butt Model constants in the face of the roller

cone drill bit, and large diameter drilling applicatiQns.............cccoovieiiiecciiiiiciieeeee e 180

Figure 63 The behavior of the de Moura and Butt Model constants in the face of the UCS variation

FOT FIXEA CUL ATl e e e e 181

XVviii



Figure 64 The behavior of the de Moura and Butt Modeistants in the face of the bit diameter

variation fOr fiXEA CUL AFilIS........oe e 181

Figure 65 The behavior of the de Moura and Butt Model constants in the face of the rotary speed

variation fOr fIXE Ot ArillS. . .. oe e e eaenn 182

Figure 66 The behavior of the de Moura and Butt Model constants in the face of the UCS variation

(o g o] (=T clelo T a To0Ne 1 I o 11 €T 183

Figure 67 The behavior of the de Moura and Butt Model constants in the face of the bit diameter

variation for rollerCoNe Arill DITS.......oee et 184

Figure 68 The behavior of the de MourachButt Model constants in the face of the rotary speed

variation for rollerCoNe Arill DITS . ......oe e et 184

Figure 69 The behavior of the de Moura and Butt constants in the face of the UCS variation for

large diameter drilliNg............oiiiie e —————— 185

Figure 610 The behavior of the de Moura and Butt constants in the face of the bit diameter

variation for large diameter drilling..........cccooeiiiieiiiiii e 186

Figure 611 The behavior of the de Moura and Butt constants in the face of the rotary speed

variation for large diameter drilling..........ccooeeiiiieiiiiii e 187
Figure A.:1 Adjustable DiscCutter Mounting (ADCM) SySteMl.............cuvvveeiiiiisieeeernnnnnnns 198
Figure A.x2 Cylindrical disc cutter (left) and Conical disc cutter (right)...............oovvvvnnnee 199
Figure A.23 the Large Drilling System (LDS)........cccooiriiiiiiiiiiieeme e 199

XiX



Figure A.24 ADM system adjustable parameters: journal and)e d@ffset angle €); radial

L0 [0 LY (=T ] ) S 200

Figure A.25 ADM system setup: (a) radial adjustment variation, (b) journal angle variation, and

(C) offset angle Variation...........coooiiiiiii e errer e ————— 201

XX



ADCN

ANN

ASME

1O

BA

BHA

Bl

BP

BTS

CCS

CSM

DI C

DOT

DPW

DTL

ELM

FPI

GSI

| ADC

Abbreviations

Dri | | sokeiflfiitcy e®t

Adjustable Disc Cutter Mount

ArtificieatlwdNrekur al N

American Society of Mechanic

Drill abiletym Constant T
Bat Al gorithm

Bottom Hole Assembly

I ntact Rock Brittleness

Back Propagation

Brazilian Tensile Strength

Confi nedsiCwenpStersengt h

Col orado School of Mines
Dri | |li aBnett eD

Deviance I nformation Criterd.i
Dr iOlf e sT

Di stance Between Pl anes

Drilling Technology Laboratc

Extreme Learning Machines

Field Pemrextration | nd
Geol ogical Strength 1 ndex
Il nternational Associati on

XXi



LDS
MCMC
MS E

MUN

oD
PDC
PDM

p VAR

R a

RBF
RB M
R MR
ROP
rpm
RS M

R2

l nner di ameter

Dri | | aomislt(iddaytu r@edre | M
Dril llahidgqutay i on
Large Drilling Simulator

Mar kov Chain Monte Carl o

Me c hcaanli Speci fic Energy

Me mor i al University of Newf
Rot apreye dS

Outer Diameter
Polycrystalline Diamond Com
Positive Displacement Motor
Passive Vibration Assisted
Repeatalmilti ty L

Rat &emdtrati on

RORor responBoeunnt@ceirot t he
Radi al Adjust ment

Radi al Basis Function Netwo
RaiBsoer i aghiMne

Rock Mass Rating

Rat eemdt rPati on

Revol utiiomust ePer M

Response Surface Methodol ogy

Coefcfi erett eaofmimMati on

XXii



S RocSkr engt h

SDS Smal | Drilling Simulator

S x Standard Error of Esti mat e

i Repeatability Standard Devi ¢
SR x Rel ative Standard Error of E
TBM Tunnel Bohing M

TCI Tungsten Carbide I nsert

TOB Torque on Bit

TSP Thermally Stable Polycrystal
UCS Uncon€dmprdeS siemngt h

VARD Vi brationRAsargtbBrilling

W Wei ghi ton B

W p WOB Correspoonuréotirntto t he F
WO B Wei ghtit ton B

Wo Theshold WOBRtBefiomrge C

X Prda cted ROP

y Real ROP

| Sl ope &Judleassead&uriv e rwigiibne@ a

b Con s teanmml esBBSg u a ki ensd-ia tr

[ Con s Coaenftf i ¢te a&Syttu a difensd=ia tr
d Of f Anegtl e

€ Journal angl e

XXiii



Appendices

Appendixl Adj ustabl e Disc Cutter Mountedl97ADCM) s

XXIV



Chapter lintroduction and Overview

1.1 Introducton

In the oil and gas industry, as well as in mining and construction areas, the drilling process
is challenging because of the complexity of the operations involved and its consecutive impact in
economic feasibility of drilling projects. Due to the expéal before, it is crucial that each process
involved in a drilling operation is fully understood. To have a successful drilling project, the rate
of penetration (ROP) prediction is a crucial factor that provides the capability to predict the drilling

probdems and inefficiencies of a drilling operation.

One of the most famous models for drilling performance prediction was developed by
Maurer. This model as well as the other available prediction models are limited to predict a
completed drilling performarmccurve including the founder point location (local maximum of this
curve). Additionally, the vast majority of these models are restricted to a specific drilling scenario
(a specific type of drill bit, rock properties, drilling fluid rheology, rotary spetcl) and their
generalized application in a way implies to inaccurate prediction values. A detailed discussion of

these models including the Maurer model is present in Chapter 2.

This thesis explores the linear relationship between the drillabilitstaotn(Maurer model)
and weight on bit (WOB). This relationship was identified in the present research and allowed for
a new correlation to be developed that is able to predict the complete drilling performance curve
including the founder point location.délitionally, the new model was applied in three different
drilling scenarios, fixed cutter drill bits, rolleone bits, and large diameter drilling, which are
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differentiated by the drilling mechanics involved in their respective drilling process. Thil mod
proves to be a powerful tool since its accuracy remains highly independent of the drilling scenario

that it is applied to.

1.2 Statement of the Problem

For decades, many research projects were conducted to determine an accuracy correlation
to predict the dlling performance. Normally, these correlations are very specific and their
predictions become increasingly inaccurate as their application is extended beyond those drilling
scenarios (see Chapter 2 for more details). More recent studies about ROffoprimtias on bi
rock interaction and cutting subject to a high confining pressure. These studies use the finite
element to model the drilling scenario. One of the main points for the ROP prediction is the
identification of the maximum WOB that resultsaimaximum ROP, called founder point. There
is limited research that tries to predict the founder point location. The research is focused on
predicting the drilling performance before the founder point, limiting comparison between different
drilling scenaios and application of the optimization techniques. Therefore, this investigation is
required to develop a universal drilling performance prediction model for the rotary drilling that

includes the founder point location.

1.3 Research Plan and Objectives

The oblective of this thesis is to develop a new model to predict drilling performance,
including the founder point location, for rotary drilling. The objective of this study is to be able to
predict the ROP for small and large diameter drilling for differepesyof drill bits and rock

formations. In this way, drilling performance for different drilling scenarios are evaluated from
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drill-off tests (DOTs) or field drilling operations previously conducted in other studies or
performed in a laboratory as part dietcurrent study. This research is divided into the three

projects.

1.3.1A New Model to Predict the Drilling Performance for Fixed Cutter
Drill Bits

This project aimed to develop a new model to predict the drilling performance, including
the founder pointdcation for fixed cutter drill bits, based on limitations of models that are available
in literature to predict the complete drilling performance curve including the founder point location.
To measure the efficiency and accuracy of the new model, DOTS§edahdlrilling operations
available in literature as well as the data obtained from laboratory experiments conducted in this
study were analyzed. In Drilling Technology Laboratory, DOTs are performed using a drilling
simulator that simulates a drilling ap¢ion with different drill bits, different rock specimens, and
in different drilling conditions. DOTs are used to establish a relationship between the WOB and
ROP for a specific drilling scenario and are a base for the development of drilling performance
models. Initially in this study, a DOT was performed with coring bit due the ease to generate a
complete drilling performance curve including the founder point location, which was used to
develop a new model. Finally, the effectiveness and accuracy oethenodel was evaluated

based on different scenarios of fixed cutter drill bits.

1.3.2Extension of the New Model to Predict the Drilling Performance
Including the Founder Point Location for RoHéone Drill Bits

This project studied the possibilities of amtension of the new drilling performance

prediction model developed for fixed cutter drill bits for reldene drill bits. The need of this
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analysis is based on the difference between the rock fragmentation mechanisms of these bit types.
In the fixed cuter drill bit operation, a draggirscraping (shearing) process is present. In the foller

cone drill bit operation, a gougirggraping or chippingrushing process is present. During this
project, DOTs in Drilling Technology Laboratory was performed aralyaed. Additionally,

DOTs and field drilling operations previously conducted in other studies as well as the data
obtained from laboratory experiments conducted in this study were analyzed. Similar to the
previous project, the effectiveness and accurdd¢ii@onew model was proven during analysis of

different rollercone drill bit operations.

1.3.3Extension of the New Model to Predict the Drilling Performance
Including the Founder Point Location for Large Diameter Drill Bits
(RBM and TBM)

This project was a copnehensive evaluation of the new model in a drilling scenario,
outside the normal oil and gas application. This drilling scenario covers raise boring machine
(RBM) and tunnel boring machine (TBM) applications where the main factor that differs from the
apgication of fixed cutter and rollecone drill bits analyzed in the two previous projects is the
scale of the bit diameter. In the first two drill bit types, the drill diameter is in the order of inches,
while in the large diameter the drilling is in theder of meters. In small diameter drilling it is
assumed that only the intact properties of the rock affects the drilling performance. While in large
diameter drilling, the property of the rock mass, which consists of the rock material and
discontinuities,affects the drilling performance considerably. In this project, a comparative
analysis of the Colorado School of Mines (CSM), Gehring, and de Moura and Butt models were
performed and the founder point existence in large drilling operations is discusséth@pter 5

for more details).
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Chapter A iterature Review

2.1 Rotary drilling

Rotary drilling is the most widely used worldwide drilling method for oil and gas drilling.

Regardless of the drill rig, the basic rotahyiling equipment is as shown Figure2-1 [1].

_-Derrick

_—-Rotary hose

Stand pipe

Bell nipple

Blowout

preventer

Emergency
flowline

Drillpipe — Conductor casing Earthen pit i
Annulus
Drrill collars ..
Bit —_ 3
Fi g2¥Tehe rotary [dtjlling process

In order to drill a well, it is necessary that a bit, under a downward force and torque, will
produce fractures in the rock and will breakansecutively. The downward force, weight on bit
(WOB) is provided by the weight of the drillstring and, in specific cases, a hydraulic system on the

surface. The torque is transmitted from surface equipment to the drill bit through the drillstring.
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After the fragmentation of the rock, the cuttings are transported to the surface by the drilling fluid
that is constantly pumped inside the drillstring (direct circulation) which returns to the surface
carrying the cuttings through the annular space betweehdtehole wall and the drillstring. On

the surface, the cuttings and drilling fluid pass to a separation process for drilling fluid reuse [1].

There are many different types of drill bits whose main difference is in rock cutting

mechanicg$2] (seeFigure2-2).

(a) (b)
Fixed Cutter Bits Roller-cone Bits

(PDC)

Grouping/Scraping ( Soft Formations)

HWAIE oL & b bormations) Chipping/Crushing(Hard Formations)

Fi g22Rock f r agmentia(tai)o nFinxeecdh aCuitstner Bits (polycryrspbakl Bheésdi a
Adapte[d3from

In the next sections, the difference between three distinct drilling scenarios will be

discussed: drilling with fixed cutter bits, drilling witbller-cone bits, and large diameter drilling.

2.1.1Fixed Cutter Drill Bits

In fixed cutter drill bits, the cutter has continuous contact with rock, moving parallel to the
rock surface, and it is characterized by a shearing action during the rock fragmentatess (see

Figure2-3) [2].
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Drag bits were the first version of fixed cutter drill bits that were introduced in very soft
rock formation drilling operations in the early 1900s. Traditionally, they were made of steel and

had two blades that were covered with harder atmtings (se€igure2-4) [1].

The fixed cutter drill bits can be divided into three groups: PDC, Thermally Stable
Polycrystalline (TSP), and diamond matrix bits. Each group has its own specific design features

and rock frgmentation mechanisnj].

Bits that used diamond as their cutting elements were first used in the 1940s and TSP and
PDC technology was developed in the late 1970sKgpee?2-5). In the 1970s, General Electric
developed the concept of PDC and University of Tulsa Drilling Research Projects, as
subcontractors of the United States Department of Energy, worked on the engineering design

development and testirjg].
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Fig&4Der ag bits with twod4d]bl ades. Adapted from

(a) (b)

Fi g&5(ea) Diamond thglt]s; (b) PDC bi

The PDC is a 1/32 inches thick polycrystalline layer applied on a tungsten carbide material
that is installed into a hole in the bit bof®]. TSP bits were the first bit with synthetic diamond
elements used ke drilling industry and are an evolutionary milestone to the modern PDC bits

[1]. In the PDC and TSP bits, small synthetic diamond disks provide the scraping/cutting surface.
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The rock fragmentation mechanism of these bits is primarily by shearing where the lcatter

enough axial force to penetrate into rock and torque for its rofdfjon

Diamond matrix bits use a PDC matrix material and natural or synthetic diamonds.
Normally, this type of bit runs with turbo drills and Positive Displacement Motor (PDM). Its cutting
action is scraping where the drill uses a kFsgleed plowing action that breaks the cementation that

holds the rock grains togethdy.

2.1.2Roller-cone Drill Bits

In 1909, Howard Hughes invented the first reltene bits with two cones. The tricone bits
were intrauced in the early 1930s for application in hard and soft formations. Initially, the roller
cone bits had milleteeth but in the late 1940s, with the deep drilling events that meant harder rock

formations, the Hughes Tool Company introduced the firststiegmgcarbide insert tricone bjt.

The rollercone bits are categorized into two groups {Sgare2-6): milled tooth (or steel
tooth) bits typically used for drilling relatively soft formations; and tungsten carbidet 1SCI)
tooth bits (button bit) it has wide application including the hard and abrasive formations. The
rock-cutting mechanisms of the milled tooth bits are gauging, scraping, and chiseling and the
failure mechanisms are tooth wearing, bearing failurepth. In the case of the TCI bits, the rock

cutting mechanisms are chipping and crushing and the failure mechanism is bearinfiLiaRire
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In 1965, Maurer performed laboratory experiments with an original setup of single tooth
bits impacting or indenting a rock specimairface simulating the real field borehole conditions
(see section 2.2.1 for more details). He observed that the crater mechanism is related to the pressure
differential between the rogbore pressure and the borehokggure 2-7 shows the crater
mechanism for low differential fluid pressure. This enables the ejection of the cutting from the
crater almost completely. High differential fluid pressure hampered the cuttings and prevented their

ejection from the cratdyecause of the chip hettbwn effect1].
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2.1.3RBM and TBM

In mining and construction projects, the proper selection of an excavation machine and an
accurate prediction of itperformance are crucial to cost estimates and planning. Currently,
mechanical excavation is a strong alternative to conventional drill and blasting in tunneling and

mining projects. The most used excavation machines in these types of projects are TRBMand

TBMs are applied in tunnel construction for traffic, hydropower, sewerage and water,
underground storage, and mining. Currently, there are a wide variety of TBMs available in the
marketplace including machines with different diameters and adaptddfeécent formation

conditions[5]. TBMs present considerable advantages over drill and blast in favourable ground
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conditions due to their normally high advance rates and lower risk levels, but in adverse ground

conditions these machinpgesent a significant increase in cost and decrease in ety

Basically, the main parameters of a TBM are the thrust and torque. A motor rotates the
cutterhead and the thrust is provided by cylinders that push the cutterhead against the precast

segmental liningKigure2-8) [7].

.

Fi g28TeBM Push [C¥]li nder s

Figure2-9 shows a schematic of a TBM. From the Figure, four systembeatentified:
(1) Boring system, including the cutterhead and disc cutters; (2) Thrust and clamping system,
including the thrust cylinders, gripper shoes, front shoe;stekring shoe, and supporting invert
shoe; (3) Muck removal system, including tenveyor; and (4) Support system, including the

roof shield and drill$7].
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The standard TBM cutter consists of st@éy discs with a tapered edge. The cutter has a
bearing and is mounted on the cutterhead. The bearing has extreme importance for the excavation
process because of the magnitude of the thrust and drag forces that are observed during the drilling

processThe cutter can have single or multiedge discs Esgere2-10) and have TCIl elements

[7].

(c)
Fi g2Xr®i sc Cuttebissd {@UY s S-DogfreTwit her sDi sacn dC ((flct)erCGent er
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Figure2-11shows the disc cutter chipping process, called Kerf principle. According to this
principle, the cutters are pusd against the rock face then the discs will penetrate in the rock
creating craters and cracks. The debris is expelled by the shear and tensile stress caused by the
penetration mechanism. Generally, a penetration between 4 mm and 15mm in hard roctoand up

20 mm in softer rock are considered a good assumftjon

Optimun Chip Size

Ridge Forming

Insufficient Crack
Length
Figar®Pi sc Cutter CHilpping Process
The TBM drilling performance is influeed by several factors such as geology, rock
properties, water, and tunnel design. The rock discontinuities (joints or other cracks) are factors
that needs to be highlighted in the TBM drilling process. Its effects on TBM drilling are based on
the type ofdiscontinuity, frequency, and orientatipfj. Additionally, the rock mass heterogeneity

has considerable impact on the TBM performance. Normally, the gewdtayged problems are

responsible for over 70% of TBM failures in rasi5].
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RBMs are used in mining and constructjmmojects to excavate shafts and other vertical
structures. Initially, a pilot hole of a 2850 mm diameter is drilled down. Next, the drill bit used
during the pilot hole drilling is changed to a large diameter reamer, and it is pulled back up to the
upper level Figure2-12). An RBM has the flexibility to work with different dip angles and bit

diameterd48].
Raise boring process.

Drilling Attaching Reaming
pilot reamer up

hole :
down

Drill string Reamer

00
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FigaxrXr®Rai se Bor[inlg Process
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©

Additionally, where lhe upper level access is limited, a RBM can be used to drill on upward
direction. In this application, called boxhole boring method, the RBM is installed on the lower level
and, with or without a pilot hole, a reamer or full face bit is used to drill ke dhpward adding
stabilizers to the drillstring to minimize the vibrations and bending stresses. In the boxhole boring
method, the cuttings fall down (gravity effect) and are collected above the RBM by a muck

collector and a muck chute (ségure2-13) [9].
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With respect to the drilling mechanics, the RBM is very similar to the TBM. Due to its
large diameter, the rock discontinuities and heterogeneity have considerable impact on its drilling

performance.

2.2 Drilling Performance Prediction Modelling

The ROP prediction models can be divided into two major approaches: pbgses and
datadriven praliction models. Physiesased prediction models or traditional models are based on
laboratory experiments, being empirical models designed for specific types of drilling parameters.
Datadriven models are based purely on data, incorporating machine teamdfor implementing

neural networks to the ROP predictid®].

With for a few rare exceptions, both major approaches need calibration with real drilling

dataset. Normally, the prediction models that do not need calibration present low accuracy to
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embrace a differendrilling scenario. Additionally, research on prediction of the drilling

performance including the founder point location is scarce.

2.2.1Physicsbased Models

Maurer (1962) presented a model to predict the drilling performance for-coher bits,
whichisde i ved from rock cratering mechani sms. Thi
it assumes that all of the rock debris is removed during the drilling operation. His work was
compared with experimental data where-gdhle W7R bits were applied taltdn impermeable
Beekmant own dolomite rocks using water as th

conditions[11].

Equation(3-))pr esent s Mauflgr 6s correlation

v l® ® L
ooy e ® @ @D
Whereki s cal |l ed #fdr Nistheardtarylspeedy(rpngyosrihe WaB (kN), ,

Wo is the threshold WOB before cratering is migid (kN),D is the bit diameter (mm$is the rock

strength (MPa), anBis the ROP (m/h).

Due to the high WOB involved in the drilling operations, normally it is assumedthat

w , which reduces Eqi(3-1) to Eqn(3-2).

oY (2-2)
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Despite the high accuracy to predict t he
limited to the valuesdfore the founder point. This limitation is due to the squared defence of the
ROP to the WOB, which is evidence of the nonexistence of a local maximum point in the curve

generated by Maurerb6s correlation.

Bauer and Calder (1967) used previously publistield data to develop an empirical
equation to predict the rotary drilling performance which relates the ROP to the rock strength,
WOB, rotary speed and hole diameter. To validate the field data used in their formulations, they
conducted laboratory indemt¢éests to study rock failure in hard rock. Their results provide a
method to describe and predict the ROP through indenter penetration asutfsigle fracturing

[12].

Equation(2-3)pr esent s t he Bmadagton. and Cal der 6s ¢

Y piCcy ® 0 2-3
¢p U CY5—_ (2-3)
WhereN is the rotary speed (rpm)yis the WOB (Ibf),D is the bit diameter (inchyis the

rock strength (psi), andis the ROP (ft/h).

Bauer a nsdcorr€lationdpeesedts high accuracy in hard iron ores but presents
considerable inaccuracy when the iron ores have low rock str¢h8th Due to the linear
relationshipbetwee t he ROP and WOB presented b@3)Bauer
its accuracy in predicting the drilling performance curve is very limited as well as the impossibility

to locate the founder point.
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In 1971, Bauer presented methodologies to both estimate drill requirements and optimize
the drilling process and blasting costs in a given context. He discussed the rotary drill performance
based on Bauer a[biithaCircludie recommeredgdypdbivin weight, ROP

versus confined compressive strength (CCS), bit life versus rock strengths, and drillingsosts

Warren (1979) presented a drilling prediction model fordalile sofformation bits that
related the WOB, rotary speedt bize, rock strength, and bit type to the ROP based on laboratory
experiments. His model was developed based on the premise that the effect of the mechanical
conditions could be determined in the laboratory usingsitdle drill bits and that the modelutd
be coupled with other models that would be appropriate for the drilling fluid properties and

hydraulic effect§16].

Equation(2-4)pr esent s the Warrenbés correlation.

@YO ® (2-4)
0 w 0O

Wherea, b, andc are constants5is the rock strength (kPd), is the bit diameter (cmN

is the rotary speed (rev/8)is the WOB (N), andRis the ROP (ft/h).

Based on the analysis of the derivative of E(fh4), the drilling performance curve

generated by Warrends correlation does not hayv

to the regon of the curve before the founder point.
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In 1987, Bourdoret al.described the progress of the development and implementation of
a system for the acquisition of fgjte DOT data as well as the laboratory simulation of DOTs. In
their work, more than 50 OTs performed in onshore vertical wells and deviated wells (up to 40°)
and different lithology types were analyzed. Rettene bits of 215.9 mm and 152.4 mm diameter
were applied in these DOTSs. In the laboratory DOTSs, rakbere bits of 215.9 mm were ube
several rock types, including Carrara marble, Bolton Wood sandstone, Portland limestone, and a
limestone aggregate concrete. They highlighted the importance of good sensors and data logging
in collecting valuable information for the evaluation ofldrg performance. They did not observe

significant transient effects in the ROP response during either field or laboratory[DQ.Ts

Bourdon et al. considered the ROP directly proportional to the WOB introducing the

correlation shown in Equatiq@-4).

Y 00D (2-5)

WhereK is the drillingmodel coefficientW is the WOB (N),f is the function of rotary

speed, and is the rotary speedgm).

The linear relation between the ROP and WOB presdatdttin.(2-5) makes evident the
inexistence of a local maximum point on the drilling performance curve. This observation
introduces a significant limitation to this correlation to represent the whole drillingrenice

curve.
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In 1991, Wijk showed that drilling rates for percussion drilling and rakere drill bit
operations can be predicted through the use of stamp test data. The use of stamp test data to predict
the drilling performance for rollecone drillbi t oper ati on is based on t|
its rock fragmentation process is very similar to the percussive drilling. Additionally, Wijk

presented a power consumption prediction for rotary drilling and discussed its ecdoddinics

Equation(2-6) shows the correlation proposed by Wijk to predict the drilling performance

for rotary drilling.

N S
0 06&Y — (2-6)

Where B is the ROP, n is the rotary speed a nordimensional constarity is the button
density (see Eqr{2-7)), F is the WOB,D is the hole diameter, and is the stamp test strength

index.

Y o 2-7
70 OEL (27
Where0 is the number of buttons on the cone mastidace in rolleicone drill bit, and

dis the half of the cone top angle.

Analyzing the derivate (derivative?) of Eq8-7) in relation toF, the inexistence of a local
maximum point on the curve generated by thigjuat i on i s observed. Then

restricted to predict the drilling performance curve before the founder point.
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In 1996, Autio and Kirkkomaki presented a novel-falte boring technique based on rotary
drilling and vacuum flushing t@move the rock cuttings. In this work, a model to predict the ROP
was established for application to boring machines. Their work covered the evaluation of the
excavation disturbance, hole quality, particle size distribution and shape of the crushaukbmgk, e

consumption, greenhouse emissions, and occupational condit&jns

According to Autio and Kirkkomaki, thadvance rate or ROP is a relation to cutters, WOB,
rotary speed and the rock properties being affecting by the vacuum flushing efficiency. They
highlighted that the advance per rotation was used as a test parameter because it is more accurate
than the neadvance rate and because of the difficult to keep the rotation spend stable during the

tests.

Based on the field tests results, Autio and Kirkkomaki applied the method of least squares
to define a linear, logarithmic, and exponential curves that hidstthe measured data, using the
regression coefficient as a parameter of quality control to the fit curves. They concluded that the
differences between these fit curves are very small in low range of WOB but become expressive in

large range of WOB, beinfpe exponential regression (EqB-8)) for most of the tests.

Y B (2-9)

WhereR is the rate of penetration (net advance rate) (mkh)s the WOB, andA andB

adjustment coefficients.
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Based on Eqn2-8), thelimiat i on of the Auti o and Kirkkom
whole drilling performance curve is evident because the inexistence of a local maximum point

(positive value) in this curve restricting its application to point before the founder point.

In 2008,Detournayet al. presented a model to predict the drilling performance of a drag
bit (i.e. showed a relationship between the WOB, torque on bit (TOB), ROP, and angular velocity).
One of the outcomes highlighted in their work was the possibility of obtgini t he r oc k 6 s
bitdés properties from the knowledge of the ex

to a drilling operatiorl19].

Detournayet al6 s mod e | assumes t he operagogat dritirgg o f t
regimes which are associated with the relation between the contact forces and the depth of cut per
revolution. In the first regime, it is assumed that the relationship between the increase of the contact
forces and the increase of tthepth of cut per revolution is mainly a consequence of a geometrical
effect. In the second regime, after a critical value of depth of cut per revolution, that is a relation
to the bit bluntness, the contact force is totally applied. In this regime, awasecof the WOB
will result in an increase of the depth of cut per revolution. In the last drilling regime, the sharing
of material between the rock face and the drill bit is started (consequence of poor cleaning),
increasing the contact area. The thrégHor this regime is a relation to the bit geometry, mud

properties, flow rate, and rock properties.

Detournayet. al.presented a mathematical model for the first and second drilling regimes.
Egns.(2-9) (2-10) and shows the relation between the scaled weight and the depth of cut per

revolution for first and second drilling regimes, respectively.
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0 --Q,0 (2-9)

0 --Q Q 0. (2-10)

Wherew is the scaled weight (N/mm) (Eqf2-11)), dis the cut per revolution (mm) (Eqn.
(2-12)), Q is the depth of cut per revolution at the transition between the first and second drilling
regimes (mm)y . is the scaled weight at the transition betweeffitseand second drilling regimes
(N/mm), G is the internal friction angle of the roakis a constant that varies between 0.5 and 0.8,

andUis the energy required to remove a unit volume of rock under ideal conditions (MPa).

» (2-11

0 ¢ (2-12)

Wherea is the bit radiusy is the ratio between the inner and outer bit radius (for full face

bit” 1), andq is the angular veloty (rad/s.

Based on the previous discussion and the linearity relationship between the scaled weight
and the cut per revolution, the model presenteDétpurnayet al.is limited to the regions of the

drilling performance curve before the founder point.

In 2009, Shirkavanet al. presented a theoretical correlation between the rock strength
applied to both the overbalanced and underbalanced drilling conditions and predictions of the
bottom hole pressure in underbalanced drilling operations with aerafeaho drilling fluid [20].

They used thé&qgn. (2-13) to derivate the rock strength as a relation to the drilling depth. This
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equation is applied for PDC bits, which was based on the conservation of mass considering the

ROP equivalent to the rate of roadmmoval during the drilling process.

Y oo S22 (2-13)

WhereRis the ROPWis the WOBN is the rotary speedllandd are the cutter rake angles,

Sis the confined compressive strend@, is the bit diameter, ana is the wear constant that

varies between 1 (new drill bit) and O (cutters totally worn).

Equation (2-13) shows a linear relationship between the ROP and the WOB. This
relationshp limits its application to a restricted region of the drilling performance curve excluding

the region of this curve after the founder point.

In 2012, Kowakwi etl. developed a ROP prediction model that is a normalized hydraulic
model with a tweterm roller-cone bit that considers the available hydraulic level at a drill bit, chip
hold down and bit wear effects (Eq2-14)) . This model I s -tébmamsodedl o0 n
(Eqgn.(2-4)) [12]. Their model was compared with a field dataset which showed good accuracy to
predict the drilling rate. They also presented a model to predict the unconfined compressive

strength (UCS) of a formation based on the drilling paranji2igr

mYP,cO uvdtot

Y — — Qw8Q0 & 2-14
I 5 8Q08Ql & (219
r~ s Y
Qo T X O:, B W W ¢ (2-19)
", A} lY
Qo T O fF“Y.,OTl&J VTP (2-16)
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Q0 @ OO0 pgm (2-17)
W EO (2-18)
Py
Where 0 is t he Disthe lktdianietergdaml is the r¢tdeyPBpegd, (rev/s),
Wis the WOB (N)Ris the ROP (ft/h))Qa is the hydraulic energy functioi 0 is the chip hold

down effect( is the bit wear effect Sl is the bit hydraulic horsepower parea of drill bit, (3, @, and

@) are chip hold down constant$, is the confinement pressure (psi), a¥l "Os the tooth dull grad

(IADC).

AsEgn.(2-14i s an ext ensi o matdoésnavehangecthe deationsbigbetiveert the
WOB and the ROP, the model proposedkmwakwi etal.c ar ri es t he same | i mit
model with respect to the limitation to predict the behaviour the drilling performance curve after

the founder pint.

In 2012, Yagizet al. presented an approach for predicting TBM performance, the CSM
model. The CSM model is an evolution that started with a-fiemoretical model based on the
cutting forces of individual cutters in 19¥22], incorporated estimated cutting forces as a function
of intact rock properties such as UCS and tensile strength in[2893and, finally, added the
intact rock brittleness (BI) and fracture properties of rock masses in 2002 an{P2D[#5]. In
general terms, the cutterhead requirements (thrust, torque and power) related to the maximum ROP
are determined based on the individual cutter forces performing on the rock masstiniyhihe
CSM model is discussed based on its application in massive and fractured hard rock conditions.
The authors mentioned the difficulty of a simple formula to model the TBM performance due to

the complexity of mechanical tunneling processes andishiaa rock properties and features and
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affirmed that the CSM model has low accuracy to predict faulted fractured rock mass conditions
where the ROP is affected by the fractures and plane of weakness. In the CSM model, the relation

between the normal foegoer cutter and the ROP is a potential funcjié).

Egns.(5-1), (5-2), and(5-3) represent the CSM model.

ne i Y 2-19
Ot i — (2-19
&
0 A —— (2-20)
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Wheree€ s the angle of the arc of contaBtjs the cutter radius? is the penetration rate,
P @s the pressure of contact areds the cutting constan, is the uniaxial compressive strength,

» 1S the Brazilian tesile strengthsis the spacing of cutter$,is the cutter trip width)O is the

normal force per cutter.

In 2014, Chenet al. used a new variation of the mechanical specific energy (MSE)
developed from the evaluation of available MSE models. Tmsapproach was used as a tool for
reattime monitoring, predicting, avoiding down hole accidents, reducing costs and so on. They
stated that the ROP can be predicted by the new approach of the MSE. Additionally, they

introduced a rate of penetration moldaked on the mechanical specific Energy (E2p22)) [27].

v P& GO
0 00°"Y P (2-22
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WhereR is the ROP (ft/h); is the bitspecific coefficient of sliding frictionl\ is rotary
speed (rpm)O is the bit diameter (inches},CSis the confined compressive strength (p9i),is
the mechanical efficiency of new bit, W is the WOB (Ibf), i is the coefficient of friction of drill

string,/ is the inclination of the bottom hole (radipd®® is the bit area (in2).

Analyzing the derivative of Eqif2-22), the lack of a local maximum point in the drilling

performance curve predicted by it is observed.

In 2015, Denget al. analyzed the drillig resistance in the rock breaking process and
proposed a new approach to predict the ROP (2g23)). In their work, the energy consumption
in the drilling process and the rock fragmentation fractal charactenséoe studied, which was

supported by laboratory experiments with rettene bit§29].

c“éi.‘)

06 § 229
T

Where’ is the ROPn is the rotary speed\ is the torqueD is the bit diametera is the

specific energy, ani is the WOB.

The behaviour of the Eq(R2-23) is very similar to Eqn(2-22) including the inexistence of

a local maximum point in the curved generated by this equation.

In 2015, Ataeiet al. studied 11 different zones ah operpit iron mine to classify them
with respect to rock drillability. Laboratory tests and geological mapping of the rock faces were

carried out, and roeckiass structural parameters were recorded to develop a model for ROP
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prediction that could alsor@dict the UCS in terms of Schmidt hammer rebound values (Egn.
(2-24)). This model was compared with previous models from literature based on analyzed
scenarios in their paper. The authors affirmed that their niodBIOP prediction is limited to the
geological and drilling conditions that were studied in their pggigr

8 §)8vyo®
L8 08

&)

Y c®p (2-249)

WhereR is the ROP (m/min)Wis the WOB (kg) N is the rotary speed (rpniRDi is the
rock mass drillability index® is the air pressure for flushing the blast hole (psi), &gl the bit

diameter (mm).

Analyzing graphically Eqn(2-24), the lack of a local maximum to this curve is easily
observed. Based on this observation, Eg24) is limited to represent the drilling performance

curve before the founder point.

In 2015, Mamagharet al. presented experimental studies focused on the determination of
a penetration index related to RBMs applications. Their study is based on indentation test
laboratory experiments using hydraulic press in rock samples obtained frabogfier Kure
Asikoy underground mine located in Turkey. Their study results were validated by a comparative

analysis between the ROP prediction (E@25)) and field result$§31].

0
1'% Tt i A (2-25)
Where”Y is the maximum thrust or reaming thrust of the raise borer (KNjs the

number of carbide inserts in the reamer head times the number of aatiers, F/d is the
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penetration index value (which is obtained from an indentation test) enthe penetration per

revolution of the cutterhead (mm/rev).

Eqgn.(2-25) shows a linear relationship between the maxmthrust or reaming thrust of
the raise borer and the penetration per revolution of the cutterhead, which limited the correlation

to predict the region of the drilling performance curve before the founder point.

In 2016, Heet al. investigated the relatiship between five brittleness indices and the
various petrophysical and geomechanical properties of rocks. In addition, they developed a
correlation that rel ates t hewaberveldcitylaedpaasiy. i ndi
A ROP prediction pproach for PDC bits was established based on gamma ray, neutron, density,
and sonic log data derived from correlations in the literature. Their approach is based on Eqn.

(2-26) [32].

Y @ O (2-26)

WhereR is the ROPW is the WOBw is the bit wear functior\ is therotary speedSis

the confined rock compressive strendih,is the drill bit diameter, and, b andG are constants.

The exponential relationship between the ROP and the WOB, presented i(2-26)).
limited its application to the whole drilling performance curve because of the inexistence of a local

maximum point for the curve generated by this equation.
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In 2016, Denget al. presented a ROP prediction model for reltene bits (Eqn(2-27))
that considered the combined effect of the main drilling parameters and the rock dynamic
compressive strength. Their model is based on the rock fragmentation mechanism of a single
i ndenter. They appl i esgivestréngth to refledt thesrealdoyocessmfirack ¢ 0 m
dynamic crushing by a rollerone bit during the drilling process. They conducted a laboratory
drilling experiment on sandstone and limestone rock samples withscéld bit to validate their
ROP prediton model as well as compare their model with the other available models based on
rock static compressive strength. They affirmed that the ROP prediction models based on rock
static compressive strength presented an error between 45% and 50% and #lgiresedted an

average error of about 15% during their drilling laboratory experinj@8is

oo T
og — (2-27)
0 T S 2-28
T 0 Q7Y OBl (2-28)
0 Q (2-29)

Where’ is the ROPg is the bit rotary speed, W is the WORB, is the rock ultimate
dynamic compresge strength/Q (Q phchdé @ is the number of teeth em

contact with rocé iast tthhee nsuanmbes rt iohe ,geared atri xes on

Equa@l Jsmhows meneixa@lb relationship between the F

the inexistence of a |l ocal maxi mum poi nt in the

Therefore, this equation is restrichedr tpoipnedict
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In 2016, Rostami reviewed existing models and ongoing research to predict the TBM
performance. According to Rostami, ROP, utilization rate, advance rate, and cutter life are some
parameters that, in general, are estimated in the TBM perfoenaaratysis. He affirmed that the
force balance or theoretical approach, and the empirical models are two camps that, normally, are
used to predict the TBM performance in hard rock formations. According to the author, the
theoretical approach is based otimation of cutting forces and the empirical models are based
on the analysis and observations of the past projects. Additionally, he concluded that the accuracy
of a TBM performance prediction is very low due to the high variability of the applicatinarsce

[34].

In 2018, ShaterpotMamaghanet al.presated a new empirical model to predict the RBM
performance using simple and multiple regression methods. Their study was based on statistical
analysis of field results and laboratory studies. They used the UCS to estimate the rotational speed
and consumedeamerhead torque, and Brazilian tensile strength (BTS) associated with elasticity
modulus to estimate the field specific ene[8¥]. As the contribution of the thrust force on the
cutterhead for the rate of penetration is not explicit in the empirical model proposed by Shaterpour
Mamaghaniet al, these methods do not represent the drilling performance curve based on the

relation between the ROP and WOB.

In 2018, Armettiet al. proposed a new model to predict the TBM performance which
correlates the ROP and FPI with the singular nmelss parameters such as UCS, quartz content,
and spacing between fractures. Their study wasdas the field data continuously recorded
during the construction of the fALa Maddal enado

rock-mass quality indices: rock mass rating (RMR) and geological strength index (GSI) were used
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to estimate the eavatability of a given material showing the importance of an accurate geological
geotechnical characterization to TBM prediction performance. The authors listed eight known
empirical predictive methods for TBM performances. In all methods adding the nustheldp

by the authors , the rate of penetration is not a function of the thrust force on the cutterhead (WOB)
[36]. Then, for obvious reasons, these methods do not represent the drilling performance curve

based on the relation between the ROP and WOB.

In 2020, Arbabsiaet al.presented a new model to improve the accuracy of ROP prediction
for a TBM in distinct geotechnical conditions. This model is based on TBM operational parameters
and media characteristics (geotechnical risk levels in the modelling). The authors presented five
known TBM performance prediction empirical models that doéepmesent an explicit relationship
between the rate of penetration and the cutter normal force. Additionally, the authors presented two
model s ( Gr g283@mdéand Efar. mer a (281) Godels that ptablssh a Eq n .

relationship between the rate of penetration and the cutter normal|3@ice

N O

0Y ow T, (2-30)
o O
YOY ¢c¢ Ky (2-31)

Where0 'Y is the penetration per revolutioi@ is the cutter normal force, and the TS is

the tensile strength.

Equations(2-30) and (2-31) present a linear relationship between the penetration per

revolution (equivalenta the ROP) and the cutter normal force (equivalent to the WOB). Due to
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this relationship, these equations are limited to predict the region of the drilling performance curve

before the founder point.

The scarce of the models to predict the whole drilfpegformance curve including the

founder point location is evidenced in this section.

2.2.2Datadriven Models

In 2010, Bataeet al.investigated the accuracy and the validity of various ROP predictions
and applied computer optimization to yield drilling paeden recommendations for PDC and
roller-cone bits application in the Shadegan Oil Field. Furthermore, they observed that different
models showed more accuracy in different moments of the drilling operation (depth, bit diameter,

bit type, and type of formin) [38].

In 2010, Hedayatzadedt al.developed a model to predict the TBM performance using an
artificial multi-layer neural netwd with a back propagation (BP) learning algorithm. The authors
affirmed that a ROP prediction for a TBM is influenced by a large number of parameters that can
be divided into four main categories: Intaotk characteristics; roekass properties; roakass
conditions; and machine characteristics. They highlighted the complexity in developing a model
that covers all four categories and that there is not a single universal model to predict the TBM

performancg39].

In 2011, Hassampowt al.developed a new ROP prediction model for TBMs based on the
analysis and compilan of a database from different hard rock tunneling projects. Their model

used statistical methods and the relationship between geological and operational parameters.
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Additionally, an approach for estimation of reaiass boreability and TBM performanceasw

introduced40].

In 2012, AlArfajet al. compared the traditional multiple regriessmethod with Extreme

Learning Machines (ELM) and Radial Basis Function Network (RBF) to predict thd/RQP

In 2013, Geet al. proposed a ROP prediction model to TBM based on the-segastre
support vector machine. This model correlated the ROP and rock properties such as UCS, BTS,

peak slope index, DPW and the alpha afdg.

In 2014, Bataeet al.applied the Artificial Neural Network (ANN) model for prediction of
ROP and optimization of ¢éhdrilling parameters through choosing a proper model of ROP
prediction among the Bourgoyne and Young model, Bingham model, and the modified Warren

model[43].

In 2014, Ghasemet al. developed a fuzzy logic model to predict the ROP of a TBM
application in hard rock. They used a dsa¢d from the Queens Water Thet 3, Stage 2 that was
drilled in New York City. Their model used intagick and massock properties such as UCS,
rock brittleness, distance between planes of weakness (DPW), and the discontinuities orientation
in the rockmass to predict the drillingepformance of a TBM. They affirmed that the major
advantage of the use of a fuzzy model for ROP prediction is that human judgment and intuition can
be used. Additionally, they concluded that additional improvement is necessary to their fuzzy

model to exted to other tunnel drilling operatiof28].
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In 2015, Duaret al. proposed a model to predict the ROP based on BP neural network
technologies. The prediction model is built based on the known of the wells drilling logsitot

the ROP to the new wdl4].

In 2016, Moraveji, and Naderi investigated the simultaneous effect of the well depth, WOB,
rotary speed, bit jet imgaforce, yield point to plastic viscosity ratio, and the 10 min to 10 s gel
strength ratio on the ROP using drilling field data. They used Response Surface Methodology
(RSM) to determine the relationship between these six drilling parameters and the ROP.
Additionally, they used the Bat Algorithm (BA) to maximize the ROP through the identification

of the respective optimal range for the six drilling paramétsks

In 2017, Eskandariaet al. presented a procedure foredicting the ROP using a ranking

technique and applying data mining algorithms to build predictive mptiils

In 2017, Hegdeet al. studied the drilling performance to predict the RthRbugh two
different approaches: physibased and datdriven. Their approach (datesed) used the machine
learning algorithms and surface measured input (WOB, rpm, and flow rate) to predict the ROP in

PDC bit applicatioj10].

In 2017, Diazet al.analyzed the drilling parameters to improve the ROP prediction in the
context of geothermal systems. A fast Fourier transform filter was used to smooth the fluctuation
of the ROP values andvb optimization methods, multiple regression and ANN, were used to

evaluate the data smoothing effects. They
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influenced by many factors such as stratigraphy, formation strength, change of drilling gperator

mud properties, and change of drill gi7].

In 2017, Adokeet al. presented a study about ROP prediction for TBM applications based
on the rockmass parameters including the U®3, angle between the plane of weakness, TBM
driven direction, and DPW. A tunneling project in New York City was used as the base to establish
the proposed models in their paper. This work used the Bayesian inference approach to identify the
most appropate models to predict the ROP among the eight models that were selected. They used
the Markov chain Monte Carlo (MCMC) technique, by WinBUGS software, to obtain the mean
values of the model parameters that were considered in the model prediction pexorman
evaluation. Deviance information criterion (DIC) was used as a model accuracy indicator and to

rank the models conforming to their fit and complejdg].

In 2018, Salimet al. analyzed the p&wrmance of a hard rock TBM in a 12.24 km tunnel
to assess the relationship between the TBM operation and different lithologylinsan
Regression Analysis, Classification and Regression Tree, and Genetic Programming were used to
analyse the TBM perfornmae with respect to the ground conditions. In their work, they affirmed
that all existing rocknass classification systems have limited accuracy in TBM performance
prediction. They proposed new models to predict the TBM performance based on the principle

components analysis approgdd9].

In 2018, Elkatatny applied the selflaptive differential evolution technique to optimize the
ANN variable parameters that were usedredt the ROP as a function of the WOB, TOB, stand

pipe pressure, flow rate, UCS, drilling fluid density, plastic viscosity, and rotary speed. He
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concluded that the ROP is a strong function of the WOB, rotary speed, TOB, and house power

while the ROP is anoderate function of UCEO].

In 2018, Mnati and Hadi presented a new approach to predict ROP using the ANN
technique. They used the data set collected from five drilling operatidhs Alhalfaya oil field
to train and validate their ANN models. Additionally, they used the proposed model to optimize

the drilling costg51].

In 2018, Diazet al. explored the relations between the drilling parameters to improve the
ROP prediction accuracy. This study was based on a drillingséatiaom a geothermal project
that drilled a well with 4.2 km depth. Their approach applied traditional multiglession and

ANN [47].

In 2019, Ganret al. proposed a ROP prediction hybrid model considering the process
characteristics. Their model was divided into three stages: Stagevivelet iftering method is
applied to reduce the noise presented in the drilling data; Stagieelimutual information method
is used to determine the model inputs with the purpose of decreasing model redundancy; Stage Il
I a hybrid BA is applied to optimize éhhyperparameters of the support vector regression model

[52].

In 2019, Garet al proposed a novel twievel intelligent modelling method for the ROP
prediction in complex geological drilling processes considering incomplete drilling @&nam
coupling, and strong nonlinearities. A formation drillability fusion-suiidel was established to

categorize the influence of the drilling parameter in the ROP by using Nadaboost extreme learning
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machine algorithm. The ROP prediction model was d&isteal by an ANN with radial basis

function optimized by the particle swarm optimizat{68].

In 2020, Samaest al. propose a new equation and introduced novel techniques for TBM
performance prediction. They investigated the relationship between the ROP andassck
properties using regression analysis. Due to this investigation, twdinean multivariable
equations wereresented and optimized by the Imperialist Competitive Algorithm, and two other
models were examined by the Classification and Regression Tree and Genetic Expression

Programming techniqugs4].

In a general, the datd&iven models do not have focus in the prediction the whole drilling
performancesurve limiting to the region of this curve that present high drilling efficiency, i.e., the
region before the founder point. This can be considered a limitation of this type of the prediction
model because of the difficulty of comparison between diffedéting scenarios and limit the

optimization capability.
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Chapter 3PhysicsBased Rate of Penetration
Prediction Model for Fixed Cutter Drill Bits

This Chapter is based on section 1.3.1 and was approved for publicatiordauthal of
Energy Resources Technolog®merican Society of Mechanical Engineers (ASNiEDecember
2020 and will be entered into production soon. This chapter is an improvement of the paper
fiwidening Drilling Operation: Performance Analysis on the Aggilon of Fixed Cutter Drill Bits
in Hard Rock Formatiolmthat was presented in ASME 39th International Conference on Ocean,
Offshore and Arctic Engineering in August 2020} . This improvement and consecutive

submission to a journal was a recommendabioime conference paper reviewers.

Authors: Jeronimo de Moura, Jianming Yang, and Stephen D. Butt.
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3.2 Abstract

The dilling process is one of the most important and expensive aspects of the oil and gas
industry. Its economic fedslity is a direcly relatedto agood planning that has high dependence
on an accurate prediction of the rate of penetration (ROP). Knowlefidalling performance
through ROP prediction models is a vital tool in the development of a consistent drilling plan and
allows industry players to anticipate issues that may occur during a drilling operation. Additionally,
as some drilling parametegich rotary speed, weight on bit (WOB), and drilling fluid flow yate
an accurate prediction of the ROP is crucial to the optimization of drilling performance and
contributes to reducing drilling costs. Several approaches to predict the drilling perfernaaec
been tried with varying degrees of success, complexity and accuracy. In this paper, a review of the
history of drilling performance prediction is conducted with emphasis on rotary drilling with fixed
cutter drill bits. The approaches are grouped imio categories: physidsased and datdriven
models. The paper's main objective is to present an accurate model to predict the drilling
performance of fixed cutter drill bits including the founder point location. This model was based
on a physicdasedapproach due to its low complexity and good accuracy. This development is
based on a quantitative analysis of drilling performance data produced by laboratory experiments.
Additionally, the validation and applicability tests for the proposed model anesdestt based on
Drill -off tests (DOTs) and field trials in several different drilling scenarios. The proposed model
presented high accuracy to predict the fixed cutter drill bit drilling performance in the {sey

different drilling scenarios which weranalyzed in this paper.
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3.3 Introduction

Recent ROP prediction studies have focused on th®ditinteraction and experiments
subject to high confining pressure. Normally, these studies use the finite element to model the

drilling scenarig2].

ROP predition models can be divided into two major approaches: phppsissd and data
driven. Physicsased prediction models, or traditional models, are empirical models designed for
specific types of drilling parameters and are based on laboratory experimeatdriizen models
are based purely on data, and either incorporate machine learning, impléoneot Artificial

NeuralNetworks to the ROP prediction, or b¢#j.

Except ina few rare case®oth major approaches need calibration when faced with real
drilling datasets. Normally, the prediction models that do not need calibration present low
accuracy in an embracing drilling scenario. Additionally, research on the prediction of drilling
performance including the founder point location are scarce. Thddopnint represents the point
of a drilling performance curve at which an increase in WOB no longer corresponds to an increase
in ROP [4]. The founder point is not the point of maximum drilling efficiency but shows the

maximum ROP possible in a specifiglithg scenario.

During the research activities presented in this paper, it was identified that the
proportionality constant of Maurer's correlation E¢8-1), called fdrillability constand (k),

presents a lingaelationship with the WOB. ThisHear relationship was observed thiferent
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types of drill bits, such as the coring bit, drag bit, polycrystalline diamond compact (PDC) bit, and

natural diamond biin laboratory experiments, field trials and in di#éfat rock formations.

Considering the linear relationship of the drillability constant with the WOB, an extension
of Maurerds model to predict the drilling per
point for different drilling scenarios, wggoposedA new correlation was developed that not only
presents two constants that need to be calibrhtddalso covers the drilling performance

completely including the founder point location.
3.3.1PhysicsBased Prediction Models

Maurer (1962) presentedmaodel to predict the drilling performance for rot@ne bits.

This model is detailed in Subsection 3.[ALL

Bauer and Calder (1967) used previously published field data to develop an empirical
equation to predict the rotary drilling performanednich relates the ROP to the rock strength,
WOB, rotary speed and hole diameter. To validaéedeveloped model by usifigld data, they
conducted laboratory indenter tests to study rock failure in hard rock. Their results provide a

method to describe and predthe ROP through indenter penetration andsuiface fracturing

[6].

In 1971, Bauer presented methodologies to both estimate drill requirements and optimize
the drilling process and blasting costs in a given context. He discussed the rotaryfdrithqece
based on Bauer and Calder equafifjrihat included recommended pdibwn weight, ROP versus

confined compressive strength (CCS), bit life versus rock strengths, and drillingB§osts
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Warren (1979) presented a drilling prediction model for$alile sofformation bits that
related the WOB, rotary speed, bit size, rock strength, and bit type to the ROP based on laboratory
experiments. His model was developed based on the premise that the effect of the mechanical
conditions could be determinadthe laboratory using fuicale drill bits and that the model could
be coupled with other models that would be appropriate for the drilling fluid properties and

hydraulic effectg9].

In 1991, Wijk showed that drilling rates for percussion and rotalyndrcan be predicted
through the use of stamp test data. Additionally, Wijk presented a power consumption prediction

for rotary drilling and discussed its econonfics

Detournay, Richard, and Shepherd (2008) presented a model to predict the drilling
performance of a drag bit (i.e. showed a relationship between the WOB, torque on bit (TOB), ROP,
and angular velocity). One of the outcomes highlighted in their work was the possibility of
obtaining the rock'’s or the bit's properties from the knowledgeeaéxtstence of different phases

in responseo the bitof a drilling operatiorj10].

Shirkavand, Hareland and Aadnoy (2009), presented a theoretical correlation between the
rock strength applied to both the overbalanced and underbalanced drilling amndatnd
predictions of the bottom hole pressure in underbalanced drilling operations with aerated or foam

drilling fluid [11].

In 2014, Chenet al. used a new variation of the mechanical specific energy (MSE)

developed from the evaluation of available M8&dels. This new approach was used as a tool for
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reattime monitoring, predicting, avoiding down hole accidents, reducing costs and so on. They

stated that the ROP can be predicted by the new approach of thELR]SE

In 2015, Denget al. analyzed therilling resistance in the rock breaking process and
proposed a new approach to predict the ROP. In their work the energy consumption in the drilling
process and the rock fragmentation fractal characteristics were studied, which was supported by

laboratoryexperiments with rollecone bitg13].

He, Chen, Zhengchun and Samuel (2016) investigated the relationship between five
brittleness indices and the various petrophysical and geomechanical properties of rocks. In
addition, they developed a correlationttredates the brittleness indices to Young modulusale
velocity, and porosity. A ROP prediction approach for PDC bits was established based on gamma

ray, neutron, density, and sonic log data derived from correlations in the litdda&lire

3.3.2DataDriven Prediction Models

Bataee, Kamyab, and Ashena (2010) investigated the accuracy and the validity of various
ROP predictions and applied computer optimization to yield drilling parameter recommendations
for PDC and Rollecone bits application in the Shadagail Field. Furthermore, they observed
that different models showed more accuracy in different moments of the drilling operation (depth,

bit diameter, bit type, and type of formatiga}].

In 2012, AlArfaj, Khoukhi, and Eren compared the traditional ipldtregression method
with Extreme Learning Machines (ELM) and Radial Basis Function Network (RBF) to predict the

ROP[16].
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Bataee, Irawan, and Kamyab (2014) applied the Artificial Neural Network (ANN) model
for prediction of ROP and optimization of thelithg parameters through choosing a proper model
of ROP predictia among the Bourgoyne and Youngdel, Bingham model, and the modified

Warren mode]17].

In 2015, Duan, Zhao, Xiao, and Chen proposed a model to predict the ROP based on Back
PropagationBP) neural network technologies. The prediction model is built based on the known

wells dilling logs to predict the ROP fahe new wel[18].

In 2016, Moraveji, and Naderi investigated the simultaneous effect of the well depth, WOB,
rotary speed, bit fegmpact force, yield point to plastic viscosity ratio, and the 10 min to 10 s gel
strength ratio on the ROP using drilling field data. They used Response Surface Methodology
(RSM) to determine the relationship between these six drilling parameters ariROfRe
Additionally, they used the Bat Algorithm (BA) to maximize the ROP through the identification

of the respective optimal range for the six drilling paramégi&ks

Eskandarian, Bahrami, and Kazemi (2017) presented a procedure for predicting the ROP

using a ranking technique and applying data mining algorithms to build predictive rig@djels

In 2017, Hegde, Daigle, Millwater, and Gray studied the drilling performance to predict the
ROP through two different approaches: phydiased and datdriven. Their approach (data
based) used the machine learning algorithms and surface measured input (WOB, revolutions per

minute (rpm), and flow rate) to predict the ROP in PDC bit applicg8ipn
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In 2018, Diaz, Kim, Kang, and Shin analyzed the drilling paramé&taraprove the ROP
prediction in the context of geothermal systems. A fast Fourier transform filter was used to smooth
the fluctuation of the ROP values and two optimization methods, multiple regression and ANN,
were used to evaluate the data smoothifegef. They observed that the drilling paramétieends
were influenced by many factors such as stratigraphy, formation strength, change of drilling

operator, mud properties, and change of dril[2ii{.

Elkatatny (2018) applied the satlaptive diffeential evolution technique to optimize the
ANN variable parameters that warsed to predict the ROP as a relatiothmWOB, TOB, stand
pipe pressure, flow rate, unconfined compressive strength (UCS), drilling fluid density, plastic
viscosity, and rotargpeed. He concludedtidt the ROP is a strong relationttee WOB, rotary

speed, TOB, and house power while the RO& moderate relation to thCS[22].

In 2018, Mnati and Hadi presented a new approach to predict ROP using the ANN
technique. They uskthe data set collected from five drilling operations in the Alhalfaya oil field
to train and validate their artificial neural network models. Additionally, they used the proposed

model to optimize the drilling cosf23].

Gan et al. (2019) proposed a ROPrediction hybrid model considering the process
characteristics. Their modelasdividedinto three stageStage |- a wavelet filtering method is
applied to reduce the noipeesented in the drilling dat&tage II-- the mutual information method
is used to determine the model inputs with the purpdskecreasing model redundanS8tage 1l
-- a hybrid bat algorithm is applied to optimize the hyparameters of the support vector

regression modgR4].
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In 2019, Garet al. proposed a novel twievel intelligent modelling method for the ROP
prediction in complex geological drilling processes considering incomplete drilling parameters,
coupling, and strong nonlinearities. A formation drillability fusion-sutdel was established to
categorize the influase of the drilling parameter in the ROP by using Nadaboost extreme learning
machine algorithm. The ROP prediction model was established by an ANN with radial basis

function optimized by the particle swarm optimizat{@s].

3.4 Background

In normal drilling caditions, the ROP and the WOB can usually be plotted on a
characteristic curve (sd@gure 3-1). From the graph, three different regions can be identified:
Region A-- inadequate depth of cut is presented in thiérdyioperation; Region B- the region
of higher drilling efficiency where there is an approximately linear relationship between ROP and
the WOB,; Region G- the region where the drilling problems such as bit balling and vibrations
appear resulting in lowrilling efficiency and ndinearity of the relationship between the ROP and
the WOBJ[26]. Oneof the most important aspedaskthis graphic is the local maximum point, called
thefifounder poind. The founder point represents the point at which an inelied& OB no longer
corresponds to an increase in R{2P The founder point is not the point of maximum drilling
efficiency but shows the maximum ROP possible in a specific drilling scenario. However, it is
fundamental to know the complete drilling perfamee and subsequently to identify the maximum

drilling efficiency.

Many studies focused on the ROP prediction have been published in recent years. Some of

the identified prediction techniques are very consistent and robust and are currently being applied
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worldwide. Among these, we can highlight a phydiased ROP prediction correlation that was

developed by Maurer (1962).

A s
g Region C: Founder —__ - "
™ | a. Bit balling !
b. Bottom hole balling , 5
c¢. Vibrations 7/, T~~~ °
b Region B: Efficient bit
/
0 - WOB

Fi g3#XRel ati onship between[26f.he ROP versus WOB pl o

341Maur er 6s Correlation

Maurer (1962) presented a model to predict the drilling performance forcolerbits,
which is derived from rock crateringnme@a ni s ms . Thi sp emofdeeclt hexsduseaanl il negd
it assumes that all of the rock debris is removed during the driipggation. His work was
compared with experimental data where-Bdale W7R bits were applied to drill in impermeable
Beekmant own dolomite rocks wusing wateroas th

conditions[5].

Equation(3-)pr esent s the M#Hurerdés correlation

Y Q—— ——— Q¢d 0 (3-1)
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Whereki s cal | ed 0 dao Nibtheardtarylspeedy(rpnigyosriihe WaB (kN),
Wb is the threshold WOB before cratering is initiated (KNjs the bit diameter (mmyis the rock

strength (MPa), anRis the ROP (m/h).

Due to high WOB involved in the drilling operations, normally it is assumedtHhat ® ,

whichreduces Eqn(3-1) to Eqn.(3-2).

v 0%
QY

(3-2)

3.5Development of a New Physiteased ROP Prediomn
Model

The physicshased ROP prediction model presented in this paper was devélppsthg
the results of thdOTs performed in the Drilling Technology Laboratory (DTL) localized at
Memorial University of Newfoundland (MUN). These DOTSs are derived fegperiments which
analyzed drilling performance using a coring drill bit in natural granite. This bit type was chosen
due to the ease of determining the founder point location (low WOB) during the drilling
experiments. Complete details about the developmithis modelas well as presentation of the

related DOTsare discussed in the next sections.

3.5.1Coring Biti Drill -off Tests

Figure 3-1 shows a schematic diagram of a drilling simulator that was designed and
marufactured by researchers at MUN. This drilling simulator, called Small Drilling Simulator
(SDS), was designed to perform DOTSs involving drilling operations with small diameter drill bits

that required low loads and low torques.
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Fi g3#2Sechematic of Small Drilling Simulator (SDS) wused

The DOTs were performedhderatmospheric pressure and water as the drilling fluid. The
water flows from a reservoir to the coring thit, passing through a hose, swivel and the drill
pipe. After the drilling process has stabilized, water is collected in the cut collection system drain
where the water flow is measured. The water flow rate was measured using both a graduated glass
beake of 3000 ml capacity (graduation range Z8Z8D0 ml, graduation interval 25@l, and
accuracy +5%) and a digital high precision stopwatch. In all phases of these experiments, the flow

rate wasabout 35 IIm.

The power to rotate the drill string is provideg an electrical motor. A suspended mass
and a rack and pinion mechanism provide the weight on the bit necessary for the drilling operation.

A correlation between the suspended mass and the static WOB was established. This correlation
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