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Abstract 

Accurate modelling and optimization of large diameter drilling performance is critical in the 

efficient planning and delivery of large diameter drilling projects like tunnel boring and raise 

boring. A recently proposed application of large diameter drilling is narrow vein mining. This 

innovative technique results in continuous mechanized excavation of narrow vein deposits.  This 

thesis presents experimental and empirical investigation into large diameter drilling performance. 

The research started with rock property characterization: shale volume prediction and rock mass 

mechanical properties evaluation. An extensive literature review shows no correlation has been 

developed in the Niger Delta Basin to accurately predict shale volume based on gamma-ray logs. 

Additionally, no published work shows the evaluation of the mechanical properties of the rock 

mass in the field site. From work conducted as part of this research, rock mass properties were 

evaluated for the site. Another contribution to be made by this research is the investigation of disc 

cutter drilling performance at small installation radii using a rotary cutting machine. This study 

complements several studies on disc cutting drilling performance using linear cutting. The final 

scope of the research was the modelling of large diameter drilling performance using results 

obtained from a Full Field Trial conducted on a steep quartz vein-host rock system. The different 

empirical models initially developed during the research were deterministic, however, 

probabilistic models were proposed to capture the existing aleatory and epistemic uncertainties. 

The thesis concluded with showing the implication of large diameter drilling as a new narrow vein 

mining method on the comminution energy requirements during mineral processing. 



iii  

 

Acknowledgments 

I am appreciative to my supervisor, Professor Stephen Butt (PhD.), for his continued support, 

patience, and guidance during my study for a doctoral degree at Memorial University of 

Newfoundland. It was a great honor to work alongside such an accomplished scholar. I do thank 

my co-supervisor, Dr. Olalere Oloruntobi Sunday, who provided me with great support and 

inspiration during my studies. I am grateful to Shell Petroleum Development Company (SPDC), 

Port Harcourt, Nigeria, for granting me time off work to undertake this full-time study and 

allowing me access to field data that I need for my research. I salute my colleagues at SPDC for 

their support, prayers and encouragement. I sincerely appreciate the significant resources provided 

by Novamera Inc., which immensely contributed to my successfully advancing my doctoral degree 

program here at Memorial University of Newfoundland. In conclusion, I extend my heartfelt 

appreciation to the members of the Drilling Technology Laboratory, with whom I worked. They, 

especially, Dr. Abdesalam Abugharara, supported me during my research. 

  



iv 

 

Table of Contents 

Dedication ............................................................................................................................. i 

Abstract ................................................................................................................................ ii  

Acknowledgments.............................................................................................................. iii  

List of Tables ...................................................................................................................... ix 

List of Figures ..................................................................................................................... xi 

List of Symbols, Nomenclature or Abbreviations ............................................................ xvi 

List of Appendices ............................................................................................................. xx 

Chapter 1 Introduction ......................................................................................................... 1 

1.1 Introduction and Overview ........................................................................................ 1 

1.2 Rotary Drilling ........................................................................................................... 2 

1.3 Research Plan and Objectives .................................................................................... 5 

1.4 Organization of the Thesis ......................................................................................... 6 

1.5 Connectivity among the Research Papers .................................................................. 8 

Chapter 2 Research Context and Literature Review .......................................................... 11 

2.1 Rock Formation Characterization ............................................................................ 11 

2.1.1 Computation of Rock Properties ........................................................................... 11 

2.2 Laboratory Investigation of Disc Cutter Drilling Performance ............................... 21 

2.3 Field Investigation of Large Diameter Drilling Performance .................................. 28 

2.4 Large Diameter Drilling Performance and Comminution Energy ........................... 34 

2.5 Bibliography ééééééééééééééééééééééééééé39 



v 

 

Chapter 3 Development of a Probabilistic Correlation between the Gamma Ray Index and Shale 

Volume Factor to Improve Resource Estimates for the Niger Delta Basin in Nigeria ...... 49 

3.1 Introduction ééééééééééééééééééééééééééé.50 

3.2 Field Data éééééééééééééééééééééééééééé59 

3.3 Development of Correlation .................................................................................... 61 

3.4 Validation of Correlation ......................................................................................... 69 

3.5 Conclusion ééééééééééééééééééééééééééé...74 

3.6 Bibliography ééééééééééééééééééééééééééé75 

Chapter 4 Experimental Investigation of the Rotary Cutting of Diabase Rock by a Triple-Edge 

Disc Cutter at Small Installation Radii .............................................................................. 79 

4.1 Introduction ééééééééééééééééééééééééééé.80 

4.2 Past Research on Disc Cutter Drilling Performance ................................................ 81 

4.3 Experiment: Equipment, Procedures, and Testing Matrices .................................. 101 

4.3.1 Rock ééééééééééééééééééééééééééééé101 

4.3.2 Disc Cutter éééééééééééééééééééééééééé.104 

4.3.3 Disc Cutter Mount............................................................................................... 105 

4.3.4 Experimental Drilling System ............................................................................. 108 

4.4 Setup for Videography of the Experiment ............................................................. 109 

4.5 Setup for Cuttings Collection................................................................................. 110 

4.6 Drilling Matrix ....................................................................................................... 112 

4.6.1 Unrelieved Drilling ............................................................................................. 112 



vi 

 

4.6.2 Relieved Drilling ................................................................................................. 114 

4.7 Results and Discussion .......................................................................................... 115 

4.7.1 Rock Failure Mechanisms ................................................................................... 115 

4.7.2 Dependence of ROP and Drilling Torque on Applied Thrust ............................ 118 

4.7.3 Dependence of ROP and Drilling Torque on Applied Rotary Speed ................. 126 

4.7.4 Dependence of Cuttings Size on Thrust .............................................................. 130 

4.7.5 Comparing Results with an Existing Drilling Performance Prediction Model ... 133 

4.8 Conclusion ééééééééééééééééééééééééééé.136 

4.9 Bibliography éééééééééééééééééééééééééé..137 

Chapter 5 Evaluation of Large Diameter Drilling Performance Through Field Trials at 30° 

Inclination éééééééééééééééééééééééééééééé142 

5.1 Introduction éééééééééééééééééééééééééé...143 

5.2 Background of Field Studies .................................................................................. 149 

5.3 Drilling Site Characterization ................................................................................ 150 

5.3.1 Geological Mapping ............................................................................................ 150 

5.3.2 Pilot Hole Drilling and Evaluation of Mechanical Properties of the Rock Mass153 

5.4 Large Diameter Hole ï Design and Execution ...................................................... 159 

5.4.1 Trajectory éééééééééééééééééééééééééé... 159 

5.5 Drilling System ...................................................................................................... 161 

5.5.1 Drilling Rig éééééééééééééééééééééééééé.163 



vii  

 

5.5.2 Drilling Equipment ............................................................................................. 165 

5.5.3 Hole Cleaning ..................................................................................................... 168 

5.6 Large Diameter Drilling Operation ........................................................................ 169 

5.6.1 Input Drilling Parameters .................................................................................... 169 

5.6.2 Output Drilling Parameters ................................................................................. 173 

5.7 Analysis of Drilling Data ....................................................................................... 176 

5.7.1 Mechanical Specific Energy ............................................................................... 177 

5.7.2 Cuttings Analyses ............................................................................................... 180 

5.8 Drilling Performance Model Development ........................................................... 193 

5.8.1 Probabilistic Approach to Empirical Modelling ï Confidence Interval ............. 196 

5.8.2 Probabilistic Empirical Model for Critical Effective WOB ............................... 198 

5.9 Conclusion ééééééééééééééééééééééééééé.200 

5.10 Bibliography ........................................................................................................ 201 

Chapter 6 Implication of New Narrow Vein Mining Method on Comminution Flowsheet and 

Energy Requirements ....................................................................................................... 203 

6.1 Introduction and Overview .................................................................................... 204 

6.2 Cuttings Size Analysis ........................................................................................... 212 

6.3 Cuttings Inventory ................................................................................................. 215 

6.4 Methodology for Cuttings Size Analysis ............................................................... 217 

6.5 (Mineralogical) Composition Evaluation using X-Ray Diffraction ...................... 223 



viii  

 

6.6 Results of the Cuttings Size Analyses and XRD ................................................... 224 

6.6.1 Results of the Cuttings Size Analyses ................................................................ 224 

6.7 Results of X-Ray Diffraction of Fine Cuttings Samples ....................................... 228 

6.8 Implication on Comminution Flowsheet and Energy Requirements ..................... 229 

6.9 Conclusion ééééééééééééééééééééééééééé.231 

6.10 Bibliography ........................................................................................................ 231 

Chapter 7 Summary and Recommendations .................................................................... 234 

7.1 Summary éééééééééééééééééééééééééééé234 

7.2 Major Contributions ............................................................................................... 235 

7.3 Recommendations .................................................................................................. 236 

Appendix A: Well Data for Development and Validation of Correlation for Shale Volume 

Prediction ......................................................................................................................... 237 

Appendix B: Shale Mineralogical Composition .............................................................. 241 

Appendix C: Large Diameter Drilling ï Rock Properties and Drilling Parameters ........ 247 

Appendix D: Cuttings Inventory for Particle Size Analysis ............................................ 263 

Appendix E: Particle Size Distribution from Full Field Trial.......................................... 276 

Appendix F: Results of XRD Compositional Analyses of Cuttings Sample ................... 310 

 

 

 

 



ix 

 

List of Tables 

Table 3.1: Models for Calculating Porosity and Permeability of Dispersed Shale (Schön, 2015) 53 

Table 3.2: Models to Compute Saturation of Water-Saturated Shaly Sandstone Reservoir ........ 54 

Table 3.3: Root Mean Square Error (RMSE) ............................................................................... 73 

Table 4.1: List of Conducted Mechanical Properties Tests ........................................................ 102 

Table 4.2: Results of Compositional Analysis and Mechanical Properties Tests on Diabase Rock 

(black granite) Sample (Weizhou, 2021) .................................................................................... 103 

Table 4.3: Features of the Disc Cutter ........................................................................................ 105 

Table 4.4: Composition of the Disc Cutter ................................................................................. 105 

Table 4.5: Drilling Matrix for Variation of Thrust at Fixed Rotary Speed................................. 112 

Table 4.6: Drilling Matrix for Variation of Rotary Speed at Fixed Thrust ................................. 113 

Table 4.7: Drilling Matrix for Variation of Thrust at Fixed Rotary Speed................................. 114 

Table 4.8: Measured widths of annulus groove under each disc ................................................ 117 

Table 4.9: Drill-Off Test Results for Run 1A ............................................................................. 122 

Table 4.10: Average Values of RF (Rolling factor), SF (Sliding Factor), and covered distance while 

drilling Diabase (Heydari et al. 2023)......................................................................................... 135 

Table 5.1: Intact Rock Properties for the Cores of a Pilot Hole (Mafazy et. al. 2022) ............... 155 

Table 5.2: RQD and GSI obtained from the Cores ..................................................................... 156 

Table 5.3: Mechanical Properties of the Rock Mass (based on cores obtained from a pilot hole)

..................................................................................................................................................... 157 

Table 5.4:  Mohr-Coulomb Failure Envelope Parameters .......................................................... 158 

Table 5.5: PTDR Specification (As provided by the drilling company) .................................... 165 

Table 5.6: Drillstring Components (As agree with the drilling contractor) ................................ 165 



x 

 

Table 5.7: Rock Mass UCS ......................................................................................................... 193 

Table 5.8: Penetration Coefficient (b) and Critical Effective WOB (Wc) .................................. 194 

Table 5.9: FFT1 Data Used for Model Development ................................................................. 199 

Table 6.1: Several Methods of Particle Size Analysis (Wills and Finch, 2015) ......................... 209 

Table 6.2: Cuttings Inventory ..................................................................................................... 216 

Table 6.3: Cuttings Size Analysis Protocol ................................................................................ 218 

Table 6.4: Mean Size and Shape Parameters .............................................................................. 228 

Table 6.5: Composition of the Cuttings Samples Obtained from Sampling Point 3 .................. 229 

Table 6.6: Required Milling Based on D80 Size ........................................................................ 230 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

List of Figures 

Figure 1.1:The connectivity among research papers ...................................................................... 8 

Figure 1.2: Progression of Research ............................................................................................. 10 

Figure 2.1: Intact Rock-Rock Mass Transition as Rock Scale Increases (Rafiei and Cai 2022) .. 12 

Figure 2.2: Effect of Spacing and Depth of Cut on Specific Energy (Comakli et al., 2021) ....... 22 

Figure 2.3: Relieved Disc Cutting Mode ï Interactive Grooves (Rostami, 1997) ....................... 23 

Figure 3.1: Clavier's Model Presented as a Curve (Clavier et al. 1971) ....................................... 58 

Figure 3.2: Location Map showing all the wells considered for the development of the Correlation.

....................................................................................................................................................... 61 

Figure 3.3: Determination of Gamma Ray Index from GR Log................................................... 63 

Figure 3.4: Plots of Shale Volume against Gamma Ray Index where kaolinite is the dominant clay 

mineral (left), and chlorite is the dominant clay mineral (right) ................................................... 64 

Figure 3.5:Plots of Shale Volume against Gamma Ray Index where kaolinite is the dominant clay 

mineral (left), and chlorite is the dominant clay mineral (right) ................................................... 66 

Figure 3.6: 95% Confidence Interval for Shale Volume Predicted with both correlations .......... 68 

Figure 3.7: Plots of accuracy and bias associated with the shale volume predicted with the 5 

existing models evaluated in this study and the new Niger Delta Correlation. ............................ 71 

Figure 3.8: Comparison of Shale Volume Prediction Models ...................................................... 72 

Figure 3.9: Histograms of residuals for all 5 existing models and the new Niger Delta Correlation

....................................................................................................................................................... 73 

Figure 4.1:Partial Sectional View and geometry of a CCS disc cutter (Xia et al. 2015) .............. 90 

Figure 4.2: Rotary Cutting Motion (Xia et al. 2015) .................................................................... 91 

Figure 4.3: Rotary Cutting Characteristics (Xia et al.2016) ......................................................... 94 



xii  

 

Figure 4.4: Rotary Cutting Pattern by the Disc Cutter (Ren et. al. 2018) ..................................... 96 

Figure 4.5: Developed Forces Per Rock Cutting Cycle (Choi and Lee 2015) .............................. 99 

Figure 4.6:  Diabase Block before a drilling run (30cm x 30cm) ............................................... 101 

Figure 4.7: Plan View of a Disc Cutter ....................................................................................... 104 

Figure 4.8: Disc Cutter on the Disc Cutter Mount (Degrees of Freedom of Movement on the Right) 

(De Moura Junior 2021).............................................................................................................. 106 

Figure 4.9: Installation Radius of Each Disc of the Disc Cutter ................................................. 107 

Figure 4.10: Large Drilling Simulator (LDS) with the Data Acquisition (DAQ) System .......... 108 

Figure 4.11: Setup of Camera and Light for the Disc Cutter Experiment .................................. 110 

Figure 4.12: The setup for Wet Drilling ..................................................................................... 111 

Figure 4.13: Sample Drill Cuttings from Disc Cutter Experiment ............................................. 115 

Figure 4.14: Surface of the Drilled Rock After a Drilling Run - 3,4,9,10 (Annular groove under 

Disc 1 at 1.74cm offset radius); 2,5,8,11 (Annulus groove under Disc 2 at 6cm offset radius; 

1,6,7,12 (Annulus groove under Disc 3 at 10.26cm offset radius) ............................................. 116 

Figure 4.15: Displacement versus Time Plot (12.3kN and 10rpm) ............................................ 119 

Figure 4.16: 1-minute Displacement-Time Plots ........................................................................ 120 

Figure 4.17: 1-minute Thrust-Time Plot Showing rock-disc cutter interaction.......................... 121 

Figure 4.18: ROP versus Thrust (for relieved and unrelieved modes) ....................................... 123 

Figure 4.19: Disc Cutter-Rock engagement as Drilling Progressed ........................................... 124 

Figure 4.20:  Drilling Torque versus applied thrust (relieved and unrelieved) .......................... 125 

Figure 4.21: Impact of Rotary Speed on ROP ............................................................................ 126 

Figure 4.22: ROP versus applied rotary speed............................................................................ 128 

Figure 4.23: Depth of Cut vs Rotary Speed at Thrust of 17.3kN ............................................... 129 



xiii  

 

Figure 4.24: Drilling Torque versus Rotary Speed at thrust of 17.3kN ...................................... 130 

Figure 4.25: Mean   Particle Size versus Coarseness Index ....................................................... 132 

Figure 4.26: Coarseness Index versus Thrust ............................................................................. 132 

Figure 4.27: Predicted Thrust versus Applied Thrust ................................................................. 134 

Figure 5.1: Exposed Quartz Vein at the Field Test Site (Ansah et al. 2018) .............................. 150 

Figure 5.2: Drilling Setup for Pilot Hole Drilling (Li et al. 2018).............................................. 152 

Figure 5.3: Representative collected core samples obtained from the pilot hole at the test site 154 

Figure 5.4: Position of Quartz Vein ............................................................................................ 159 

Figure 5.5: Vertical Sections of LDH1 and LDH2 ..................................................................... 160 

Figure 5.6: Plan Sections of LDH1 and LDH2 ........................................................................... 161 

Figure 5.7: Equipment Layout at the Drilling Site (International Mining, 2024)....................... 163 

Figure 5.8: Aerial View of the Drilling Location (Novamera website) ...................................... 163 

Figure 5.9: Pile Top Drilling Rig Setup (Novamera website) .................................................... 164 

Figure 5.10: Stinger Assembly (de Moura, 2021) ...................................................................... 166 

Figure 5.11: Cutterhead and Stinger Assembly (Left) (de Moura, 2021); Plan View of Cutterhead 

without stinger assembly (Right) (Tytler et al. 2023) ................................................................. 167 

Figure 5.12: Airlift Assisted Reverse Circulation (Jalal et al. 2022) .......................................... 168 

Figure 5.13: Logs of Applied Rotary Speed and Thrust ............................................................. 171 

Figure 5.14: Logs of Input Water Flow Rate and Air Flow Rate ............................................... 173 

Figure 5.15: Logs of Output Drilling Parameters ï Net Advance Rate and Torque .................. 174 

Figure 5.16: Logs of Reaction Torque and Torque on Bit .......................................................... 175 

Figure 5.17: Comparison between reaction torque and Torque on Bit ....................................... 176 

Figure 5.18: MSE (Mafic Massive Flow) ................................................................................... 178 



xiv 

 

Figure 5.19: Figure 5.20: MSE (Mafic Ash Tuff) ...................................................................... 179 

Figure 5.20: MSE vs DOC (Quartz Vein) .................................................................................. 180 

Figure 5.21: Figure 5.22: MSE vs d50 (Quartz Vein ï 6.23 to 8.86m) ....................................... 183 

Figure 5.22: MSE vs CI (Quartz Vein ï 6.23-8.86m) ................................................................ 183 

Figure 5.23: MSE vs d50 (Mafic Ash Tuff, 18.46 to 21.46m) ..................................................... 184 

Figure 5.24: MSE vs CI (Mafic Ash Tuff- 18.46 to 21.46m) ..................................................... 185 

Figure 5.25: MSE vs d50 (Mafic Ash Tuff ï 58.08 to 66.90m)................................................... 186 

Figure 5.26: MSE vs d50 (Mafic Ash Tuff - 51.77 to 54.73m) ................................................... 186 

Figure 5.27: MSE vs CI (Mafic Ash Tuff - 51.77 to 54.73m) .................................................... 187 

Figure 5.28: MSE vs CI (Mafic Ash Tuff ï 58.08 to 66.90m) ................................................... 187 

Figure 5.29: MSE vs d50 (Mafic Massive Flow - 69.38 to 81.31m) ........................................... 188 

Figure 5.30: MSE vs CI (Mafic Massive Flow ï 69.38 to 81.31m) ........................................... 188 

Figure 5.31: MSE vs d50 across two different Mafic Ash Tuff Intervals .................................... 189 

Figure 5.32: MSE vs CI across two different Mafic Ash Tuff Intervals .................................... 190 

Figure 5.33: MSE vs CI (All Lithology) ..................................................................................... 191 

Figure 5.34: MSE vs d50 (All Lithology) .................................................................................... 192 

Figure 5.35: Critical Effective WOB versus Rock Mass UCS ................................................... 196 

Figure 5.36: 95% Confidence Interval for the Developed Empirical Model .............................. 200 

Figure 6.1: Comminution Segment of Mineral Processing Plant Flowsheet (Novamera 2022) 210 

Figure 6.2: Airlift Assisted Reverse Circulation (Jalal et al. 2022) ............................................ 212 

Figure 6.3: Cuttings Sampling Points 1 and 2 ............................................................................ 213 

Figure 6.4: Cuttings Sampling Point 3 (Tanks 1-4; Geotube®) ................................................. 214 



xv 

 

Figure 6.5: Cuttings Collected from Different Sampling Points: Effluent Line (1), Settling Pit (2), 

and Sedimentation Tank (3) ........................................................................................................ 216 

Figure 6.6: Setup for Single Sieve Set Sieving Method ............................................................. 219 

Figure 6.7:Specimen Splitting Setup for Composite Sieving ..................................................... 221 

Figure 6.8: Mechanical Splitter: (1) ASTM C702/C702 M-11 (2) Picture of the mechanical splitter 

used in the Laboratory ................................................................................................................ 222 

Figure 6.9: Sedimentation Cylinders During the Sedimentation Analysis (ASTM D7928-21E1)

..................................................................................................................................................... 223 

Figure 6.10: Particle Size Distributions for Cuttings (Sampling Point 1, Direct Flush, Large 

Diameter Hole 3)......................................................................................................................... 225 

Figure 6.11: Particle Size Distributions for Cuttings (Sampling Point 1, Reverse Circulation, Large 

Diameter Hole 1)......................................................................................................................... 226 

Figure 6.12: Figure 6.12: Particle Size Distributions for Cuttings (Sampling Point 3) .............. 227 

Figure 7.1: Drilled Rocks (Medium Strength Rock-Like-Material - A. 5rpm, 5kN [unrelieved 

drilling]; B. 5rpm, 10kN [relieved drilling]; Diabase - C. 5rpm, 5kN [unrelieved drilling], D. 5rpm, 

10kN [unrelieved drilling]) ......................................................................................................... 262 

 

  



xvi 

 

List of Symbols, Nomenclature or Abbreviations 

A Rotating Angle (degree) 

a Tortuosity (dimensionless) 

ac  penetration coefficient (dimensionless) 

Ŭ Level of significance  

Ŭsh Cross-section reducing effect of shale/clay 

Ah  Area of borehole (m2) 

An  Area crushed by normal impact (m2) 

At  Area sheared by inner side force (m2) 

B  Width of the tip of the disc cutter (m) 

b  Penetration coefficient (dimensionless) 

‍                            0ÈÁÓÅ difference between the ith disc cutter and its adjacent cutters (rad), 

n=1,2 

CAI  Cerchar Abrasivity Index 

Cc Coefficient of curvature 

CCS  Constant Cross Section 

CI  Coarseness index (%) 

Cr Chromium 

Csh Conductivity of shale (siemens per meter) 

CSM Colorado School of Mines 

Cu  Coefficient of uniformity  

D  Hole diameter (inches).  

Dh Measured depth (m) 

d  installation radius 

d10 Particle size that is 10th percentile of the particle size distribution (mm) 

d30 Particle size that is 30th percentile of the particle size distribution (mm) 

d50 Mean particle size (mm) 

d60  Particle size that is 60th percentile of the particle size distribution (mm) 

d80  Particle size that is 80th percentile of the particle size distribution (mm) 

DC  Disc Cutter 

DOC  Depth of Cut (mm/rev) 

E          Static Modulus of Elasticity (GPa) 

e  Specific energy (enthalpy) (kilowatt hours per metric ton),  

Ὁ        Dynamic Modulus of Elasticity (GPa) 

F Formation factor of the shaly sand 

Ὂ   Lateral force component near the central axis of the cutter head (N) 

Ὂ   Lateral force component far from the central axis (N) 

Fe Iron 

FFT1  Full Field Trial 1 

FN  Normal reaction acting perpendicular to the axis of LD#1 (kN) 

Ὂ  Rolling force (N) 

Fs Skin friction (kN) 

Ὂ  Normal force (N) 

F1  Inner side force (kN) 



xvii  

 

F2 Outer side force (kN) 

F80 Particle size that is 80th percentile of the particle size distribution for 

comminution feed stock (ɛm) 

GSI Geological Strength Index  

GRlog Gamma-ray reading at a particular depth (Gamma API) 

GRmax Baseline gamma ray reading of 100% shale in the interval of interest (in 

Gamma API) 

GRmin Baseline gamma ray reading of clean sand in the interval of interest (in Gamma 

API) 

H  Penetration Depth (mm) 

h  Penetration depth (m) 

i  Depth of cut (mm/rev) 

IADC  International Association of Drilling Contractors 

IGR Gamma Ray Index (in fraction) 

IT  Indirect Test 

Ja  Joint Alteration Number  

Jr Joint Roughness Number (Jr) 

Jv Volumetric Joint Count 

k  Drillability constant  

kh Horizontal permeability of laminated shaly sand (milliDarcy) 

kN  Kilo Newton 

kNm  Kilo Newton Meter 

ksd Permeability of clean sand (milliDarcy) 

ksh Permeability of shale (milliDarcy) 

kshaly sand Permeability of Shaly Sand (milliDarcy) 

kv Vertical permeability of laminated shaly sand (milliDarcy) 

KW Kilowatt 

L  Drilled depth (m) 

L*   Equivalent length (meters) of the stabilizers used in the drill string 

LDD Large Diameter Drilling 

LDH1 Large Diameter Hole 1  

LDH2 Large Diameter Hole 2  

LDS Large Drilling Simulator  

LED  Light Emitting Diode 

mcs Cementation exponent (dimensionless) 

Mn Manganese 

Mo Molybdenum 

MSE Mechanical Specific Energy  

N  Rotary speed (rpm) 

n  Sample size of the pair-wise data points 

Ni Nickel 

Nm  Newton meter 

NTH Norwegian Institute of Technology  

NTNU Norwegian University of Science and Technology  

O  Centre of rotation 

ɗ Journal angle  



xviii  

 

ʌ   Offset angle  

ⱥ  Edge angle of the disc cutter (deg) 

   Contact angle between the disc cutter and the rock (rad);  ‰ ὥὶὧὧέί 

Ø Formation porosity (percent) 

Øsd Porosity of clean sand 

Øsh Porosity of shale (percent) 

„  Unconfined compressive strength (MPa) 

„      Point Load Strength Index 

„        Indirect Tensile Strength 

PLSI  Point Load Strength Index 

P80 Particle size that is 80th percentile of the particle size distribution for 

comminution product (ɛm) 

ɟb Formation bulk density (kg/m3); bulk densityn(kg/m3) 

ɟfl Saturating fluid density (kg/m3) 

ɟma Matrix density (kg/m3) 

ɟsh Shale matrix density (kg/m3) 

R  Disc cutter radius (m) 

r  transition radius or edge radius of the disc cutter (m)     

Rr Installation radius (m) 

Ὑ                                    installation radius of ith disc cutter on the cutterhead of the TBM (m) 

R2 Coefficient of determination  

RBM  Raise Boring Machines   

RF Rolling factor 

rf  rf = F80 (ɛm)  

ro model parameter (60ɛm) 

ROP    Rate of Penetration (m/h) 

rp  P80 (ɛm), 

RPM Revolution per minute 

RQD  Rock Quality Designation  

Rsd Sandstone resistivity (ohm-meter) 

Rsh Shale resistivity (ohm-meter) 

Rt Rock resistivity (ohm-meter) 

Rw Water resistivity (ohm-meter ) 

S  Disc cutter spacing (m) 

SF Sliding factor 

Sr  Rock strength (MPa) 

Ss Area of the inner side of the rock that undergoes shear failure due to the rotary 

cutting action of the disc cutter (m2) 

Sw Connate water saturation (percent) 

Ὓ    Conditional standard deviation = В ώ ώ  

T  Drilling torque (kNm) 

†     Shear strength (MPa)  

ὸ
ȟ

  The value of the t-distributed variate at the probability of (1- Ŭ/2) with (n-2) 

degrees of freedom 

Tb  Torque on bit (kNm) 



xix 

 

TBM  Tunnel Boring Machines 

TCI  Tungsten Carbide Insert 

Te  Tonne 

TERRA The Earth Resources Research and Analysis Facility  

TOB  Torque on Bit (kNm) 

Tr  reaction torque  (kNm) 

Tt Applied thrust (kN)  

TTCT Time To Complete Tunnel 

µ Coefficient of static friction 

UCS     Unconfined Compressive Strength (MPa) 

UCSrockmass  Rock mass UCS (MPa) 
ộАȾ Ớ   Confidence interval for the empirical model at different selected values of the 

independent variable, ὼ.  

‪  
Angle between two sidelines (rad); ‪ ςὥὶὧίὭὲ

Ѝ
 

 ɜ         Poissonôs Ratio 

Vc Clay volume fraction (volume fraction) 

Vp Compressional velocity (km/s) 

’       Shear wave velocity (m/s) 

Vsh Shale volume factor (fraction) 

W  Work Index (kilowatt hours per metric ton) 

Wb  Buoyed string weight accounting for hole inclination (kN)  

Wc  Critical WOB (kN) 

We Effective WOB (kN)  

Wec  Effective critical weight on bit per cutter (kN) required to maintain a depth of 

cut of 1 mm/rev 

WOB  Weight on Bit (lb)  

ὼӶ  Mean value of all the independent variables 

XRD  X-ray Diffraction 

ώ   the value of the dependent variable estimated with the empirical model at the 

selected values of the independent variable (yi) 

 

            

 

 

 

 



xx 

 

List of Appendices  

Appendix A: Well Data for Development and Validation of Correlation for Shale Volumeé.237  

Appendix B: Shale Mineralogical Composition éééééééééééééééééé241 

Appendix C: Large Diameter Drilling ï Rock Properties and Drilling Parameters éééé...247 

Appendix D: Cuttings Inventory for Particle Size Analysis ééééééééééééé...263 

Appendix E: Particle Size Distribution from Full Field Trial ééééééééééééé.276 

Appendix F: Results of XRD Compositional Analyses of Cuttings Samples ééééééé..310 



1 

 

Chapter 1 Introduction  

1.1  Introduction and Overview 

Narrow vein deposits are thin tabular orebodies in intermediate and steeply dipping fissures and 

fractures. These veins are typically classified as seams with widths between 0.1 and 3m 

(sometimes up to 6m) with dip ranging from 20-55o or exceeding 55o (Dominy et. al. 1999, Stewart 

2005, Bamber et. al. 2004). Narrow veins are sources of important minerals like silver, gold, tin, 

and uranium. Narrow vein operations are located all over the world - Europe, Australia, Asia, 

South America, Canada, and Africa (Dominy et. al. 1999). Development of narrow vein deposits 

are considered challenging because of the small lateral extent of the deposit, the significant cost of 

evaluating the resources, the high cost of mining, and the resultant low profit margin (Dominy et. 

al. 1999). As such, careful consideration is given in the selection of the applicable narrow vein 

mining method. Narrow vein mining methods can be classified into three categories: 

ñconventionalò labour intensive methods, mechanized methods, and steep narrow coal longwall 

techniques (Hall 1987). The choice of the narrow vein mining method depends on the nature of 

the orebody (geometry, depth, and orientation).  

While the conventional narrow-vein mining methods result in reduced dilution of the produced ore 

and requires low capital expenditure, they are associated with high operating expenditure. Clark 

(1998) indicated that dilution is the process by which non-ore materials contaminate ore material 

during the mining process, thereby lowering the grade of the recovered ore and increasing the 

resultant mineral processing costs. Stewart (2005) pointed out the shifting trend towards 

mechanized methods of narrow vein mining. A dominant mechanized method for narrow vein 

mining in Australia and Canada is longhole stoping. While this method results in reduced mining 

costs per tonne and increased rate of production, the longhole stoping leads to increased dilution 
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and requires stabilization of the mined area to prevent geotechnical failure (Dorssen et. al. 2002). 

It is thus critical to select a narrow vein mining method that minimizes dilution of the narrow vein, 

ensures continuous mechanized production, demonstrates sustainable use of resources (water, 

land, energy, etc.) while ensuring rock stability.  

Recently, there has been an identified application of rotary drilling to sustainably mine narrow 

vein deposits. Through the application of this large diameter rotary drilling method, selective 

extraction of narrow vein deposit with resultant minimal dilution can be achieved. The new method 

enables economic exploration of stranded resources with mobile equipment that can be scaled as 

needed with resultant reduction in project risks and capital expenditure (CAPEX). Additionally, 

this new method involves decreased tailings costs and environmental obligations. This research 

investigates the feasibility of the proposed rotary drilling method, models its performance, and 

presents the critical factors to be considered while planning for future large diameter drilling 

activities.  

1.2 Rotary Drilling  

Rotary drilling is a mechanical excavation technique widely applied in oil and gas, surface mine 

blast hole, and diamond core drilling. The drilling scope constitutes a significant capital 

expenditure in any identified mineral resource's exploration, appraisal, or development project. 

Thus, considerable work has gone into understanding and predicting drilling performance. 

Accurate evaluation and prediction of rotary drilling performance are critical in developing any 

planned drilling activity's cost and time estimate. Project funding can be delayed or denied without 

a credible and affordable drilling budget. 
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Rotary drilling combines indentation and cutting to achieve incremental removal of rock surfaces 

(Teale, 1965). Rotary drilling can be either small diameter drilling or large diameter drilling. The 

key differences between these rotary drilling applications are the diameter of the holes drilled and 

the effective rock properties believed to affect the drilling performance. Small diameter drilling 

operations produce holes with diameters in the range of centimeters, while large diameter drilling 

operations generate holes with diameters ranging in meters. Small diameter drilling is routinely 

carried out in the oil and gas industry, while large diameter drilling finds wide application in raise 

boring machines and tunnel boring machines.  With raise boring machines, vertical structures like 

shafts are created for mining applications. On the other hand, tunnel boring machines are used 

extensively in building tunnels to support the development of infrastructures like roads, railways, 

and pipelines. Additional application of large diameter drilling is in sustainable narrow vein 

mining, this form of rotary drilling causes less disturbance on the surrounding rock mass unlike 

the drill and blast method.  

Rotary drilling setups vary according to the intended application. In raise boring operation, a 

vertical or inclined shaft is excavated. To achieve this, first, a pilot hole is drilled downward, 

followed by back reaming. In a tunnel boring application, the tunnel boring machine excavates a 

horizontal underground tunnel. The difference in the drilling setups could explain why the research 

on large diameter drilling performance falls under two main categories: raise boring machine or 

tunnel boring machine performance and optimization. The recent proposed application of large 

diameter drilling (LDD) in narrow-vein deposit will result in the feasible development of otherwise 

uneconomic deposits. This ore extraction method is a continuous, mechanized, safe and sustainable 

method.  
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Large diameter drilling (LDD) method may be completed in one pass using a Pile Top Drilling 

Rig or in two passes - pilot hole drilling (or coring) with Diamond Drilling Rig and large diameter 

drilling (equivalent to forward reaming) with a Pile Top Drilling Rig. Unlike the tunnel boring 

application, mining by drilling can be applied to steep, narrow veins. Though the raise boring 

might resemble the LDD technique in its ability to produce a vertical or an inclined shaft, the large 

diameter hole is created through back reaming.  

Three critical differences in these three varying approaches of large diameter drilling are the 

direction of the axis of the drilled hole, the source of the resultant normal force applied on the rock 

face, and the evacuation mode of the generated rock cuttings. TBM (Tunnel Boring Machines) 

bore horizontal tunnels, RBM (Raise Boring Machines) bore vertical or inclined shafts through 

back reaming while this LDD technique drills an inclined hole along the length of an ore body. 

The entire normal force applied on the rock face during rock excavation by the TBM results from 

the applied machine thrust. On the other hand, the effective normal force applied during the LDD 

technique for mining application depends on the applied machine thrust, the buoyed weight of the 

drilling assembly, and the frictional forces resulting from the axial and rotary motions of the 

drillstring. The rock excavated (muck) in tunnel boring is removed dry through a belt conveyor 

system. The excavated rock which is generated through raise boring is also removed dry at the 

lower level of the mine using a conveyance system. In contrast, the rock cuttings resulting from 

the LDD drilling technique are circulated to the surface during the drilling operation through direct 

flush with water or airlift assisted reverse circulation methods. 

No significant published body of research supports narrow vein mining through the LDD 

technique. Hence, this research is being proposed to address such a gap.  As with any other type 

of rotary drilling project, it is critical to understand the factors that affect the large diameter drilling 
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performance in any drilling project to the end of developing drilling performance prediction 

models and performance optimization strategies. These factors include rock type and mechanical 

properties, operations parameters, and the drilling setup (cutting geometry and cutter 

specifications). Thus, key activities that contribute to the effective development of large diameter 

drilling performance prediction model are characterization of rock properties, laboratory 

investigation of disc cutter performance and field evaluation of large diameter drilling systems. 

1.3 Research Plan and Objectives 

No significant published body of research supports mining through the LDD technique. Hence, 

this research is being proposed to address such a gap.  As with any other type of rotary drilling 

project, it is critical to understand the factors that affect the large diameter drilling performance in 

any drilling project to the end of developing drilling performance prediction models and 

performance optimization strategies. Several investigations into drilling (experimental, empirical, 

or numerical modeling) have explored the mechanism of brittle rock failure under an applied load, 

the different factors affecting rotary drilling performance, and strategies for optimizing drilling 

performance. While these bodies of research have found wide application in TBM and RBM, they 

were not tailored for narrow vein mining. 

This thesis investigates the performance of Large Diameter Drilling, LDD, when applied to narrow 

vein mining operations. The study aims to predict large diameter drilling ROP in igneous and 

sedimentary rocks and to show the key parameters affecting drilling performance. The research 

starts with characterizing the properties of two rock types ï siliciclastic sedimentary rock (shale) 

and mafic igneous rock. Then, it progresses into the experimental investigation of the disc cutter 

drilling of hard rock along circular paths.  
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Next, the interaction of the whole large diameter drilling system was studied through a full field 

trial. Insight into the LDD drilling performance was gained by analyzing the generated rock 

cuttings and reviewing the drilling data (penetration rate, torque, and specific energy). As a result, 

deterministic empirical models were developed to show the relationship among several drilling 

parameters. Probabilistic approaches were applied to determine the confidence intervals of the 

dependent variables to account for variations in the values of the different input parameters. 

Additionally, the resultant impact of this new narrow vein mining method on energy requirement 

for mineral processing was evaluated. An extensive literature review conducted during this 

research shows that this thesis adds significantly to the existing body of knowledge in several 

ways.  

1.4 Organization of the Thesis 

The thesis is prepared in manuscript style and contains six major chapters. Below are the outlines 

of the research papers which constitute the chapters of this thesis: 

1. Chapter 2 is the literature review upon which this research is based.   

2. Chapter 3 presents a probabilistic correlation for shale volume computation from gamma 

ray logs. This correlation was prepared using actual X-ray Diffraction results of rock cores 

obtained from oil and gas wells. This correlation will find good application when working 

to estimate the intact mechanical properties of siliciclastic rocks. Thus, large diameter 

drilling performance prediction can be extended to applications in sedimentary rocks. This 

chapter was accepted for publication in the MIST International Journal of Science and 

Technology. 

3. Chapter 4 shows the experimental investigation of the drilling performance of a triple-edge 

disc cutter with tungsten carbide inserts which is cutting diabase rock along a rotary path. 
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This paper presents the impact of varying cutting geometry, cuttings evacuation method, 

and drilling parameters on rock failure mechanism and drilling performance.   This chapter 

being readied for publication in the Journal of Rock Mechanics and Geotechnical 

Engineering.  

4. Chapter 5 shows full field trial of large diameter drilling application in narrow vein mining. 

This chapter documents the characterization of the drilled rock mass of igneous origin, the 

entire drilling system, complete with the employed circulation methods. This chapter is 

being reviewed for publication in Journal of Rock Mechanics and Geotechnical 

Engineering.  

5.  Chapter 6 indicates the particle size analyses conducted on all the over three hundred 

samples collected during the full field trial. The chapter shows the results of the 

compositional analyses (by X-Ray Diffraction) conducted on some fine samples. The 

chapter concludes with evaluation of the newly advanced narrow vein mining method on 

comminution energy requirements. This chapter is accepted for publication in MDPI 

Energies Journal. Figure 1.1 shows the connectivity among the research papers. 
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1.5 Connectivity among the Research Papers 

The primary objective of this research is to develop prediction models for large diameter drilling 

performance suitable for narrow vein mining.  Additionally, this study investigates the size of rock 

cuttings generated with the new narrow vein mining method and the resultant comminution energy 

requirement during mineral processing. Accurate knowledge of intact and rockmass properties is 

required for large diameter drilling performance prediction. Conversely, inaccurate estimation of 

shale volume can lead to wrong computed values of rock strength properties and impacts drilling 

performance.  Usually, shale volume is computed from X-ray Diffraction conducted on core 

samples. However, in areas where cores are not available, gamma ray logs (which are generally 

Figure 1.1:The connectivity among research papers 
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available and easier to acquire) are used. Another key aspect of this research is the determination 

of intact and rock mass properties of the actual igneous interval that was drilled in the field. This 

is critical because over 100m of NQ size cores were acquired and these cores were well preserved 

and evaluated. Both destructive and non-destructive mechanical tests were carried out on selected 

samples to obtain an exhaustive set of samples covering the entire interval drilled in the field trial. 

Next, the large diameter drilling field trial was conducted. And this trial showed a novel approach 

for continuous mechanical rock excavation for narrow vein mining with rock cuttings circulated 

to the surface with either water or with air-water mixture.  It is also key to highlight that rock 

cuttings received on the surface during the circulation most closely match the time of their 

production because of the low ROP and high flow rate which make the cuttings downhole 

residence time insignificant. Once the cuttings are generated from the rock face at shallow depths, 

the high-rate fluid system lifts these cuttings to surface and with the low rate of advancement in 

the rock, the obtained cuttings closely match the recorded drilling parameters.  Additionally, the 

confining pressure on the bottom hole (that can be attributed to the hydrostatic pressure of the fluid 

column) is quite insignificant compared to that expected in deep oil and gas wells. The low 

confining pressure indicates that the rate of penetration is significantly impacted by rock properties 

and the applied drilling parameters. To complement the field trial are several Drill Off Tests 

conducted in the laboratory to evaluate the drilling performance of triple-edge disc cutter on 

diabase rocks along rotary paths. As such, while the laboratory experiments evaluate the cutting 

properties of an individual disc cutter, the field trial evaluates the behaviour of the entire drilling 

system. Hence, this thesis starts out with rock properties evaluation, proceeds to experimental and 

empirical investigations of disc cutter performance, and then concludes with evaluation of the new 

drilling method on the comminution energy requirement. The research papers are highly 
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connected. The rock properties characterization and the experimental investigation of disc cutter 

drilling performance form the basis of large diameter drilling performance modelling. Field trial 

provides a proof of concept for the new technology. It also provides deepened understanding of 

the influence of different lithologies, drilling system and the circulation process on an entire large 

diameter drilling operation. The study was concluded with analysis of the cuttings obtained during 

the full field trial and how the observed gradation will impact comminution energy requirements. 

Figure 1.2 shows the arrangement of the different aspects of the research in the thesis.  

 

 

  

Figure 1.2: Progression of Research 
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Chapter 2 Research Context and Literature Review 

2.1 Rock Formation Characterization 

2.1.1 Computation of Rock Properties 

This sub-section explores the justification for accurate estimation of rock properties for in-situ and 

rock masses. For any type of rock ï sedimentary, igneous, or metamorphic, the mechanical 

properties vary with increasing scale of rock under consideration. Hence, any study of large 

diameter drilling performance considers the mechanical properties of the rock mass to be 

excavated. In addition to the impact of scale on the properties of rock mass, the content of shale 

affects the mechanical and geophysical properties of intact siliciclastic sedimentary rocks (e.g. 

shaly sands). As such, accurate prediction of shale content is very important when applying large 

diameter drilling methods to siliciclastic settings.   

2.1.1.1 Rock Mass Characterization  

Accurate understanding and prediction of drilling performance are strongly dependent on having 

significant knowledge of the reaction of the rock in response to loading (shown by compressive 

and tensile strengths as well as the rock's elastic properties). Rafiei and Cai (2022) showed that as 

the scale of the rock increases, the rock transitions from intact rock to rock mass, as shown in 

Figure 2.1. Rafiei and Cai (2022) pointed out that a rock mass system consisting of intact rock and 

discontinuities (of different mechanical properties and geometric configuration), which is 

subjected to varying regimes of in-situ stresses and geological history can present a varying failure 

pattern and deformation characteristics upon loading. This phenomenon necessitates the 

development of appropriate constitutive models to show the rock's response to any loading 

condition.  
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This transition, shown in Figure 2.1, indicates that as the size of the hole being excavated increases, 

the impact of joint properties and groundwater conditions on the mechanical strengths 

(compressive, tensile, and shear) of the rock mass mechanical properties must be considered. Thus, 

when drilling small diameter holes, intact rock properties are believed to affect the drilling 

performance of rocks. On the other hand, the drilling performance of large diameter holes is 

influenced by the intact rock properties and the rock discontinuities like faults, joints, and bedding 

planes (Bieniawski 1989).   

Figure 2.1: Intact Rock-Rock Mass Transition as Rock Scale Increases (Rafiei and Cai 2022) 
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To quantify the rock mass quality, metrics like Rock Mass Rating, RMR (Bieniawski 1973, 1979, 

1989), and Rock Mass Quality, Qsystem (Barton et al. 1974) were developed and widely applied in 

rock mass characterization. Hoek and Brown developed an empirical relationship to model the 

failure criterion of rock masses, enabling the application of geomechanics principles in the 

engineering of rock structures (Rafiei and Cai 2022; Marinos et al. 2005; Marinos et al. 2006). 

This empirical model combines intact rock properties and results of geological observations to 

yield rock mass strength properties. 

The generalized Hoek-Brown failure criterion for rock mass, which is premised on the assumption 

that the rock is isotropic (Rafiei and Cai 2022), is shown in Equation 2.1 below.  

„ „ „ȟ ά
ȟ
ί                                                                                                                   (2.1) 

Where: „ = major principal stress at the failure of rock mass (MPa) 

            „   = minor principal stress at failure, confining pressure (MPa)    

            „ȟ  = UCS of intact rock (MPa) 

      m, s, a   = dimensionless rock properties; mi is an intact rock property 

The degradation relations were used to apply the results of the geological mapping of rock masses 

to the development of rock failure envelopes. Geological Strength Index (GSI) and Disturbance, 

D show the degree of ñjointednessò of the rock. Figure 2.2 shows the derivation of rock mass 

properties from geological field mapping and intact rock properties („ȟ and mi).  
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For the Full Field Trial 1 conducted in 2021, 3 x 1 meter-diameter holes were drilled to depths 

ranging from 18-89m. Several activities were carried out to quantify the impact of discontinuities 

on the rock mass properties.  

1. The Drilling Technology Group members conducted geological field mapping and rock 

mass characterization of the field trial site in 2020 (Xiao et al. 2020). The team concluded 

this study by computing rock mass conditions (GSI and D).  

2. NQ-size rock cores were acquired from selected intervals in the field ahead of the Large 

Diameter Drilling operation. Core description conducted on these cores provided insight 

Figure 2.2: Deriving rock mass properties from field mapping and intact rock properties (Rafiei 

and Cai 2022) 
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into the mineralogy and RQD (rock quality designation) of the drilled intervals of rock 

(Mafazy et al. 2021). 

3. Mechanical tests were carried out on the acquired rock cores to acquire intact rock 

properties like UCS, hardness, tensile strength, and abrasivity (Mafazy et al., 2022). 

This research will use the results of the activities listed above and the strength degradation relations 

developed by Hoek Brown to compute rock mass properties (m, s, a). Subsequently, these rock 

mass properties will be applied to the generalized Hoek-Brown failure criterion for rock mass to 

compute the mechanical and elastic properties of the drilled jointed rock mass.  The mechanical 

properties quantified include rock mass UCS and rock mass tensile strength, while the elastic 

properties are rock mass Youngôs Modulus and rock mass Poissonôs ratio. To account for the 

variance in the input data, a range of values will be computed for each designated parameter.  

2.1.1.2 Shale Content for Siliciclastic Sedimentary Rocks 

Sedimentary rocks are essential in hydrocarbon exploration as petroleum systems occur in 

sedimentary basins (Aminzadeh & Dasgupta, 2013; Schön, 2015).  Some sedimentary rocks, 

characterized by porosity and permeability, provide petroleum reservoirs of commercial value. 

Chief among these are carbonates and sandstones  (Schön, 2015). Some sedimentary rocks like 

shale function as source rocks, seal rocks, or traps ï other essential petroleum systems elements. 

In addition to being source rocks or traps, shales are unconventional reservoirs. Shale forms 

approximately 50% of the sedimentary rocks (Guéguen & Palciauskas, 1994). According to 

(Schön, 2015), shale is a sedimentary rock consisting of clay-size particles, silt-size particles, and 

sometimes sand-size particles. (Serra, 1984) indicates that shale typically contains 50% silt, 35% 

clay or fine mica, and 15% chemical or authigenic minerals. Shales are classified based on the 

types of constituting clay minerals (kaolinite, illite, smectite, or chlorite).  (Wilson & Wilson, 



16 

 

2014) show three kinds of shale ï smectitic, illitic, and kaolinitic shale. In a conventional 

siliciclastic petroleum play, sandstone is typically the reservoir rock, consisting of about 60% of 

these traditional petroleum reservoirs, except in the Middle East (Bjorlykke, 2010).  

Schön (2015) indicates that sandstone consists of over 50% sand-sized particles, with the mineral 

composition dominated by quartz and feldspar. Though sandstones contain sand grains, they can 

also have variable silt and clay contents (Bjorlykke, 2010). Thomas (2018) defines 'shaly sands' or 

'shaly sandstones' as sandstones whose grain volumes contain between 5% and 50% clay minerals. 

(Han et al., 1986) advanced that shale and shaly sandstone constitute a significant part of the 

sedimentary basins. (Schön, 2015) defines two types of clay in shaly sand ï laminated and 

dispersed shaly sands. In laminated shaly sand, clay minerals form a clay barrier in the sand body, 

creating complete bridging across two sand sub-bodies. 

In contrast, dispersed shaly sands have clay minerals distributed around the grains of the sandstone. 

The presence of shale in a sandstone layer affects the mechanical properties as well as the 

petrophysical properties of the reservoir rock. Shale volume factor (Vshale) is the percentage of 

the sandstone grain volume occupied by shale. Extensive studies have been carried out to 

investigate the impact of shale volume on the petrophysical properties of the reservoir, as these are 

critical inputs to accurate static and dynamic modeling of the reservoir. The shale volume factor is 

a vital consideration in evaluating the permeability of a fluid-filled sandstone reservoir because 

the presence of shale reduces the permeability of the sandstone reservoir by either causing bridging 

across two sand bodies (laminated shale) or causing narrowing of the pore throats of the sand 

(dispersed shale). Also, shale in sandstone reservoirs introduces an extra component of electrical 

conductivity (Winsauer & McCardell, 1953). Schön (2015) quantitatively articulated the impact 

of the shale volume factor on laminated shaly sand's vertical and horizontal permeabilities. 
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Mechanical properties must be considered when determining the expected penetration rate while 

drilling through a formation. Maurer (1962) showed that under perfect cleaning conditions, the 

penetration rate is inversely proportional to the square of the strength of the rock (here quantified 

as the Unconfined Compressive Strength, UCS). Aadnoy and Looyeh (2019) presented a range of 

elastic properties for shale and sandstone.  They also showed sandstone's typical mechanical 

properties (tensile, shear, and unconfined compressive strength). However, they did not present 

similar strength values for shale because shale properties are affected significantly by anisotropy 

and heterogeneity (Lee et al. 2014). Due to the varying nature of shale (from mudstones to hard 

fissile shale), its tendency to swell in the presence of water, and the existence of features (e.g., pre-

existing cracks, fractures, and laminations along bedding planes), it can be challenging to acquire 

intact shale core samples and prepare and test same in compliance with testing protocols like 

ASTM D7012-14 (Koncagü et al. 1999; Lee et al. 2014). Chang et al. (2006) presented a summary 

of 31 empirical models for predicting the mechanical properties of some sedimentary rocks (e.g., 

sandstone, shale, limestone, and dolomite). These models were developed with data from the Gulf 

of Mexico, the North Sea, Russia, and the Middle East. These empirical models showed the 

dependence of UCS on parameters that could be obtained from geophysical logs (primary wave 

velocity, Youngôs modulus, and bulk density). 

These empirical models can be applied when deemed suitable in pure shale or sandstone formation. 

However, when shaly sandstone is present in an interval, an accurate estimation of shale volume 

is required to estimate the UCS of the interval correctly. Palchik (2006) studied very porous sandy 

shale and indicated that UCS decreased with increasing shale porosity. The researcher established 

a power relationship with a strong correlation (the coefficient of determination is 97.58%). 

However, this study did not review the impact of shale volume on UCS. To account for the effect 
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of shale volume on UCS, one of the approaches is to investigate the impact of shale volume on 

primary wave velocity, Youngôs modulus, and bulk density. For liquid-filled shaly sandstone 

rocks, (Oloruntobi & Butt, 2019) expressed the rock porosity as a function of rock matrix density, 

shale matrix density, saturating fluid density, formation bulk density, and shale volume factor. 

Oloruntobi & Butt (2019) also showed that shale volume affects the formation bulk density of the 

shaly sandstone rock. Yusuf et al. (2019) extended the work of Oloruntobi and Butt (2019) for 

intact and fractured siliciclastic rocks. They showed the dependency of formation bulk density on 

compressional velocity, shear velocity, and shale volume factor. The shale volume factor must be 

known to be able to derive compressional velocity empirically (Tosaya and Nur, 1982; Kowallis 

et al., 1984; Castagna et al., 1985;Han et al., 1986; Eberhart-Phillips et al., 1989; Xu & White, 

1995).  

In general, the best method of determining the shale volume factor is to experimentally conduct 

X-ray Diffraction on core samples obtained from undisturbed reservoirs (Barba & Allen, 2001; 

McPhee et al., 2015; Schön, 2015; Prasse et al., 2019). However, coring may be expensive, and 

acquiring cores at every desired depth is practically impossible. Although the rock cuttings 

obtained during drilling can be necessary samples of subsurface rocks, they are of limited use in 

formation properties evaluation. Serra (1984) highlighted that these cuttings had experienced 

mixing, leaching, and contamination while being circulated in the drilling fluid from the bit to the 

surface. Given these limitations, well logging is an effective alternative for taking in-situ reservoir 

properties measurements. Empirical models have been developed to estimate the shale volume 

factor from petrophysical properties. These empirical models relate log-derived data (gamma ray 

index - IGR) to the shale volume factor. Poupon & Gaymard (1970) provided the first model 

connecting gamma-ray reading to the shale volume factor. A linear relationship was proposed 
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between the gamma-ray reading (GR) and the clay volume (Vclay) based on statistical evaluation 

(Equation 2.2). This equation holds for a constant radioactive level of clay, provided no other 

mineral in the formation contributes to the radioactivity.  

ὠ  ὠ Ὅ                                                                                                         (2.2) 

where Vclay is the volume of clay (in fraction), IGR is Gamma Ray Index (in fraction), GRlog is the 

gamma-ray reading at a particular depth, GRmin is the baseline gamma-ray reading of clean sand 

in the interval of interest (in Gamma API), and GRmax is the baseline gamma ray reading of 100% 

shale in the interval of interest (in Gamma API). 

Despite the difference between the shale volume and the clay volume (Bhuyan & Passey, 1994; 

Kennedy, 2021; Prasse et al., 2019), Equation 2.2 has been widely used to estimate the shale 

volume from the gamma-ray log (Oloruntobi & Butt, 2019; Kennedy, 2021). Notwithstanding the 

extensive application of the linear model in shale volume estimation, its use can lead to an 

erroneous prediction of shale volume (Prasse et al., 2019). Larionov (1969) proposed two non-

linear models showing the dependency of the shale volume factor on the gamma-ray index ï one 

applies to young rocks, while the other applies to older rocks. Based on the premise that shales 

contain 90% clay, these models developed from experimental data and were initially published as 

nomographs (Prasse et al., 2019; Kennedy, 2021). Equation 2.3 shows Larionov's equation for 

young rocks - Mesozoic and Tertiary rocks in the southern area of the U.S.S.R;  while Equation 

2.4 shows Larionov's equation for older rocks ï Paleozoic rocks in the Urals and European parts 

of the U.S.S.R. 

ὠ πȢπψσzςȢ ρ                                                                                                               (2.3)                                                                                                 

ὠ πȢσσz ς ρ                                                                                                                   (2.4)         
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These models have widely been applied in shale volume factor estimation (Szabó, 2011; Oyeyemi 

et al., 2019; Aka et al., 2019; Essien, 2019; Kennedy, 2021). An additional non-linear model 

proposed by Stieber (1970) is shown in Equation 2.5. 

ὠ                                                                                                                                          (2.5)    

This empirical model was developed using log data from wells drilled in the Tertiary sediments of 

the Louisiana Gulf Coast (Prasse et al., 2019). Several authors have since used Stieber's model to 

estimate shale volume (Okpogo et al., 2018; Prasse et al., 2019). The limitation of this model is 

that even though it was developed through a statistical approach, it was not calibrated with actual 

measurements of shale volume from cores (Prasse et al., 2019; Stieber, 1970). Subsequently, 

Clavier et al. (1971) proposed another non-linear model correlating shale volume to the Gamma 

Ray Index. Clavier et al. (1971)'s model was first presented as an empirical non-linear curve. Over 

time, Clavier et al. (1971)'s empirical curve was transformed into a mathematical relationship 

shown in Equation 2.6 (Prasse et al., 2019).  

ὠ ρȢχ σȢσψ Ὅ πȢχ                                                                                                      (2.6)                                                                                  

Clavier et al. (1971) model has also been used in different basins to estimate the shale volume 

factor (Adjei et al., 2019; Fajana, 2021). However, its limitation is that this model has not been 

calibrated with actual measurements of shale volume from core samples (Prasse et al., 2019).  For 

shale volume estimation from the gamma-ray log in the Niger Delta Basin, use has been made of 

linear, Stieber's, Clavier's, and Larionov's models (Okpogo et al., 2018; Adjei et al., 2019; 

Oyeyemi et al., 2019; Aka et al., 2019; Essien, 2019; Fajana, 2021). However, none of the models 

had been developed for the Niger Delta basin. None of the models was created using a single data 

point from the Niger Delta Basin. Hence, it isn't easy to transfer these models to areas beyond the 



21 

 

regions of study. Therefore, this work aims to develop an empirical model correlating the shale 

volume factor to the Gamma-Ray Index using log and core-derived data from the Niger Delta 

Basin. This correlation is expected to be of greater accuracy when applied to the Niger Delta Basin 

and other basins around the world. 

2.2  Laboratory Investigation of Disc Cutter Drilling Performance 

With the increasing demand for infrastructure to help the world's growing population, there has 

been a year-on-year increase in the need for TBM (Balci & Tumaç, 2012). As such, selecting an 

appropriate ROP performance model for a TBM is vital (Balci & Tumaç, 2012; Rostami, 1997). 

In the last forty years, there has been immense research into the understanding of the factors 

affecting the performance of TBM. These researchers have introduced several performance 

prediction models, which are theoretical, empirical, or semi-empirical (Hamidi et al., 2010; 

Ramezanzadeh et al., 2004). 

Roxborough & Phillips (1975) conducted disc cutting experiments on Bunter sandstone with linear 

cutting machines. They studied the impact of five main criteria (disc diameter, penetration, disc 

cutter edge angle, cutting speed, and spacing) on the rock cutting performance of a disc cutter 

(thrust force, rolling force, yield, and specific energy). Considering the edge angle, penetration, 

disc cutter diameter, and rock strengths, they developed theoretical models for thrust forces and 

rolling forces. Subsequently, Roxborough & Phillips (1975) compared the theoretical values of the 

thrust forces, rolling forces, and specific energy against the measured experimental values. They 

observed that the thrust forces increased with increasing disc diameter, edge angle, and penetration 

in both cases. The rolling forces are neutral with increasing disc diameter and slightly increased 

with increasing disc cutter edge angle and penetration. The specific energy increased with disc 
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edge, was neutral to increasing disc diameter and cutting speed, and decreased with increasing 

penetration. 

On the other hand, the specific energy decreased with increasing cutter spacing to penetration ratio 

(up to a value of 7). Copur et al. (2017) explored the impact of spacing on specific energy, and 

they showed this in Figure 2.3. When the cut grooves interact, relieved cutting occurs. However, 

unrelieved cutting mode happens when there is no connection between the fractures produced 

under each disc. The occurrence of relieved or unrelieved cutting mode depends mainly on the 

applied compressive load, the rock properties, and the spacing between adjacent cuts. 

Figure 2.2: Effect of Spacing and Depth of Cut on Specific Energy (Comakli et al., 2021) 
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The disc cutter can transfer significant thrust (normal) force to the rock as the disc cutters are 

designed to withstand high normal forces necessary for cutting hard rocks (Rostami, 1997). The 

rocks develop high stress under these high compressive loads, resulting in deep cracks under the 

disc cutters. The fractures connect and generate large rock chips when the adjacent cuts are 

optimally spaced, as shown in Figure 2.4 below. The primary rock failure mechanism arising from 

the high compressional load under the disc cutter is crushing.  

Tarkoy (1975) investigated TBM performance using field, laboratory, and empirical approaches. 

The methodology involved laboratory tests establishing the properties of rock samples taken along 

the tunnel. These properties included rock hardness (Schmidt hardness, Shore Scleroscope 

hardness, and abrasion hardness), rock abrasiveness, unconfined compressive strength (UCS), and 

rock drillability. In addition, the study involved in-situ rock properties measurements and 

extensive rock properties observation. The researcher then correlated the recorded penetration 

rates with the measured rock properties in these intervals. In addition, the machine operation 

parameters (e.g., cutter thrust forces) were compared against the observed size of rock cutting 

Figure 2.3: Relieved Disc Cutting Mode ï Interactive Grooves (Rostami, 1997) 
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(muck). While acknowledging that disc cutter experiments done with linear cutting machines 

provided valuable insight into performance investigation, Tarkoy (1975) opted to base this study 

on the performance records of tunnels made by full-faced tunnel boring machines, arguing that the 

results of the linear cutting machine experiments might not provide direct quantitative field 

performance prediction information. From the study, Tarkoy (1975) observed the following: ROP 

decreased with increasing rock hardness and UCS; cutter wear increased with increasing rock 

strength; the muck size increased with increasing thrust per cutter. OôRourke et al. (1994) also 

investigated the impact of rock properties on TBM performance using experimental and field data. 

The team compared the actual rock properties index (like total hardness) to the computed field 

penetration index of the machine. Despite the observed noise in the data (as admitted by the 

investigators), the study showed the following - a consistent decrease in ROP with increasing 

rebound hardness, an increase in the daily frequency of cutter change-out with increasing rock 

rebound hardness, and an increase in field penetration index (defined by thrust per cutter divided 

by the penetration per revolution) with increasing total hardness. 

Ozdemir (1977) carried out extensive research to achieve the following: understand the rock failure 

mechanism under several mechanical cutters; develop field boring performance models from 

laboratory relationships; establish the effect of rock properties on tunnel boring machine 

efficiency; evaluate the impact of cutter geometry on TBM performance as well as investigate the 

effect of velocity on rock boring performance. This researcher improved the tunnel boring 

machine's design using laboratory experiments. Ozdemir (1977) combined experimental and field 

data for the study ï the researcher conducted lab experiments with small-scale and large-scale 

linear cutting machines. The researcher established that increasing edge angle and disc cutter wear 
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increased thrust and rolling forces. In addition, the specific energy increased with increasing cutter 

edge angle and cutter wear. 

Additionally, the cutting coefficient decreased with increasing disc cutter wear. Bilgin (1977) 

investigated the relationship between rock properties and the performance of rock cutting tools 

like the disc cutter and pick cutter. The researcher used a linear cutting machine in laboratory 

experiments to check the dependence of rock cutting performance of these tools on several 

parameters, including edge angle, disc diameter, penetration, cutting speed, and varying rock 

properties. The performance indicators included cutting forces (vertical and horizontal cutter 

forces), specific energy, yield, and size distribution of the cuttings. The research showed that the 

thrust and rolling forces increased with increasing penetration and disc cutter edge angle in all the 

cases. The researchers also observed that the penetration affects the cutting coefficient. Bilgin 

(1977) proposed correlation models for predicting disc cutting forces (vertical and rolling forces), 

specific energy, and coarseness index. In addition, the research showed the impact of disc cutter 

wear on disc cutter forces, yield, specific energy, and coarseness index. 

As a contribution, Sanio (1985) investigated rock anisotropy's impact on a disc cutter's predicted 

drilling performance. The researcher developed theoretical models of the normal (vertical) and 

rolling cutting forces on the disc cutter based on the disc cutter edge angle, disc diameter, spacing 

between cuts, and penetration depth. Sanio (1985) established a cutting constant that depends on 

the cracks' length and the rock properties. The researcher also proposed that the value of the cutting 

constant was very dependent on the orientation and degree of the rock's strength anisotropy. The 

researcher conducted cutting activities on different rock samples with varying bedding directions 

with constant penetration, spacing, diameter, and edge angle values. The measured mean normal 

forces were used to compute the cutting constants for the different tested rock samples. In the 
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study's conclusion, Sanio (1985) showed the impact of the strength anisotropy of the rock mass 

due to schistosity on disc cutters' cutting performance. Wijk (1992) proposed several mathematical 

models for predicting the disc cutter's cutting forces (thrust and rolling forces). The researcher then 

developed models to predict the disc cutter life of several disc cutters installed on a cutterhead 

following an interval of tunneling. The wear prediction model showed the dependence of the wear 

of the steel disc cutter on both the cutter forces and the rock properties (abrasiveness, strength, and 

tensile strength). Rostami (1997) used a linear cutting machine to cut different hard rock samples 

using single-edge disc cutters. This researcher measured the cutting forces developed for different 

rocks, disc cutter geometry, and penetration depths. Rostami (1997) developed models to predict 

the cutter forces (normal and rolling forces) on a disc cutter cutting a rock sample.  

These models depend on the spacing of cuts, penetration, rock properties (tensile strength and 

uniaxial compressive strength), and disc cutter geometry (tip width and cutter radius). Following 

these earlier works, several researchers continued investigating the performance of disc cutters. 

As a result, they have developed theoretical, empirical, or semi-empirical models suitable for intact 

rocks or rock masses. Balci & Tumaç, 2012 investigated the impact of rock structural properties 

and a V-type disc cutter on the cuttability of rock. Comakli et al., 2021; Grima et al., 2000; Hamidi 

et al., 2010; Koopialipoor et al., 2019; Laughton, 1998; Li et al., 2021; Maji & Theja, 2017; 

Ramezanzadeh et al., 2004; Rispoli et al., 2020; Rostami, 2008, 2016; Thuro & Plinninger, 2003; 

Xu et al., 2019; Yagiz, 2006; Saffet Yagiz, 2006; Saffet Yagiz et al., 2009; Yang et al., 2016; 

Zhang et al., 2021).  

Most researchers conducted their experimental investigation using either a small or large-scale 

linear cutting machine. However, extensive experiments into disc cutting along a circular path 

have not been carried out. Ozdemir (1977) highlighted that cutting along a tight circular path 
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showed that rock breakage was more concentrated on the inner side of the cutter and that linear 

cutting experiments in the laboratory closely matched the cutting actions of disc cutters positioned 

close to the gauge position of the large diameter disc cutter. While most of these studies on disc 

cutter drilling performance from the literature review represented the disc cutter's linear cutting 

action, fewer have considered the disc cutter's rotary cutting action (Xia et al., 2016; Ren et al., 

2018). Additionally, most of these studies were conducted using single edge disc cutters.  

This study investigates the drilling performance of a triple-edge cylindrical disc cutter cutting 

along tight circular paths. The triple-edge disc cutter is described as cylindrical because the three 

individual discs are the same diameter. While other investigators evaluated the cutter forces 

developed for different applied penetration depths of the disc cutter, this research investigated the 

ROP of the disc cutter for different applied drilling parameter (thrusts or rotary speeds) and at 

different cutting geometry (cutting radii). It also evaluated the impact of varying applied disc cutter 

thrusts on the size of generated rock cuttings. The results of the experiments were compared to the 

values of cutter forces computed by the models developed by the Colorado School of Mines 

(Rostami 1997) and Central South University (Xia et al. 2015). 

In addition to experimental investigation into disc cutter drilling performance, full scale field trials 

were conducted to provide information on drilling performance. The results of field trials were 

used to develop empirical models that account for the interaction between the large-scale drilling 

machine and the rock mass. Section 2.3 reviews the research conducted over the past few decades 

using the empirical methodology. 
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2.3 Field Investigation of Large Diameter Drilling Performance  

The mechanical excavation technique is extensively utilized in tunneling and mining applications. 

There is an increasing year-on-year demand for mechanical excavation to meet humansô growing 

need for the development of solid minerals deposits (e.g. gold and nickel) and infrastructures 

(roads, railways, and pipelines) (Balci & Tumaç, 2012; Yagiz et al. 2021). Additionally, 

mechanical excavation enables the efficient utilization of the available underground space, 

especially in the face of an increasing human population. Tunnel Boring Machines (TBM) are 

extensively used in the construction of tunnels, while Raise Boring Machines (TBM) are valuable 

in the construction of mine shafts (Yagiz et al. 2021).  

All these mechanical excavation applications adopted rotary drilling. Unlike the small diameter 

rotary drilling technique applied mainly in the petroleum industry to drill small-diameter holes, 

TBM and RBM produce large diameter holes. Several studies into the performance of TBMs and 

RBMs have considered the machine parameters, operating parameters (like thrust and rotary 

speed), and rock properties (intact or rock mass properties). Rostami (1997) opined that these field 

studies validate experimental laboratory investigation of disc cutter performance. 

Tarkoy (1975) investigated TBM performance using experimental and empirical approaches. 

Though Tarkoy (1975) acknowledged that disc cutter experiments with linear cutting machines 

provided valuable insight into performance investigation, the researcher based this study on the 

drilling performance records acquired from tunnels made by full-faced tunnel boring machines. 

The researcher argued that the results of the linear cutting machine experiments might not provide 

direct quantitative field performance prediction information. The researcher conducted laboratory 

tests to establish the mechanical properties (e.g., rock hardness, abrasiveness, unconfined 

compressive strength, UCS) of rock samples taken along a tunnel under construction. Then, the 
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researcher correlated the recorded ROP with the associated measured rock properties for a 

designated interval. From the study, Tarkoy (1975) observed the following: ROP decreased with 

increasing rock hardness and UCS, cutter wear increased with increasing rock strength, and the 

muck size increased with increasing thrust per cutter. Other TBM performance models were 

developed by several researchers (Roxborough and Philips 1975; Ozdemir 1977; Snowdon et al. 

1982; Sanio 1985; Hughes 1986; Innaurato et al. 1991; Sundin and Wänstedt 1994). 

In investigating the impact of rock properties on TBM performance, OôRourke et al. (1994) used 

experimental and field data. The investigator compared the actual rock properties index (like total 

hardness) to the computed field penetration index of the machine. They found a consistent decrease 

in ROP with increasing rebound hardness. Two years later, Autio and Kirkkomaki (1996) 

discussed using a new technique to bore three 1.5m diameter deposition holes of 7.5m depth. While 

this new approach combined rotary drilling with evacuating rock cuttings with a vacuum system, 

the drilling axis was vertical. In addition to evaluating the feasibility of this new boring technique, 

Autio and Kirkkomaki (1996) investigated the performance of the large diameter boring machine 

to provide a premise for future enhancement of the drilling system.  

Bruland (1999) presented an empirical model for estimating the ROP of a hard rock TBM using 

data from 35 tunnels drilled over a cumulative distance of 250km in Norway. This empirical model 

developed by Bruland (1999) extended the TBM performance research conducted at the 

Norwegian University of Science and Technology (NTNU), Trondheim. Bruland (1999) reviewed 

several existing TBM prediction models advanced by Ernst Büchi, the Colorado School of Mines 

(CSM), the Luleå University of Technology, Pricilla P. Nelson, and the Delft University of 

Technology. Together, these models predicted rock failure, TBM advance rates, disc cutter life, 

costs, and the overall cost of tunnel excavation. Despite the differing methodologies underlying 
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the development of these models, the researchers accounted for rock strength, rock mass 

properties, disc cutter geometry, and TBM cutterhead geometry. However, Bruland (1999) 

highlighted that most of these models reviewed did not account for rock mass fracturing. The 

researcher thus concluded that TBM performance modeling needs to be an ongoing task to 

accommodate the increasingly developing TBM technology and that the life of a prediction model 

is between 8-10 years. 

Farrokh et al. (2012) indicated that earlier prediction models of TBM performance considered the 

impact of intact rock properties on TBM advance rate. As the use of TBM expanded to different 

rock mass conditions, work was done to modify the prediction models to account for fractured 

rocks. Farrokh et al. (2012) opined that while simple models (whose inputs include intact rock 

properties) are easier to use, they are limited in application. On the other hand, multiple parameter 

models like the CSM and the NTNU models consider more project-specific data while being easier 

to apply. Therefore, these two models have been extensively used to predict TBM performance in 

hard rock. In hard rock, the ROP depends on the TBM's applied thrust.    

Rostami (2016) highlighted that disc cutter capacity, intact rock properties, rock mass 

characteristics, and TBM limitations significantly impact the applicable thrust for hard rock 

cutting. Rostami (2016) pointed out that theoretical models are flexible, can provide insight into 

the disc cutter-rock interaction, can be used for TBM design, and can give insight into TBM 

optimization. However, theoretical models do not effectively account for rock mass properties. 

Though empirical models are based on the entire TBM system and rock mass conditions. As such, 

Rostami (2016) pointed out that these models do not consider changes in the geometry of the disc 

cutter and TBM cutterhead geometry when the premise behind the model development is changed. 

In this case, unlike some theoretical models prevail. As such, it is critical to complement empirical 
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prediction of large diameter drilling performance with experimental results. Other models for TBM 

performance prediction models are tabulated by Armaghani et al. (2021). These models 

represented over forty decades of research into TBM performance prediction and included most 

of the TBM performance models discussed in the preceding paragraphs.  

Similarly, significant research has been done into the Raise Boring Machine's (RBM) performance. 

RBMs are utilized to excavate vertical structures like shafts in mining and civil engineering 

applications (Shaterpour-Mamaghani et al. 2016). Shaterpour-Mamaghani and Bilgin (2016) 

documented a review of the historical development of RBM and its application in the mining 

industry. This history, which spans over seven decades, recorded several raise boring operations 

conducted in Germany, Canada, South Africa, and Italy for applications like coal mining, deep 

level mining, and electrical power projects.  Some of these raise boring operations involved back 

reaming of predrilled pilot holes, while others were carried out without predrilled pilot holes. RBM 

performance prediction has been investigated by various researchers who have acknowledged that 

an accurate RBM performance prediction is essential to the credible estimation of raise boring 

project cost and time.  

Maurer (1967) expanded on the principles of rock mechanics that explain the rock failure 

obtainable with the different forms of mechanics drilling: rotary drilling (e.g., drag cutter, roller 

bit), percussion drilling, and rotary-percussion drilling. Maurer (1966) subsequently developed 

drilling rate equations for these rock-cutting tools. Bienwaski (1967) also explored the process of 

brittle fracture of rocks and suggested the stages of the brittle failure ï crack closure, fracture 

initiation (beyond the perfectly elastic deformation region), critical energy release (Stable fracture 

propagation), strength failure (unstable fracture propagation) and Rupture. Morris (1969) 

developed the ROP model for roller cone rotary bits based on the fundamental rock penetration 
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mechanism of hard rocks by roller cone bits. Pang et al. (1989) developed a force-deformation 

model for indentation (or localized loading) for brittle rocks. They pointed out that the results 

could also apply to the drilling actions of percussion bits. They developed separate models for 

wedge and conical indenters, either truncated (had imposed wear flats) or not.  

Additionally, Dollinger et al. (1998) reviewed applicable practices around punch test ï a test 

widely applied then to predict the ROP of TBM and RBM by estimating the resultant thrust used 

on the disc cutter and which serve as simpler alternatives to linear and rotary cutting tests. 

Kahraman et al. (2000) conducted indentation tests on 22 rock samples, each representing a 

different formation. From the results of the force-indentation tests, these researchers computed a 

drillability index for each rock sample. They extended the study to predicting ROP models for the 

conical and spherical bit teeth. Other researchers that investigated RBM performance through 

indentation tests were Copur et al. (2003), Su et al. (2013), Jeong et al. (2016), and Shaterpour-

Mamaghani et al. (2016). In addition to developing RBM performance prediction models using 

indentation test results, some empirical models have been developed to predict RBM performance.  

Shaterpour-Mamaghani and Copur (2021) summarized the empirical existing RBM prediction 

models that apply to pilot hole drilling and reaming. These models were presented by several 

researchers (Morris, 1969; Wilson and Graham, 1972; Bilgin et al., 2013; Liu and Meng, 2015; 

Shaterpour-Mamaghani et al., 2016; Shaterpour-Mamaghani et al., 2018). However, Shaterpour-

Mamaghani and Copur (2021) pointed out that there are limited or no published prediction models 

to address vertical and inclined pilot holes and vertical reaming operations. Yagiz et al. (2021) also 

developed additional empirical models for RBM performance prediction based on rock properties 

and operational parameters, as these models are empirical, accurate predictions of the RBM 
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performance result when the conditions of use of the RBM closely match the conditions upon 

which the modeling data was based.  

This study aims to present the results of a full field trial conducted using a large drilling setup. In 

this field trial, three 1m-diameter holes were drilled to depths ranging from 18 ï 90m at 30 degrees 

inclination. The drilling was conducted with a Pile Top Drilling Rig, and the rock cuttings were 

circulated to the surface using either direct flush (water) or reverse circulation (air and water).  

Macuda (1996) presented a study to support the application of air lift methods to large diameter 

drilling in brown coal mines. The researcher highlighted that the sum of the power of the 

compressed air and the power of the drilling fluid in the annulus must be equal to or exceed the 

power required to lift the solid-liquid-air mixture in the outflowing drillstring. Macuda (1996) 

showed the equations for computing the following: power required for air compression, power 

required for lifting the solid-liquid-air mixture and the power returned to the drilling fluid re-

circulated to the annulus. Xiumin et. al (2014) focused on the research and application of gas-lift 

reverse circulation drilling technology to the construction of a geothermal well. 

Two independent sources of drilling data (manual recording and data logging) ensured that 

accurate data was collected during the drilling operation. This research reviewed the data collated 

from the Full Field Trial 1 and developed a probabilistic large diameter drilling prediction model 

while accounting for the mechanical properties of the rock mass. 

While the drilling data obtained from the FFT1 enabled empirical modeling of the drilling 

performance, drill cutting analysis also provides a significant complementary understanding of 

drilling performance. Drilled cuttings analysis entails sampling cuttings generated by the drilling 

process and conducting particle size distribution analysis on these samples. From these analyses, 
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information on the shape and size of these cuttings can be derived to evaluate the efficiency of 

hole cleaning and the cutter-rock interaction. In the case of mining by drilling, the particle size 

distribution can be subsequently used to refine the drilling hydraulics design on the drilling 

location and the comminution equipment design and selection at the mineral processing plant. 

Ultimately, energy and material balance calculations conducted with such information can show 

where opportunities for cost savings and optimization in the mineral recovery process lie.   

2.4  Large Diameter Drilling Performance and Comminution Energy 

Evaluation of cuttings generated during rotary drilling has given valuable insights into the drilling 

process. Information on drilling efficiency can be drawn from the size and shape of cuttings 

generated. Several researchers have investigated the relationship between cuttings size and shape 

and drilling parameters. Ersoy & Waller (1997) evaluated the impact of bit operating parameters 

on cutting size. Through the experimental procedure, two different types of PDC bit and one 

impregnated diamond bit were used to drill on a selected sample of sandstone rock at selected 

drilling parameters. The cuttings were cleaned with a fixed flow rate of water. On examining the 

observed dependence of cuttings on bit operating parameters, Ersoy & Waller (1997) showed that 

the cutting size increased with increasing weight on bit and rate of penetration for all the used bit 

types. The particle size was observed to increase with decreasing specific energy. However, the 

particle size was seen to decrease with increasing rotary speed. This work established a strong 

correlation between the drilling parameters and the cutting size. 

In a technical note, Altēndaĵ (2003) estimated the penetration rate using the degree of coarseness, 

cuttings dimensions, and mean particle size. Several drill cuttings samples collected during a 

percussive drilling operation were sieved to get particle size distribution. Computed values of 
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particles' mean size, coarseness index (a non-dimensional index obtained with the sum of 

cumulative weight percentages of a particular size), and specific surface areas regressed against 

drilling penetration rates. The note shows that the rate of penetration increases as the coarseness 

index and mean size diameter increase. On the other hand, the penetration rate decreased as the 

specific surface area increased. Finally, using the multi-regression method, Altēndaĵ (2003) 

established a relationship between penetration rate, coarseness index, and mean particle radius. 

The measured penetration rates were plotted against the estimated penetration rates, with the 

results showing a good fit, thus validating the predicted penetration rate model. 

Through laboratory experiments, Tuncdemir et al. (2008) showed the relationship between the 

coarseness index and the specific energy for cutting tests conducted on different rock samples with 

varying diameters of cutters (conical cutter, V-shape disc cutter, constant cross-section disc cutter, 

and chisel picker cutter). They showed that the specific energy decreased with increasing the 

coarseness index for all considered rock samples. They also showed that the coarseness index 

increased as the depth of cut increased. Ultimately, the authors established relationships between 

specific energy and coarseness indices for different rocks and cutters. 

Akbari et al. (2014) showed a relationship between the mechanical specific energy, cuttings 

morphology, and PDC cutter geometry. Through experimental methodology, the authors sought 

to evaluate the effect of cutting geometry on Mechanical Specific Energy and the relationship 

between the structure of the cuttings and drilling parameters. From the drill-off tests carried out on 

confined Carthage Marble rock at varying rotary speeds and depths of cuts, the authors showed an 

inverse relationship between the Mechanical Specific Energy (MSE) and depth of cut. They also 

showed that the MSE decreased as the minimum particle size increased. However, they could not 

establish a relationship between MSE and maximum particle size.  
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Rispoli et al. (2017) used photographic analysis to determine the particle size of cuttings generated 

during the boring of a 6.3m diameter exploration tunnel in a hard rock using the open tunnel boring 

machine. They then showed a relationship between the coarseness index and several drilling 

parameters (normal cutter force, penetration rate, specific energy, and field penetration index). All 

the studies shown above show the significant value derived from analyzing the cuttings generated 

during a cutting operation. In the second quarter of 2020 (ahead of the First SMT Field Trial), 

work was done to predict the particle size expected during the SMT field trial. This study drew 

upon several existing research conducted by other workers, including Rispoli et al. (2017). 

This research was premised on the analysis of the particle size analysis conducted on over 300 

cuttings samples collected from the Full Field Trial 1. The particle size distributions of cuttings 

samples collected from different sources and under different circulation modes (direct and air lift 

assist) were compared to understand which method yielded the most efficient drilling. Empirical 

relationships were established between the cuttings' size and the drilling parameters. In addition to 

determining the impact of drilling parameters on cuttings size, this study will evaluate the resultant 

impact of this new drilling method on comminution energy. 

Comminution is a sequence of crushing and grinding processes that progressively reduces the size 

of the run-of-mine ore and liberates the mineral from intimately associated gangue (Wills and 

Finch, 2015). Wills and Finch (2015) pointed out that crushing, usually a dry process, is performed 

in stages with the reduction ration (the ratio of feed size to product size) lying between three and 

six in beginning steps.  Comminution consumes at least forty percent of the energy utilized in 

mineral processing activity (Martins 2020) and the energy requirement has been correlated closely 

with the reduction ratio. 
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The most used size-energy models are premised on the dependence of comminution energy 

requirement on the effective particle size of the product of the milling device (Wills and Finch, 

2015). These models, shown in Equations 2.7 ï 2.9, were developed by Rittinger, Bond and Kick 

respectively (Wills and Finch, 2016). 

Ὡ ὡ                                                                                                                                         ςȢχ                                                                                                                                                        

Ὡ  ρπz ὡ                                                                                                                        ςȢψ                                                                                                                                       

Ὡ  ὡ ὒὲ                                                                                                                                          ςȢω                                                                                                                                                         

Martins (2020) presented an updated model shown in Equation 2.10. With published data, the 

researcher developed a relationship or the exponential function, f(r).  Equation 2.11 shows how 

f(r) is computed. 

Ὡ ὡ                                                                                                                                      (2.10)                                                                                                       

Ὢὶ Ὢ                                                                                                                       ςȢρρ                                                                                                                                        

Where e=specific energy (enthalpy) (kilowatt hours per metric ton), W = Work Index 

(kilowatt hours per metric ton), rp = P80 (ɛm), rf = F80 (ɛm) and ro=model parameter = 60ɛm 

 This research concludes with evaluating the impact of these cuttings size on comminution energy 

requirement during mineral processing. 

The key research contributions of this thesis are: 

a. Rock mass characterization in the field which enable the empirical modelling of the large 

diameter drilling performance in the field 

b. Shale volume prediction for the Niger Delta Basin that supports accurate reserves and 

rock mechanical properties estimation 
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c. Experimental investigation of the performance of a triple-edge disc cutter with tungsten 

carbide insert cutting a diabase rock around a circular axis 

d. Empirical modelling of large diameter drilling performance with results of a full field 

trial. 

e. Gradation analysis of cuttings and computation of comminution energy requirement for a 

mineral processing facility when integrated with the large diameter drilling as the narrow 

vein mining method 

The addressed research gaps are: 

1. Unavailability of documented shale volume prediction correlation developed with Niger 

Delta well records 

2. Limited experimental rotary disc cutter drilling experiments especially where the drilling 

parameters (e.g. thrust, rotary speed) are imposed. Most disc cutter drilling experiments 

measure the cutting forces developed when specific depth of rocks are cut. 

3. No documented existence of large diameter drilling full field trial for narrow vein mining 

on the Island of Newfoundland before this research.  

4. Provision of quantitative impact of the new narrow vein mining method on mineral 

processing energy requirements. 
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Chapter 3  Development of a Probabilistic Correlation between the Gamma 

Ray Index and Shale Volume Factor to Improve Resource Estimates for the 

Niger Delta Basin in Nigeria 

 

Preface 

A version of this chapter has been published in a peer-reviewed journal. I am the primary author. 

Co-author Dr. Olalere Oloruntobi provided significant support in conception, design and 

development of the research framework and reviewed the manuscripts. Co-author Dr Stephen Butt 

reviewed the manuscript and provided technical oversight on the research. I conducted the 

literature review required to frame the research. I also gathered the well records and analysed same. 

I contributed to the development of the deterministic model and I finetuned same to reflect 

uncertainties. I analysed the well data and prepared the manuscript. I authored the first draft of the 

manuscript and updated the manuscript to reflect the feedback from the co-authors and peer review 

process of the journal. The co-authors assisted in fine-tuning the concept. This work has been 

published in MIST International Journal of Science and Technology. 

Abstract  

The shale volume factor is among the critical petrophysical parameters for reservoir 

characterization and formation evaluation. Inaccurate estimates of the shale volume factor can lead 

to poor reserves or resource estimates and wrong business decisions. While the current industry 

standard is to estimate the shale volume factor from the gamma ray logs using the concept of the 

gamma ray index, a relationship between the shale volume factor and the gamma-ray index needs 

to be established for sedimentary basin under consideration. For most applications in the Niger 
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Delta basin, a linear relationship is often assumed. However, there is no proven relationship 

between the shale volume factor and the gamma-ray index for the formations in the Niger Delta 

basin. This study proposes a new shale volume factor prediction correlation for the Niger Delta 

Basin in Nigeria. The correlation development is based on establishing a relationship between the 

shale volume factor obtained from cores and the gamma ray index obtained from petrophysical 

logs for 34 wells scattered across the Niger Delta basin. The results from this doctoral research 

show that the relationship between the shale volume factor and the gamma-ray index is not linear 

as often assumed but a power law model. The new probabilistic correlation predicts lower shale 

volume factors than the linear model for all ranges of the gamma-ray index. This recent correlation 

will significantly impact how the hydrocarbon resources and reserves are quantified in the Niger 

Delta Basin. In addition to resource of estimation, accurate shale volume is critical in computing 

the intact properties of shaly sandy formations.  

3.1 Introduction  

Accurate knowledge of the shale volume factor is required for petrophysical evaluations and 

hydrocarbon reserve estimates and impacts the determination of several key parameters such 

porosity, density, compressional wave velocity, permeability, and hydrocarbon saturation. For 

liquid-filled non-clean rocks, effective porosity can be expressed as functions of rock matrix 

density, shale matrix density, saturating fluid density, formation bulk density, and shale volume 

factor as presented by (Oloruntobi & Butt, 2019) in Equation 3.1. 

ᶮ  
ʍ
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ρ

ʍ ʍ
ʍ  
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ʍ ʍ
6                                                                                                       σȢρ 

where ɟma is the matrix density (kg/m3); ɟsh is shale matrix density (kg/m3); ɟfl is saturating fluid 

density (kg/m3); ɟb is formation bulk density (kg/m3); Vsh is shale volume factor (fraction). 
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In regions where density logs are unavailable, accurate knowledge of the shale volume factor is 

required to generate the pseudo-density log for the computation of overburden gradient. Oloruntobi 

& Butt (2019) showed that the formation bulk density depends on compressional velocity and 

shale volume factor shale volume factor for siliciclastic formations. Equation 3.2 which applies to 

sedimentary rock is an adaptation of the Birch (1961) model; an empirical relationship for 

computing the bulk density for igneous and metamorphic rocks.  

To expand the original Birch (1961) model and ensure its applicability to sedimentary rocks, the 

results of the experimental ultrasonic tests that Hans et al. (1986) conducted on brine saturated-

sandstone core samples were used. These tests furnished the values of formation properties 

(compressional wave velocity, shale volume and formation bulk density) which were very 

beneficial in extending the use of Birch (1961) model to shaly siliciclastic sedimentary rocks. This 

update is reflected in Equation 3.2. 

ʍ πȢςςς6 πȢσφρ6 ρȢτσρ                                                                                                    σȢς 

where ɟb is formation bulk density (kg/m3); Vp is compressional velocity (Km/s); and Vsh is shale 

volume factor (fraction).  

Equation 3.3 is also an extension of another earlier model by Gardner et. al. (1974) and further 

updates which were predominantly beneficial in determining the bulk density of consolidated and 

water-saturated rock under significant effective stress. With Equation 3.3, the formation bulk 

density of sandstones, shales and shaly sands can be estimated.  

ʍ ρȢσυπὠ ρȢφυρ6
Ȣ
                                                                                                           σȢσ 

Yusuf et al. (2019)  extended the work of Oloruntobi and Butt (2019) for intact and fractured 

siliciclastic rocks and showed the dependency of formation bulk density on compressional 
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velocity, shear velocity, and shale volume factor. This relationship is evident in Equation 3.4: 

” ρȢψυωὠ ὠ πȢςπυὠ
Ȣ
                                                                                                  σȢτ                                             

The shale volume factor must be known along with porosity to be able to derive compressional 

velocity empirically (Tosaya & Nur, 1982; Kowallis et al., 1984; Castagna et al., 1985; Han et al., 

1986; Eberhart-Phillips et al., 1989; Xu & White, 1995) using the general relationship in Equation 

3.5:  

6 ! "z #6                                                                                                                                 σȢυ                                                                                           

where Vp is the compressional wave velocity (km/s); ʬ is formation porosity (percent); Vshale is 

the volume of shale (fraction); A, B & C are constants. 

The shale volume factor is a critical consideration in evaluating the permeability of a fluid-filled 

sandstone reservoir. Shale reduces the permeability of the reservoir by either causing bridging 

across two sand bodies (laminated shale) or causing narrowing of the pore throats of the sand 

(dispersed shale). Schön (2015) quantitatively articulated the impact of shale volume factor on the 

vertical and horizontal permeabilities of laminated shaly sand as represented in Equation 3.6:  

 Ë   ȠË ρ 6 ȢË 6 ȢË                                                                 σȢφ                                                                        

where ksand = permeability of clean sand (miliDarcy); kshale= permeability of shale (miliDarcy); 

Vshale is the volume of shale (fraction) 

Other models that relate reservoir porosity and permeability to the shale volume factor are outlined 

in Table 3.1. Finally, the presence of shale in sandstone reservoirs introduces an extra component 

of electrical conductivity (Winsauer & McCardell, 1953). Thus, a formal application of Archie's 

equation without accounting for the influence of shale volume factor will lead to an overestimation 
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of reservoir water saturation.  

Table 3.1: Models for Calculating Porosity and Permeability of Dispersed Shale (Schön, 2015) 

Model Equation 

Revil & Cathles (1999) Ø z 6 ρ z  

k =Ë ρ 6
z

z
 

Schon & Georgi (2003) 
Ë  Ë ρ ɻ Ȣ

6

z
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The impact of shale volume factor on the saturation of ñdirtyò sand is shown in Table 3.

Table 3.2: Models to Compute Saturation of Water-Saturated Shaly Sandstone Reservoir 

Model Equation 

Poupon et al., (1954) 

N.B. For laminated shale 
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where: 

¶ the rock resistivity, Rt (ohm-meter) from a 

resistivity measurement, 

¶ the shale resistivity, Rshale (primarily used is 

the resistivity of an adjacent thick shale bed), 

(ohm-meter) 

¶ the sandstone resistivity, Rsand (ohm-meter) 

¶ the shale content, Vshale (volume fraction) 

¶ Water resistivity, Rw (ohm-meter) 

¶ Archie exponents m, n (dimensionless) 

¶ ū is the porosity of formation (percent) 

¶ Connate water saturation, Sw (percent) 

Simandoux Equation (Simandoux, 1963) 

and modified by (Bardon & Pied, 1969) 

 

N.B. Based on artificially composed 

materials (sand and clay) and representing 

the structural and dispersed type of shale 

distribution in a reservoir 

ὅ
z

ὥȢὙ
Ὓ  ὠ Ȣὅ ȢὛ  

 

When n=2, water saturation is shown below 

 

Ὓ
zz

τz
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Where: 

¶ the rock conductivity, Ct (siemens per meter)  

¶ the rock resistivity, Rt (ohm-meter) from a 

resistivity measurement  

¶ the shale resistivity, Rshale (primarily used is 

the resistivity of an adjacent thick shale bed), 

(ohm-meter) 
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¶ the sandstone resistivity, Rsand (ohm-meter) 

¶ the shale content, Vshale (fraction) 

              

Indonesian Equation (Poupon & Levaux, 

1971) 

 

Recommended for shaly formations with 

relative freshwater 
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When Vsh <= 0.5, the simplified form of the equation 

is 

ὅ
ὅ

Ὂ
ȢὛ ς

ὅ ὅ

Ὂ
Ȣὠ  ȢὛ

ὠ  Ȣὅ ȢὛ  

where:  

¶ The conductivity of water, Cw (siemens per 

meter) 

¶ Formation factor of the shaly sand, F 

 

In general, the best method of determining the shale volume factor is to experimentally conduct 

X-ray Diffraction on core samples obtained from undisturbed reservoirs (Barba & Allen, 2001; 

McPhee et al., 2015; Schön, 2015; Prasse et al., 2019). However, coring may be expensive and 

hazardous, and acquiring cores at every desired depth is practically impossible. Although the rock 

cuttings obtained during drilling can provide samples of subsurface rocks, they are of limited use 

in formation properties evaluation noting that Serra (1984) highlighted that these cuttings had 

experienced mixing, leaching, and contamination while being circulated in the drilling fluid from 

the bit to the surface. Given these limitations, well logging is an effective alternative for taking in-

situ reservoir properties measurements. Empirical correlations have been developed to estimate 
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the shale volume factor from petrophysical properties typically relating log-derived data (gamma 

ray index - IGR) to the shale volume factor.  

Several researchers have developed correlations between gamma-ray reading and shale volume 

factor. Equation 3.7 is a linear correlation between gamma ray reading and shale volume (André 

Poupon & Gaymard 1970). This relationship was derived from statistical evaluation. It holds for a 

constant radioactive level of clay, provided no other mineral in the formation contributes to the 

radioactivity measurements. 

6  6 )                                                                                                             σȢχ                                                     

Despite the difference between the shale volume and the clay volume (Bhuyan & Passey, 1994; 

Kennedy, 2021; Prasse et al., 2019), Equation 3.1 has been used to estimate the shale volume from 

the gamma-ray log (Oloruntobi & Butt, 2019; Kennedy, 2021). Notwithstanding the extensive 

application of the linear correlation in shale volume estimation, its use can lead to an erroneous 

prediction of shale volume (Prasse et al., 2019). 

Larionov (1969) proposed two nonlinear equations showing the dependency of the shale volume 

factor on the gamma ray index (one applies to young rocks while the other applies to older rocks). 

These relationships were developed from experimental data and are based on the premise that 

shales contain 90% clay and were initially published as nomographs (Prasse et al., 2019; Kennedy, 

2021). Equation 3.8 is the relationship that Larionov (1969) derived for young rocks - Mesozoic 

and Tertiary rocks in the southern area of the U.S.S.R.   

6 πȢπψσzςȢ ρ                                                                                                           (3.8) 

While for older rocks ï Paleozoic rocks in the Urals and European parts of the USSR, Larionov 

(1969) presented Equation 3.9.                                                                                             
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6 πȢσσz ς ρ                                                                                                               (3.9)                                                   

Equations 3.1-3.3 have been widely applied in shale volume factor estimation for later studies (e.g. 

Aka et al., 2019; Essien, 2019; Szabó, 2011; Oyeyemi et al., 2019; Kennedy, 2021). 

Equation 3.10 represents the nonlinear empirical correlation developed by Stieber (1970) using 

log data from wells drilled in the Tertiary sediments of the Louisiana Gulf Coast.  

6                                                                                                                                    (3.10)                                                                                                                   

Several authors have since used Stieber's equation to estimate shale volume (Okpogo et al., 2018; 

Prasse et al., 2019). The main limitation of this relationship is that even though it was developed 

through a statistical approach, it was not calibrated with actual measurements of shale volume 

from cores (Prasse et al., 2019; Stieber, 1970). 

Clavier et al. (1971) showed a relationship between volume of shale and gamma ray index. Figure   

3.1 is the original nonlinear curve describing this connection and which was later represented as 

the empirical correlation.  
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The non-linear plot was later transformed to a mathematical relationship as shown in Equation 

3.11:  

6 ρȢχ σȢσψ ) πȢχ                                                                                                        (3.11)                                                                                     

This model has also been used in different basins to estimate the shale volume factor (Adjei et al., 

2019; Fajana, 2021). However, its main limitation, like Stieber (1970), is that it has not been 

calibrated with actual measurements of shale volume from core samples (Prasse et al., 2019).  

For shale volume estimation from the gamma-ray log in the Niger Delta Basin, use has been made 

of linear, Stieber's, Clavier's, and Larionov's relationships (Okpogo et al., 2018; Adjei et al., 2019; 

Oyeyemi et al., 2019; Aka et al., 2019; Essien, 2019; Oloruntobi & Butt 2020; Fajana, 2021). 

However, none of these models have been developed using data for the Niger Delta Basin and no 

Figure 3.1: Clavier's Model Presented as a Curve (Clavier et al. 1971) 
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studies have been done to evaluate their accuracy for this basin or to derive new corelations based 

on data from the basin.  

Therefore, the objective of this work is to develop a core-derived correlation that will be used to 

obtain accurate shale volume factor from log-derived Gamma Ray Index specifically for the Niger 

Delta Basin. This is especially important since acquiring cores and the associated Special Core 

Analysis can be hazardous and expensive, leading to more routine use of gamma ray logs for shale 

volume derivation. This technical research utilizes the results of 92 whole rock and clay 

mineralogy analyses conducted on cores obtained from 34 oil and natural gas wells in the Niger 

Delta Basin and the associated well logs.  

3.2 Field Data 

With the beginning of hydrocarbon exploration in Nigeria, there was a significant need to 

understand the coastal sedimentary Niger Delta Basin (Short & Stauble, 1967). Following the 

studies of many workers in the region, in-depth knowledge of the basin has been gained and 

published (Adewole et al., 2016; Avbovbo, 1978; Burke, 1972; Daukoru, 1975; Doust, 1990; 

Doust & Omatsola, 1990; Evamy et al., 1978; Short & Stauble, 1967; Tuttle et al., 1999). The 

Niger Delta Basin, located in the Gulf of Guinea, is an extensional basin formed due to rifting at 

the Atlantic Ocean (Adewole et al., 2016; Oloruntobi et al., 2020). The basin covers about 75,000 

km2 and has clastic sedimentary deposits whose thicknesses range from 9,000 m to 12,000 m 

(Evamy et al., 1978). Growth faults and rollover anticlines are key structural traps in the basin 

(Daukoru, 1975; Oloruntobi & Butt, 2019c). 

Three significant formations in the basin are Akata, Agbada, and Benin Formations (Avbovbo, 

1978; Oloruntobi & Butt, 2019c). The Benin formation (the shallowest formation) as mostly 

freshwater-containing braided river systems sandstones with high porosity (Avbovbo, 1978) 
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containing predominantly quartz and potash feldspar with trace amounts of plagioclase. The 

formation consists of a sandstone-shale sequence with a thickness up to a maximum of about 4000 

m. The sandstones in the Agbada formation are similar in origin and composition as the Benin 

Formation sandstones. The Akata formation (the deepest formation) consists mostly of under-

compacted and sometimes over pressured siltstone and sandstones (Avbovbo, 1978). The crude 

oil generated in the Akata formation is believed to have possibly migrated upwards through growth 

faults in the basin before accumulating in the Agbada formation (Adewole et al., 2016; Avbovbo, 

1978). Shales through the basin contain kaolinite (about 75%) and mixed amounts of illite and 

montmorillonite.  

Figure 3.2 shows the location map for the wells used to develop this new shale volume prediction 

correlation. Table A-1 in Appendix A provides a summary of the well data which includes 92 

Shale Volume Data and Gamma-Ray Indices at different depths from 34 wells located all over the 

basin across the land and swamp fields.  These data were collected as part of this research under 

the authority of the Department of Petroleum Resources in Nigeria. The well data used to prepare 

this correlation cover a range of depths from 4,609ftah to 15729ftah. For data analyses in this 

study, all depths used are Measured Depths along the hole. The shale volumes were measured 

through X-ray Diffraction (XRD) conducted on the cores while the Gamma-Ray Indices were 

computed from gamma-ray logs. The XRD results show the whole rock composition as well as the 

mineralogy of the contained shale. The depth of the core (used to derive the shale volume) matched 

the depth of the gamma ray reading (used for calculating the gamma ray index).  

The dominant clay mineral in the studied wells is kaolinite, as seen in Table B-1 of Appendix B. 

The average kaolinite content across the wells is 61.2% (dominantly occurring in 77 cores across 

34 wells). In comparison, chlorite constitutes 13% of the clay minerals (dominantly occurring in 
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11 cores across 7 wells). In most cases, kaolinite and chlorite were seen to be two major clay 

mineral constituents. The average composition of other clay minerals identified in the cores are 

mica (7.5%), mica-smectite (5.1%), smectite (1.4%), vermiculite (0.1%), illite (0.3%), mica-

vermiculites (5.4%), illite/mica (1.6%), chlorite/mica (0.5%), chlorite smectite (0.5%), and 

illite/smectite (3.4%). Table B-2 in Appendix B provides the summary of the clay mineral 

composition of the core samples.  

3.3 Development of Correlation 

To establish a relationship between the Gamma Ray Index and the actual volume of shale, core 

samples and gamma ray logs were taken at several depths across 34 wells. The data was obtained 

during this doctoral research. The Gamma Ray Indices were computed from Gamma Ray Logs 

obtained from Shell Petroleum Development Company. The results of the X-ray Diffraction 

conducted on several core samples were also obtained from the same organization under the 

permission of the regulatory authority (the Department of Petroleum Resources). To establish the 

correlation, core samples were acquired from pre-determined depths along the well paths. X-ray 

Diffraction (XRD) was carried out on these core samples to provide both qualitative and 

Figure 3.2: Location Map showing all the wells considered for the development of the Correlation. 
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quantitative analyses on whole rock mineralogy and clay mineral composition (Hanawalt et al., 

1986; Ramachandran & Beaudoin, 2000; Ryland, 1958) with results given in Tables B-1 and B-2 

in Appendix B.  

Gamma Ray logs were then acquired from corresponding 34 wells as given in Appendix B. For 

each log, the shale base line and sand baselines were determined. Shale baseline is a line drawn to 

correspond to gamma ray reading in wholly shale interval while sand baseline is a line drawn to 

align with the gamma ray response in clean sand interval in the well path. An example for the log 

analysis is shown in Figure 3.3. In the absence of Neutron and Density logs, the Gamma Ray logs 

can be used to compute the Gamma Ray Index, which is sometimes used as volume of shale. 

Gamma ray of clean sandstone is defined as the 5th percentile of entire population of gamma ray 

readings obtained in the logged interval (Figure 3.3)  while the gamma ray value of shale is defined 

as 95th percentile of the logged gamma ray readings )red dotted line on Figure 3.3). Sayers and den 

Boer (2021) pointed out that clean sandstones have been understood to be sandstones whose shale 

volume fraction is less than 0.05. From the gamma ray data, the Gamma Ray Index (IGR) is 

computed for readings at each depth along the well path using the relationship from Equation 7. 
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At this Table A-1 in Appendix A lists the results of the shale volumes from XRD analysis and the 

calculated Gamma Ray Index at different depths across various wells. Figure 3.4 shows the 

corresponding plots of Vsh versus IGR. At this stage of the core data analysis, shale volume data 

where kaolinite is the main clay mineral constituent are evaluated separately from data where 

chlorite is the main clay mineral because of the likely differing origins of these shales and 

potentially different correlations. Kaolinite and chlorite are two types of clay minerals. Miranda-

Trevino and Coles (2003) described the structure of kaolinite, highlighting its stability and non-

Figure 3.3: Determination of Gamma Ray Index from GR Log 



 

64 

 

swelling nature.  

Pauling (1930) had also earlier provided information on the key structural difference between 

chlorite and kaolinite. Cheng and Heidari (2017) also pointed out that the major indication of the 

structural difference between these minerals is the resultant reactivity of each mineral Cation 

Exchange Capacity (CEC). CEC, which represents the quantity of exchangeable cations of each 

clay mineral, is a measure of the reactivity of the individual mineral.  

While chlorite is largely unreactive with a reported CEC lying between 10-40, kaolinite is the most 

unreactive and stable of the shale minerals with CEC between 3-15. Typically, distinction between 

kaolinite and chlorite in sediments can be achieved through X-ray diffraction on acquired core 

samples (Biscaye 1964; Elverhøi and Rønningsland 1978). However, a recent study shows that a 

cross-plot between photoelectric effects (obtained from photoelectric logs) and the 

Thorium/potassium ratio obtained from spectral gamma ray log can shows a clear difference 

Figure 3.4: Plots of Shale Volume against Gamma Ray Index where kaolinite is the dominant clay 

mineral (left), and chlorite is the dominant clay mineral (right) 
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between kaolinite and chlorite (Al-Jafar and Al-Jaberi 2022).       

Equation 3.12 is the best-fit correlation:  

Minimum В ổ6 ÍÅÁÓÕÒÅÄ6 ÐÒÅÄÉÃÔÅÄỖ                                                                  (3.12) 

These analyses showed that a power model best describes the relationship between the shale 

volume acquired from core samples and the calculated Gamma Ray Index.  

Correlation A represents the cores whose main clay mineral constituent is kaolinite and was 

developed with 65 data pairs, whereas Correlation B represents the cores with chlorite is the main 

clay mineral content and was developed with 10 pairs of data. Due to inherent scatter of the data, 

the coefficient of determination (a statistical measure of the dependence of shale volume on gamma 

ray index, R2) are 0.79 for Correlation A and is of 0.55 for Correlation B.  

Figure 3.5 shows the results of the regression analyses with the Correlation A given in Equation 

3.13:  

6 πȢψρωυz )Ȣ                                                                                                                           σȢρσ    
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and for Correlation B given as Equation 3.14 

ὠ πȢχςωτz ὍȢ                                                                                                                     (3.14)                                                                                                                  

The deterministic empirical correlations resulting from regression analysis yields the predicted 

mean value of the dependent variable (Alfredo & Tang, 2007). As such, it is critical to compute 

the confidence interval of the empirical model to establish the possible range of the predicted 

dependent values. When the regression coefficients are estimated from a finite sample with several 

elements (n), their underlying probability distribution function is the t-distribution, whose degree 

of freedom is (n-2) (Alfredo & Tang, 2007).  

Hence, the mean value of the dependent value estimated from the empirical model will have an 

underlying t-distribution with (n-2) degrees of freedom. There is no definitive information about 

the accuracy of the empirical modelling when considering the randomness underlying the 

independent variables. However, it has been demonstrated that the accuracy of an empirical model 

improves with increasing number of plotted data points (Alfredo & Tang, 2007).  

Figure 3.5:Plots of Shale Volume against Gamma Ray Index where kaolinite is the dominant clay mineral 

(left), and chlorite is the dominant clay mineral (right) 
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Hypothesis testing is a quantitative measurement of the accuracy of each estimated dependent 

variable. Hypothesis testing involves two steps. First, a hypothesis (a statement about the 

parameter of the sample population, here the value of the estimated dependent variable) is defined. 

Next, the suitable test statistic and its underlying probability distribution is shown. Subsequently, 

the test statistic is estimated. As the test statistic is a random variable, there is a probability of error 

in estimating its value from a sample of finite size. One mostly considered error type is Type I 

error. The probability of a Type I error (rejecting a null hypothesis when it is true) is the level of 

significance (Ŭ) and its specification is one of the steps of hypothesis testing (Alfredo & Tang, 

2007). In practice, typical values of level of significance lie between 1% and 5%. Finally, the 

unacceptable region (within which the null hypothesis is rejected) is specified.  

In this study, the selected level of significance is 5% and the associated confidence interval is 95%. 

Using this basis for computing (1- Ŭ) confidence interval for the empirical models at selected 

values of the dependent variable, the lower limit of the confidence interval is given by Equation 

3.15.  

ộАȾ Ớ  ώ  ὸ ȟ
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                                                                        (3.15)                            

and the upper limit given in Equation 3.16: 

ộАȾ Ớ  ώ  ὸ ȟ
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                                                                       (3.16)                      

Where Equation 3.17 computes the conditional standard deviation:  

Ὓ  В ώ ώ                                                                                          (3.17) 

Figures 3.6 shows the resulting 95% confidence intervals for Correlations A and B. The confidence 

interval for Correlation B is wider because of the greater uncertainty introduced in developing the 
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model with limited number of data as is shown by the value of the test statistic. Both linear and 

nonlinear regression analyses were then conducted to develop the correlations between Gamma 

Ray Index and Shale Volume, with the suitability test of each correlation being done using the 

method of the last squares. The best-fit correlation is such that the sum of the square of the residual 

values (the difference between the measured shale volume and the predicted shale volume) is 

minimum.  

Equations 3.13 and 3.14 shows that a corresponding shale volume of 0 is forecast at the zero value  

 

of the gamma ray index. On the other hand, the predicted value of the shale volume when the 

gamma-ray index is one is 0.786. Equation 3.13 is quite different from the linear model widely 

used in the Niger Delta. The linear model posits that the actual shale volume equals the gamma-

ray index computed from the gamma-ray readings. The following section develops the 

methodology to validate the newly formulated Niger Delta power-law model correlations and 

compares with the existing models discussed in the introduction (Clavier et al., 1971; Larionov, 

1969; Stieber, 1970). 

Figure 3.6: 95% Confidence Interval for Shale Volume Predicted with both correlations 
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3.4 Validation of Correlation  

16 pairs of data were used to validate Correlation A with only one pair available for Correlation B 

as indicated in Appendix A. Therefore, this section focuses on validating Correlation A. Figure 

3.7 plots the predicted Shale Volume Fraction versus the core measurements for the 5 previously 

described models and the new Power-Law Correlation. Data points that fall along the dashed line 

with a slope of 1 indicate a perfect prediction while data that plot above the line indicate an over-

estimation and data plotting below the line show an under-estimation.  

Therefore, the slope of the least squares linear regression is representative of the bias of the 

estimation model with slopes greater than 1 indicating an over-estimation bias and vice versa. 

Visual analysis of these plots indicates a strong overestimation bias for the Linear Model, with no 

clear bias for the other 5 models. Further analysis of the accuracy and bias is done by analysis of 

the histogram distribution of residual. Figure 3.8 shows this comparison in one plot.  Equation 3.18 

is used to calculate the difference between the predicted and actual shale volume measurements 

using:   

ὙὩίὭὨόὥὰ ὖὶὩὨὭὧὸὩὨ ὠίὬ ὃὧὸόὥὰ ὠίὬ                                                                                  σȢρψ  

Using this methodology, the standard deviation of the residuals is representative of the accuracy 

of the estimation models and the mean value is representative of the bias. Figure 3.9 plots the 

histograms of residuals for the 5 previously described models and the new Power-Law  

Correlation along with the corresponding standard deviations and means values. These results 

show that the linear model overpredicts shale volume for every considered instance and is 

consistent with the data shown in Figure 3.7. The Larionov (1969) model for young rocks (Tertiary 

and younger) and the Steiber (1970) model both under-predict the shale volume in most instances 
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with mean residual values less than one. The Larionov (1969) model for older rocks and the Clavier 

(1971) model resulted in more accurate and less biased predictions based on the smaller standard 

deviations and mean values closer to 1. Finally, the new Niger Basin Correlation has the lowest 

standard deviation and mean closest to 1, indicating the most accurate and least biased of 

estimation models.  

Finally, the estimation accuracy of the 6 models was examined by determination of the Root Mean 

Square Error (RMSE) a measure of the mean of the square of the residuals, with lower RMSE 

values indicating greater accuracy. These are given in Table 3.3, which agrees with the data in 
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Figures 3.8 and 3.9 and shows that the most accurate relationship for shale volume prediction in 

the Niger Delta Basin is the new correlation with the Clavier (1971) model and the Larionov (1969) 

model for older rocks also providing close estimations. With the probabilistic approach shown 

Figure 3.7: Plots of accuracy and bias associated with the shale volume predicted with the 5 existing 

models evaluated in this study and the new Niger Delta Correlation. 
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earlier, the 95% confidence intervals for mean shale volumes predicted with the new Niger Delta 

shale volume correlation will be obtained. 

 

 

 

 

 

 

 

 

Figure 3.8: Comparison of Shale Volume Prediction Models 
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Table 3.3: Root Mean Square Error (RMSE)

 

 

 

 

 

MODEL  RMSE 

Linear Model (Equation 10) 0.186 

Larionov (1969) - Tertiary Rocks 0.153 

Larionov (1969) - Older Rocks 0.122 

Steiber (1970) 0.141 

Clavier et al. (1971) 0.123 

Niger Delta Correlation (Power Law) 0.106 

Figure 3.9: Histograms of residuals for all 5 existing models and the new Niger Delta Correlation 
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3.5 Conclusion 

A new probabilistic shale volume prediction correlation has been developed using shale volume 

XRD core measurements and corresponding gamma ray log readings from wells in the Niger Delta 

Basin. Both land and swamp sections of the basin were covered by the model. This is the first 

model which uses actual measured shale volume and gamma ray readings from the Niger Delta 

Basin to develop a relationship for predicting shale volume using gamma ray index. This proposed 

model can find wide application when: (1) there are limited opportunities to acquire core samples 

and measure actual shale volume using X-ray Diffraction; and (2) there is limited budget to acquire 

additional well logs only gamma ray logs are available for shale volume computation. This 

correlation is quite applicable as most operators routinely have the acquisition of gamma ray logs 

in the logging programs (especially as gamma ray tools do not require nuclear sources). Although 

this correlation was developed with well data from the Niger Delta Basin, it can find important 

application for shale volume prediction in other basins around the world (e.g. Gulf of Mexico) as 

it has compared favorably to Larionov (1969)ôs model for older rocks and Clavier et. al (1971)ôs 

model. This is especially important as these two models were not calibrated with actual measured 

shale volume. With the core-backed probabilistic correlation model developed for shale volume 

prediction in the Niger Delta Basin,  more accurate  reserves estimates and rock strength properties 

will be calculated.
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Chapter 4 Experimental Investigation of the Rotary Cutting of Diabase Rock 

by a Triple-Edge Disc Cutter at Small Installation Radii 
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work that underpins this manuscript. Co-author Dr. Abdelsalam Abugharara reviewed the 
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and development of the experimental work. I conducted the literature review required to frame the 

research. I also contributed to the design and execution of the experiments. I analysed the 

experimental data and prepared the manuscript. the initial concept and carried out most of the data 

analysis. I authored the first draft of the manuscript and updated the manuscript to reflect the 

feedback from the co-authors and peer review process of the journal. The co-authors assisted in 

fine-tuning the concept. 

Abstract 

A disc cutter is a fundamental component of the setup of a large diameter drilling assembly.  

During the design and planning phase of a rock excavation project, the thrust and power 

requirements of the mechanical system depend primarily on the cumulative thrust and rolling 

forces of individual disc cutters. Additionally, the decision on the required inventory of disc cutters 

can depend on the layout of the cutterhead as well as the predicted side forces developed by 

individual disc cutters. As such, several researchers have conducted disc cutting experiments with 

single disc cutters and Linear Cutting Machines, while a few have accomplished the same with 
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single disc cutters and rotary cutting machines. This research presents a detailed experimental 

investigation of the drilling performance of a triple-edge disc cutter along small cutting radii. The 

drilling setup consists of an intact isotropic hard rock (diabase), a triple-edge disc cutter with 

tungsten carbide inserts, a rotary cutting machine, and cuttings evacuation systems. This research 

presents the observed rock-cutting mechanisms of the triple-edge disc cutter and the observed 

drilling performance (Rate of Penetration, Torque, Cutting Size) at varied applied drilling 

parameters (Thrust, Rotary Speed) and cutting geometry.  

4.1 Introduction  

As economic feasibility is essential in any mining operation, the advance rate into the solid rock 

body is a crucial consideration in the planning and execution all mining operations.  Rotary 

drilling, a form of mechanical rock excavation, combines indentation and cutting to achieve 

incremental removal of rock surfaces (Teale, 1965).  Rotary drilling can be either small diameter 

drilling or large diameter drilling.  The key differences between these rotary drilling applications 

are the diameter of the holes drilled and the effective rock properties that affect the drilling 

performance.  Small diameter drilling operations produce holes with diameters in the range of 

centimeters, while large diameter drilling operations generate holes with diameters ranging in 

meters.  

Operators use a tunnel boring machine (TBM) or a raise boring machine (RBM) to drill large 

diameter holes.  TBM finds extensive application in the excavation of tunnels to support the 

development of infrastructures like roads, railways, and pipelines.  With the increasing demand 

for infrastructure to help the world's growing population, there has been a year-on-year increase in 

the need for TBM (Balci and Tumaç, 2012).  As such, selecting an appropriate rate of penetration 
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(ROP) performance model for a TBM is vital (Balci and Tumaç, 2012; Rostami, 1997).  In the last 

forty years, there has been immense research into the understanding of the factors affecting the 

performance of TBM.  These researchers have introduced several performance prediction models, 

which are theoretical, empirical, or semi-empirical (Hamidi et al., 2010; Ramezanzadeh et al., 

2004). 

This research documents the drilling performance of a triple-edge cylindrical disc cutter cutting 

along tight circular paths.  The triple-edge disc cutter is described as cylindrical because the three 

individual discs are the same diameter.  While other investigators evaluated the cutter forces 

developed for different applied penetration depths of the disc cutter using single steel disc cutters, 

the authors of this work investigated the ROP of the triple-edged cylindrical disc cutter at varied 

applied thrusts, rotary speeds, or cutting radii.  They also evaluated the impact of varying applied 

disc cutter thrusts on the size of generated rock cuttings.  The setup of the disc cutter experiment 

consists of a block of isotropic igneous rock (diabase), a lab-scale drilling simulator (for 

application of thrust and rotation), and a triple-edge cylindrical disc cutter consisting of a steel 

matrix and tungsten carbide inserts.  Using a disc cutter whose cutting structure consisted of 

tungsten carbide inserts on a steel matrix body made the impact of disc cutter wear on the drilling 

performance negligible. This experimental setup is different from previous researches because the 

drilling simulator is designed to apply drilling forces and track the rate of advancement of the disc 

cutter on the rock.  

4.2 Past Research on Disc Cutter Drilling Performance 

This section explores the progressive investigation that several researchers have conducted on 

large diameter drilling performance.  The first part will review the fundamental studies on the 

performance of the TBM through experimental tests performed using the linear cutting machine.  
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In contrast, the second segment will show updated research into disc cutter performance using 

rotary cutting setups.  Several workers focused on experimental approaches, while the others 

utilized empirical methods.  However, some investigators combined experimental, theoretical, and 

empirical approaches.  Earlier studies focused on the performance of the disc cutter since the disc 

cutter is one of the primary rock-cutting tools utilized in large diameter drilling. 

Roxborough and Philips (1975) were some of the foremost workers who examined the excavation 

pattern and characteristics of the disc cutter.  They observed that existing knowledge of disc cutter 

performance had focused on the impact of rock properties on the drilling performance of the disc 

cutter, with significant attention being paid to the effect of disc cutter geometry and the cutting 

geometry on the performance of the disc cutter.  Roxborough and Philips (1975) extended the 

existing body of knowledge by conducting disc cutter drilling experiments on the Bunter 

Sandstone using a linear cutting machine.  Through the experiments, they sought to understand the 

effect of disc cutter geometry (disc cutter diameter and disc cutter edge angle), the rock cutting 

geometry (spacing between adjacent cuts, penetration depth), and the cutting speed on the 

performance of the disc cutter (determined by the cutting forces, yield (quantity of rock excavated 

per unit distance drilled), and specific energy (energy per unit volume of rock excavated)).  

Roxborough and Philips (1975) developed theoretical disc cutter performance prediction models 

and validated the same with the experimental.  They concluded that the thrust force had a strong 

positive correlation with the disc cutter diameter, edge angle, and penetration depth.  In contrast, 

the rolling force was almost neutral to the disc cutter geometry.  The specific energy decreased 

with increasing cutter spacing to penetration ratio (up to a value of 7). 

Tarkoy (1975) reviewed available research in large diameter drilling performance and observed 

that most were carried out using linear cutting machines in the laboratories.  While these laboratory 
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experiments provided insight into the drilling performance of individual disc cutters, the 

experiments' results could not be easily scaled up to predict the field performance of a TBM 

directly.  Therefore, Tarkoy (1975) sought to develop TBM prediction relationships using readily 

available excavation logs and rock cores.   The researcher obtained rock samples along known 

lengths of excavated tunnels.  The sampling locations accounted for the most extensive range in 

ROP and rock hardness.  Consideration was also given to ensure that the critical variables in the 

collected samples were the sampling locations (with the varying rock types) and the ROP.  Tarkoy 

(1975) obtained in-situ rock hardness at the sampled area and determined additional rock 

properties (e.g., Schmidt Hammer hardness, Abrasion hardness, Shore Scleroscope hardness, Rock 

abrasiveness, UCS, rock drillability) from laboratory tests.  Tarkoy (1975) made the following 

observations: ROP decreased with increasing rock hardness and UCS; cutter wear increased with 

increasing rock strength; and the muck size increased with increasing thrust per cutter.  The 

researcher also advanced correlations to quantify these observations.  

Ozdemir (1977) extensively studied the interaction between a hard, brittle rock and a disc cutter.  

This research led to the development of disc cutter prediction models based on disc cutter 

geometry, the cutting geometry, and the premise that the rock between two adjacent cuts failed in 

shear mode.  These models were also extended to account for the impact of disc cutter wear on the 

drilling performance of the disc cutter.  Ozdemir (1977) presented that disc cutter penetration, 

spacing between adjacent cuts, and the disc cutter edge angle are critical factors that impact the 

drilling performance of a disc cutter.  The values of cutting forces predicted using the developed 

theoretical relationships were validated with measured experimental force values and were 

consistent.  While the author proposes the possibility of success in scaling up the results of these 

laboratory-scale investigations, the nature of the rock mass in the field will significantly affect the 
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expected success.  The study was concluded with the proposal of a computer program designed to 

predict the field performance of a large diameter drilling machine.  

Bilgin (1977) extended the understanding of fundamental principles governing the performance of 

the disc and pick cutters.  For disc cutters, Bilgin (1977) explored the drilling performance under 

two different rock cutting modes:  unrelieved cutting (a cutting scenario where two adjacent cut 

grooves under the disc cutter do not interact) and relieved cutting (when there is interaction 

between the two adjacent cut grooves resulting in shear failure of the rock between the adjacent 

grooves).  Bilgin (1977) also investigated the principles underpinning the cutting performance of 

a blunt disc cutter by studying the impact of edge radius on the overall performance of the disc 

cutter.  To achieve these objectives, Bilgin (1977) utilized a partial factorial experimental approach 

and conducted several rock cutting experiments to evaluate the influence of disc cutter geometry, 

cutting geometry, and rock properties on the drilling performance of the disc and pick cutters.  The 

researcher conducted these rock-cutting experiments on a linear cutting machine.  The measured 

parameters were cutting forces, yield, specific energy, and coarseness index (a non-dimensional 

number used to compare the cutting size, which means the sum of the cumulative weight 

percentages retained in each sieve during the particle size analysis with the sieves).  The researcher 

proposed correlation models for predicting the drilling performance of sharp and dull disc cutters. 

Sanio (1985) demonstrated the influence of anisotropies and discontinuities on the cuttability and 

drillability of rock mass.  The researcher showed that tensile failure, rather than shear failure, is a 

significant chip-forming mechanism through theoretical analysis and disc cutter drilling 

experiments.  Sanio (1985) started by developing theoretical models of the normal (vertical) and 

rolling cutting forces acting on the disc cutter during the drilling operation and showed that these 

forces depend on disc cutter geometry (edge angle and disc diameter) and cutting geometry 
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(spacing between cuts and penetration depth).  In developing these models, the researcher proposed 

a cutting constant whose value (though dependent on the cracks' length and the rock properties) 

could only be determined through experimentation.  The researcher opined that the value of the 

cutting constant could depend on the orientation and degree of the rock's strength anisotropy.  Next, 

Sanio (1985) conducted disc cutter drilling experiments on different rock specimens with varying 

bedding directions.  The drilling parameters (disc cutter and cutting geometry) did not change over 

the experimentation program.  The cutting constants were computed based on the recorded cutter 

forces developed by the disc cutter during the drilling experiment.  In conclusion, Sanio (1985) 

modeled the impact of the strength anisotropy of the rock mass (due to schistosity on) disc cutters' 

cutting performance. 

Wijk (1992) generated mathematical relationships for predicting the disc cutter's cutting forces 

(thrust and rolling forces).  The researcher then developed models to predict the disc cutter life of 

several disc cutters installed on a cutterhead following an interval of tunneling.  The wear 

prediction model showed the dependence of the wear of the steel disc cutter on both the cutter 

forces and the rock properties (abrasiveness, strength, and tensile strength).  OôRourke et al. (1994) 

also investigated the impact of rock properties on TBM performance using experimental and field 

data.  The team compared the actual rock properties index (e.g., total hardness) to the computed 

field penetration index of the machine.  Despite the observed noise in the data (as admitted by the 

investigators), the study showed the following - a consistent decrease in ROP with increasing 

rebound hardness, an increase in the daily frequency of cutter change-out with increasing rock 

rebound hardness, and an increase in field penetration index (defined by thrust per cutter divided 

by the penetration per revolution) with increasing total hardness. 
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Using a semi-theoretical approach, Rostami (1997) modeled the cutting forces developed by the 

disc cutter by investigating the crushed zone pressure.  The researcher conducted several cutting 

tests in the laboratory with a linear cutting machine to establish the magnitude and location of the 

load distribution under the disc cutter while cutting several types of rocks with different strength 

properties.  From the experimental results, Rostami (1997) concluded that the entire length of the 

disc cutter in contact with the rock was not loaded.  Instead, the loaded area was 30-80% of the 

contact area and was almost coincidental with the center of the arc of contact.  

The researcher also observed that the width of the loading area increased with the penetration depth 

in soft rocks, and no similar observation was made for hard rocks.  In addition, the results of the 

cutting tests showed that the rock failed primarily in front of the disc cutter.  Using the significant 

database of the cutting forces measured while cutting different rocks with the disc cutters, the 

researcher developed equations for force estimation.  These models show the dependence of the 

developed cutting forces on the disc cutter geometry (e.g., disc cutter diameter, disc cutter tip 

width), cutting geometry (e.g., spacing between adjacent cuts and penetration depth), and intact 

rock properties (e.g., tensile strength and uniaxial compressive strength), and disc cutter geometry 

(tip width and cutter radius).  Then, Rostami (1997) validated the accuracy of this new model with 

filed performance data. 

Laughton (1998) argued that the existing methods for estimating the tunnel excavation duration 

failed to account for the uncertainties associated with the tunneling operation.  This failure resulted 

in significant misunderstandings in cases where tunneling activity was on the projectsô critical 

paths.  The researcher proposed that using the database of past TBM operations would enable 

objective and complete TBM performance prediction.  Hence, Laughton (1998) reviewed existing 

TBM databases to obtain TBM performance data.  Next, the researcher conducted rock mass 
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characterization as the rock mass is known to impact the performance properties of the cutterhead.  

Then, Laughton (1998) applied probabilistic methods to predict the time required for tunneling 

operation (Time To Complete Tunnel, TTCT). 

Following these earlier works, several researchers continued investigating the performance of disc 

cutters (with some using linear cutting machines for experimental studies).  As a result, they have 

developed theoretical, empirical, or semi-empirical models suitable for intact rocks or rock masses. 

Grima (2000) presented the results of modelling of TBM performance using neuro-fuzzy methods. 

Thuro and Plinninger (2003) highlighted three key parameters influencing rock excavability ï rock 

and rock mass properties: machine parameters and the working process. Ramezanzadeh et al. 

(2004) reviewed existing hard rock TBM performance prediction models and provided a summary 

on rock indentation by disc cutter, failure mechanism and key factors affecting TBM performance.  

Yagiz (2006) investigated the impact of rock mass fracture and brittleness on TBM performance. 

The researcher extensively mapped the joints and fractures along the Queens Water Tunnel in New 

York City. The data obtained for the machine, rock properties and geology were regressed together 

with the basic penetration rate derived from the existing model. Based on this research, Yagiz 

(2006) proposed a new model for TBM performance prediction.  Balci & Tumaç (2012) 

investigated the impact of rock structural properties and a V-type disc cutter on the cuttability of 

rock. Rostami (2008) presented a modeling for the design and prediction of performance of a hard 

rock TBM cutterhead.  

Yagiz et al. (2009) constructed non-linear multivariable prediction models to evaluate TBM 

performance as a function of rock properties. To achieve this, the researchers collected rock 

properties and machine data from a completed TBM tunnel project in the City of New York, USA 

and subsequently set up a database to develop performance prediction models using Artificial 
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Neural Networks and the non-linear multiple regression methods. The researchers then applied 

these non-linear prediction approaches providing the acceptable precise performance estimations. 

Hamidi et. al. (2010) presented an empirical model for TBM performance prediction based on the 

Rock Mass Rating system. Entacher et al. (2014) shows the process of implementing the method 

for the measurement of the cutting forces of individual disc cutters on a TBM. From the 

implementation, the researchers observed peak cutting forces and irregular distribution of forces 

across the tunnel face.  

Yang et. al. (2016) introduced a brittle damage model for evaluating the interaction between the 

rock and the disc cutter. This model, based on dynamic finite element method, shows that the wear 

extend of the disc cutter was strongly dependent on the developed lateral forces. As such, these 

linear cutting tests sufficiently estimate disc cutter wear. Rostami (2016) reviewed existing TBM 

performance prediction models and shared additional research into improving performance 

prediction for difficult ground. Maji and Theja (2017) modeled the penetration rate as a stochastic 

variable that is dependent on geotechnical and TBM parameters. They determined the statistical 

distribution and used same to characterize the penetration rate.  

Xu et al. (2019) applied supervised machine learning techniques to the prediction of TBM 

performance. Koopialipoo et. al. (2019) presented a model for predicting the penetration rate of 

TBM based on group method of data handling. Pan et al. (2018) presented results of full-scale 

rotary cutting tests to investigate the impact of disc cutter installment radius on rock cutting forces. 

The researchers noted a very uneven distribution of disc cutter cutting forces on the cutterhead 

with consideration to the impact of disc cutter installation radius on rock cutting forces. Rispoli 

(2020) also adopted a stochastic approach to predict the performance of hard rock TBM. Li et al. 

(2021) presented a machine learning model for real-time prediction of TBM performance. Zhang 
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et al. (2021) developed and applied in-situ indentation testing system to predict TBM performance. 

Comakli et al. (2021) presented experimental studies conducted with portable linear cutting 

machines and verified its useability for design and prediction of TBM performance.  More recent 

researchers have increasingly incorporated big data, deep learning, and machine learning in 

developing TBM prediction methods (Chen and Seo, 2023; Fang et al., 2023; Li et al., 2023; Li et 

al., 2023; Wang et al., 2023; Wang et al., 2023; Zhang et al., 2023) 

The researchers discussed above conducted their experimental investigation using either a small 

or large-scale linear cutting machine.  Then, they scaled up the resulting prediction models to 

estimate anticipated TBM performance in the field.  Ozdemir (1977) highlighted that linear cutting 

experiments in the laboratory closely matched the cutting actions of disc cutters positioned close 

to the gauge position of the TBM, while the cutting action along a tight circular path showed a 

pattern of rock breakage that was more concentrated on the inner side of the cutter.  The following 

paragraphs present the research conducted into the performance of a disc cutter cutting along a 

rotary path. 
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Figure 4.1 shows a sectional view of a constant cross section (CCS) disc cutter, while Figure 4.2 

depicts the rotary cutting motion based on a model proposed by Xia et al. (2015). The mathematical 

model that Xia et al. (2012) developed is used to estimate the three cutting forces during the rotary 

cutting action of a single disc cutter ï normal force, rolling force, and side force.  The researchers 

showed the two components of the developed normal force.  The first component depends on the 

UCS of the rock and the disc cutter-rock contact area, while the second portion is the sum of the 

vertical components of the developed shear forces.  Xia et al. (2012) indicated that the developed 

side force is the sum of the inner and outer side force vectors acting on the disc cutter acting on 

Figure 4.1:Partial Sectional View and geometry of a CCS disc cutter (Xia et al. 2015) 
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the disc cutter during rotary cutting.  Then, the rolling force is the product of the developed normal 

force and the cutting coefficient.    

Equations 4.1- 4.4 show the developed mathematical relationships for predicting cutting forces. 

Ὂ ὙίὭὲ‰ὄ Ὤςὶ Ὤ Ȣ„
ȢȢ Ȣ Ȣ Ȣ

Ȣ
                  τȢρ                                    

Ὂ ὊȢ                                                                                                                 (4.2)                                                                                                                            

Figure 4.2: Rotary Cutting Motion (Xia et al. 2015) 
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Ὂ                                                                                                                   (4.3) 

Ὂ
 

                                                                                                                (4.4)                                                                                 

Where: 

Ὂ= normal force (N) 

Ὂ = lateral force component near the central axis of the cutter head (N) 

Ὂ = the lateral force component far from the central axis (N) 

Ὂ= rolling force (N) 

B = width of the tip of the disc cutter (m) 

h = penetration depth (m) 

  = contact angle between the disc cutter and the rock (rad);  ‰ ὥὶὧὧέί 

R = Radius of the disc cutter (m) 

ⱥ = edge angle of the disc cutter 

r = transition radius or edge radius of the disc cutter (m)     

„= Unconfined compressive strength (MPa) 

† = Shear strength (MPa)  

Ὑ= installation radius of ith disc cutter on the cutterhead of the TBM (m) 

S = disc cutter spacing (m) 
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‍ ÐÈÁÓÅ difference between the ith disc cutter and its adjacent cutters (rad), n=1,2 

Ɋ = angle between two sidelines (rad); ‪ ςὥὶὧίὭὲ
Ѝ

 

Xia et al. (2012) also conducted rotary cutting tests with the disc cutter to validate their developed 

theoretical cutting forces model.  In this testing program, they varied the penetration depth, cutting 

spacing, phase angle, and installation radius to see the values of the developed rotary cutting forces.  

They observed that the developed normal forces are slightly higher at small installation radii before 

flattening out as the installation radii increased.  However, the side forces (lateral forces) declined 

steeply as the installation radii increased.  The team thus concluded that the experimental values 

validated the theoretical models.  Additionally, while the normal and rolling forces were not 

sensitive to the installation radii of the disc cutters, the side forces strongly depended on the 

installation radii.  

Xia et al. (2016) investigated the rotary cutting characteristics of a single center disc cutter (at 

varying installation radii).  They acknowledged that the complex loading situation of the center 

disc cutters results in increased developed side forces and that this complex loading impacts the 

life of the disc cutter because of increased disc cutter failures.  The diagrammatic representation 

of the rotary cutting characteristics of the centre disc cutter is shown in Figure 4.3.  
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The researchers opined that the mean side forces developed during linear cutting tend towards 

zero.  However, for rotary cutting at small installation radii, the inner side force exceeds the outer 

side force, resulting in a mean side force whose direction is towards the centre of cutterhead 

rotation.  As a result of the rotary cutting at small installation radii, Xia et al. (2016) indicated that 

lateral rolling annulus grooves are developed.  They proposed that the inner side of the disc cutter 

breaks off the rock by shearing.  They also opined that the rotary cutting motion of the centre disc 

cutter resulted in crushing the rock's side closest to the center of rotation.  Xia et al. (2016) 

developed models to compute the width of the lateral rolling annulus grooves as well as the 

Figure 4.3: Rotary Cutting Characteristics (Xia et al.2016) 
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developed side force.  These relationships show that the magnitude of the developed side force 

depend on the disc installation radius, disc cutter radius, the rock shear strength, and the penetration 

depth of the disc cutter.  The annulus width depends on the disc cutter radius, installation radius 

and penetration depth.  Equations 4.5 ï 4.7 show the models for computing annulus width and side 

force. 

ύ Ὑ ςὶὬ Ὤ    Ὑ                                                                                                                     (4.5)  

Ὓ                                                                                                                            (4.6) 

Ὂ „Ὓ                                                                                                             (4.7) 

Where Ss (m
2) is the area of the inner side of the rock that undergoes shear failure due to the rotary 

cutting action of the disc cutter, w is the annulus width (m), Rr is the installation radius of the disc 

cutter (m), h is the penetration depth (m), „ is tensile strength of the rock, r is the disc cutter radius 

(mm), Fs is the resultant side force (kN). 

The researchers validated the developed prediction models through rotary cutting experiments.  

The researchers concluded that the width of the annulus and the developed side forces significantly 

increase with decreasing installation radius of the disc cutter. Ren et al. (2018) further explored 

the rotary cutting of a disc cutter at different installation radii.  The researchers proposed that rock 

failure resulted from crushing by normal forces developed under the disc cutter as from shearing 

of the inner rock by the side force.  In this study, the researchers focused on the cutting 

characteristics of the disc cutter in shield tunneling applications, which are predominantly used for 

excavating soft deposits, mixed-face ground, and other complicated geological setups. For a weak 

formation, the researchers suggested that the entire arc of the disc cutter in contact results is loaded 



 

96 

 

and results in rock cutting. This observation contrasts with the comment that Rostami (1997) made 

about the loading area during the cutting of hard rocks (where 30-80% of the contact area is loaded 

depending on the strength of the rock).  Figure 4.4 shows rotary cutting. While the models 

developed and validated by Ren et al. (2018) apply to soft rock applications, the concept they 

presented about the rotary cutting characteristics at different disc cutter. 

installation radius, d (shown in Figure 4.4) provides beneficial insights.  Figure 4.4 shows that at 

smaller installation radii, a significant portion of the rock is removed through the shearing action 

by the side force developed by the inner side of the disc cutter, while crushing by the normal impact 

load accounts for majority of the cutting obtained when the installation radius is larger. 

Pan et al. (2018) also carried out full-scale rotary cutting tests to investigate the impact of the 

installation radius of the disc cutter on the developed rock cutting forces.  From their experiments, 

Figure 4.4: Rotary Cutting Pattern by the Disc Cutter (Ren et. al. 2018) 
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they concluded that the normal and rolling forces of the disc cutter experience rapid decrease at 

early increase in installation radius before stabilizing.  Secondly, the innermost disc cutters 

experienced two to four times the normal and rolling forces experienced by the outermost disc 

cutters.  Hence, Pan et al. (2018) could show that there was a non-uniform loading of the disc 

cutters installed at various positions on the cutterhead of the TBM, further explaining the observed 

wear pattern on the installed disc cutters. 
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In summary, the failure mechanism of the rock under normal forces is provided by Rostami (1997).  

The researcher proposed that as the disc cutter rolls over the rock, the friction between the rock 

and the disc cutter causes a contact area between these two bodies.  As the disc cutter penetrates 

the rock, a sharp and very rapid loading of the rock arises and continues while creating a crushed 

zone.  Then, the loading declines at a lower rate as the crushed zone functions as a buffer.  As a 

result, rock failure occurs because of the crushed zone and leads to a subsequent drop in the 

loading.  The loading cycle ends as the pressure in the crushed zone drops to significantly low 

values or zero.  Figure 4.5 shows a typical cutting cycle. The results of the rock-cutting sequence 
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showing the progression of the developed cutting forces with time were presented by Entacher et 

al. (2013), Choi and Lee (2015), and Pan et al. (2017).   

Another research that investigated the fundamental principles underlying rotary drilling was 

conducted by Maurer (1962).  While this study applies significantly to drilling bits (especially 

roller cone bits), the investigator pointed out that the study can also extend to the drilling or 

penetration of rocks using spheres (like disc cutters).  Maurer (1962) presented a relationship to 

predict drilling performance for ñperfect-cleaning scenariosò and ñimperfect cleaning scenariosò 

The investigator used ñperfect cleaning scenarioò to indicate a situation where all the rock 

Figure 4.5: Developed Forces Per Rock Cutting Cycle (Choi and Lee 2015) 
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fragments broken off during drilling are removed leading to the absence of regrinding.  Equations 

4.8 and 4.9 show the developed relationships for the performance of rotary drilling during perfect 

cleaning. 

ὙὕὖὯ                                                                                                                                      (4.8) 

Ὕ ὡὕὄ                                                                                                                                          (4.9) 

where ROP = rate of penetration (ft/hr); k = drillability constant; N = rotary speed (rpm); WOB = 

Weight on Bit (lb); D = hole diameter (inches); Sr = rock strength (MPa); T = drilling torque (ft.lb). 

The guidelines for predicting rotary drilling performance for imperfect cleaning were shown too.                       

This section presents the results of unrelieved and relieved cutting tests conducted to understand 

the impact of installation radius and cutting parameters on the performance of the disc cutter.   

In this chapter, the thesis will present experimental setup for these rotary disc cutting experiments. 

The key difference between these experiments and most documented tests is that these experiments 

are performed with a rotary cutting machine and not linear cutting machines. Through rotary 

cutting experiments, the cutting motions of discs positioned on a large diameter cutterhead are 

simulated. By adjusting the offset radius of the disc cutter from the centre of rotation of the drill 

string, the cutting behaviour of disc cutters positioned at different radii away from the centre of 

the cutterhead can be evaluated. In these drill-off tests, the impact of wear on cutter performance 

is mitigated using disc cutters with tungsten carbide inserts. For the drill off tests documented in 

this thesis, drilling forces are imposed on the disc cutter cutting the rock and the rate of 

advancement of the disc cutter as well as the developed torque are recorded. In most documented 

disc cutter experiments, the developed drilling forces are measured after applying specified depths 

of cuts. 
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4.3 Experiment: Equipment, Procedures, and Testing Matrices 

Figure 4.6 shows the diabase rock. This section continues to describe the rock properties, the disc 

cutter geometry, the rotary cutting machine specifications, the drilling data acquisition system 

(numerical and videographic data), and the cuttings evacuation method for either cutting mode.  

The rock properties, disc cutter geometry, drilling data acquisition system, and rotary cutting 

specifications were the same for the unrelieved and relieved cutting tests.  However, these two 

methods of cuttings evacuation and collection techniques differed. 

4.3.1 Rock  

The research team used diabase, a type of gabbro.  Gabbro is an intrusive hard igneous rock that 

is also mafic.  Gabbro is commercially known as black granite (Winkler 1997).  Ahead of the rock 

cutting tests, several pre-cut isotropic blocks of diabase rock with dimensions 30cm x 30cm x 

16cm were delivered to the Drilling Technology Laboratory.  The picture of one of the diabase 

cm 

inc

c
m

 

inc

Figure 4.6:  Diabase Block before a drilling run (30cm x 30cm) 
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blocks before a drilling run is shown in Figure 4.6.  Figure 4.6 indicates that the rock sample has 

a smooth surface, requiring no further smoothening activities ahead of the drilling experiment. The 

rock samples used for the rock cutting tests were sourced from the same vendor (and the same 

quarry), hence the expectation of uniform mechanical properties.  However, through several tests, 

Shah (2020) and Weizhou (2021) established the chemical composition and mechanical properties 

of the intact diabase block.  Table 4.1 highlights the test protocols, while Table 4.2 presents the 

results of the compositional analysis and mechanical properties tests. 

Table 4.1: List of Conducted Mechanical Properties Tests 

Mechanical 

Properties 

Test 

Key 

Measured 

Properties 

Testing Protocol Apparatus Sample 

Status 

Density ” 

 

 Caliper and a weight 

scale 

Rock core or 

disc 

UCS UCS, E ASTM D7012-14 Geomechanics loading 

frame 

Rock core 

Indirect 

Tensile 

Strength Test 

„ 

 

ASTM D3967-16 Geomechanics loading 

frame 

Rock disc 

Point Load 

Strength Index 

Test 

„  ASTM D5731-16 Geomechanics loading 

frame 

Rock core 

Elastic 

Properties Test 

’ȟ ’, ɜ, E 

 

ASTM D2845-08 Oscilloscope, 

transducers, and 

receivers 

Rock core or 

disc 

Cerchar 

Abrasiveness 

Index, CAI 

Rock 

Abrasiveness 

ASTM D7625 CAI Setup Rock core 

 

  

a b 
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Table 4.2: Results of Compositional Analysis and Mechanical Properties Tests on Diabase Rock 

(black granite) Sample (Weizhou, 2021) 

Property Number of Samples 

Tested 

Numerical value 

” (kg/m3) 24 2900.63  34.46 

UCS (MPa) 7 168.40  7.54 

E (GPa) 7 13.31  2.31 

ὺ (m/s)  5 5480.91  109.34 

’ (m/s) 5 3433.19  53.97 

Ὁ (GPa) 5 81.14  1.43 

ɜ         5 0.21  0.03 

„ (MPa) 14 16.27  2.56 

„     (MPa) 20 14.17  0.69 

CAI 5 4.16  0.47 

Mineral Composition Anorthite (61.4%), Actinolite (22.4%), Muscovite 

(13%) and Quartz (3.2%) 

A range of values for some mechanical properties of Gabbro (diabase is a kind of gabbro), provided 

by Aadnoy and Looyeh (2019), is listed below. 

1. Porosity: 0.3 ï 9.6% 

2. Density: 2700 ï 3300kg/m3 

3. Permeability: Nil 

4. Tensile Strength: 7 - 25MPa 

5. Shear Strength: 14 ï 50MPa 

6. UCS: 100 ï 250MPa 

7. Poissonôs Ratio: 0.2 ï 0.3 

8. Isotropic Elastic Modulus: 7.8 ï 99.4MPa 

9. Isotropic Shear Modulus: 3.2 - 41.1MPa 

 

Thus, the results of the mechanical properties tests on the sample diabase rock fall well within the 

expected range found in the literature. Davarpanah et. al. (2020) pointed out the difference between 

static elastic modulus (E) and dynamic elastic modulus (Eô). Static elastic modulus is computed 

through destructive mechanical tests while dynamic elastic modulus is derived from non-

destructive tests through the measurement of velocity of propagation of ultrasonic elastic waves. 

Davarpanah et. al. (2020) also highlighted that the dynamic modulus of elasticity is higher than 
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the static modulus of elasticity. For diabase, they showed that the dynamic Youngôs Modulus is 

thrice the static modulus of elasticity. 

4.3.2 Disc Cutter 

The disc cutter in this study, whose plan view is shown in Figure 4.7, consists of three discs 

machined out of a steel matrix whose cutter structure.  Each disc of the disc cutter consists of 

twenty tungsten carbide inserts arranged around the disc circumference.  Table 4.3 lists the 

additional features of this disc cutter. 

 

 

 

 

Figure 4.7: Plan View of a Disc Cutter 
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Table 4.3: Features of the Disc Cutter 

Overview 

Number of discs 3 

The diameter of each disc 180mm (cylindrical disc); uniform diameter 

Cutter type Tungsten Carbide Inserts in the Steel Disc 

Cutter Matrix  

Height of insert (Wear limit) 5mm 

Max allowable applied thrust per disc 26.6kN 

Spacing between discs 42.6mm 

Disc cutter included edge angle 103 degrees 

Wear flat 1.04mm 

 

4.3.3 Disc Cutter Mount 

Table 4.4 continues to outline the metallurgical composition of the disc cutter matrix.  This 

composition was obtained using an X-Ray Fluorescence Scanner. 

Table 4.4: Composition of the Disc Cutter  

Metallic Component Percentage Composition Error Band (+/ - %)  

Molybdenum, Mo 0.319 0.035 

Nickel, Ni 3.612 0.486 

Iron, Fe 93.402 0.866 

Manganese, Mn 0.438 0.201 

Chromium, Cr 1.745 0.182 

Tungsten Carbide 0.295 0.011 

 

The disc cutter was installed to the Large Drilling Simulator through a disc cutter mount designed 

and fabricated at Memorial University of Newfoundland (De Moura Junior 2021).  The disc cutter 

mount was designed to allow the disc cutter to achieve three degrees of freedom.  Figure 4.8 

indicates the different degrees of freedom of movement of the disc cutter ï the installation radius 

(or cutting radius) (R), the journal angle (ɗ), and the offset angle (ʌ).   
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Figure 4.8: Disc Cutter on the Disc Cutter Mount (Degrees of Freedom of Movement on the Right) 

(De Moura Junior 2021) 
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Journal angle is the angle between the disc cutter's centerline and horizontal axis with the disc 

cutter rotation being about the z-axis.  The offset angle indicates the angle between the disc cutter's 

centerline and the axis of rotation of the drillstring with the rotation being about the y-axis.  The 

horizontal adjustment of the disc cutter away from the centre of rotation of the drillstring is 

achieved with radial adjustment.  This translation of the disc cutter along the x-axis results in 

changes in the cutting radii. In this section of the thesis, the disc cutter drilling was conducted with 

fixed installation radii of the discs, a fixed journal angle, and a fixed offset angle.  Figure 4.9 shows 

the installation radius of each disc in the disc cutter. 

Figure 4.9: Installation Radius of Each Disc of the Disc Cutter 
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4.3.4 Experimental Drilling System 

The rotary cutting machine, the Large Drilling Simulator (LDS), used for this experiment was 

designed and fabricated by the Drilling Technology Laboratory of the Memorial University of 

Newfoundland (Arvani et al., 2014; Said et al., 2022).  Figure 4.10 shows the LDS for drilling.  

Figure 4.10: Large Drilling Simulator (LDS) with the Data Acquisition (DAQ) System 
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The critical components of the Large Drilling Simulator (LDS) are:  

1. Rotary System: The rotary system has a 32KW high torque synchronous servo motor.  

The servo motor can generate 1110 Nm instantaneous and 560 Nm continuous torque.  The 

rotary system can supply 550 ï 1000rpm. 

2. Thrust System: The thrust system is like the hoisting system in the conventional drilling 

rig.  For the LDS, two pneumatic cylinders are designed to apply static vertical thrust on 

the rock.  A hydraulic servo-actuator is also installed to provide a dynamic drilling load.  

The system can deliver up to 100kN of thrust on the rock.  To achieve a closed-loop control 

for feedback, the laboratory incorporated a load cell, accelerometers and magnetostrictive 

displacement transducers. 

4.4 Setup for Videography of the Experiment 

A high-speed video imaging camera enabled the videographic documentation of the drilling tests.  

This camera was connected to the disc cutter mount via a steel rod.  The camera was positioned 

20cm away, a distance corresponding to the focal length of the camera.  This high-speed camera 

could capture up to 1000 frames per second.  
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An LED light source was used to ensure proper illumination of the drilling setup.  Figure 4.11 

shows the arrangement of the camera and the light for the disc cutter drilling experiment.  This 

setup was used during a dry drilling mode (further explained in the subsequent section). 

4.5 Setup for Cuttings Collection  

Two modes were designed for drilled cuttings cleaning and collection.  Dry drilling mode, the first 

mode adopted for unrelieved cutting, involved using a vacuum system to evacuate the cuttings 

generated during the disc cutting experiments.  On the other hand, the wet drilling mode was 

adopted for the relieved cutting in the second batch of the investigation.  This method, shown in 

Figure 4.12, employed two 300psi spray nozzles to jet water at atmospheric pressure and an 11.5 

liter/min (0.0115m3) flow rate onto the rock surface during the drilling experiment.  

Figure 4.11: Setup of Camera and Light for the Disc Cutter Experiment 
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After each dry drilling run, the generated dry cuttings were collected, bagged, and labelled for 

Particle Size Analysis.  These samples no further oven-drying before gradation analysis, unlike the 

samples collected from wet drilling runs.  No material (except evaporated water) was lost during 

the oven-drying of the drilled cuttings. 

Figure 4.12: The setup for Wet Drilling 

30cm 
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4.6 Drilling Matrix  

This section outlines the drilling matrix adopted in the disc cutter drilling experiment. The 

experiments covered relieved and unrelieved drilling. Relieved drilling occurs when the grooves 

under adjacent disc cutters interact resulting in chipping while in unrelieved cutting mode, there 

are no interactive grooves. Spacing between discs as well as the rock strength determine whether 

relieved or unrelieved cutting occurs as is shown in Figure 2.3. For these experiments, the same 

rock and triple disc cutter with fixed disc spacing were used.  

4.6.1 Unrelieved Drilling 

4.6.1.1 Variation of Thrust at Fixed Rotary Speed 

Table 4.5 shows the drilling matrix used to investigate the impact of varied applied thrust on disc 

cutter drilling performance at constant rotary speed.  Each drilling step, corresponding to an 

applied drilling parameter, was repeated thrice to ensure the repeatability of the experiment.  Each 

drilling step lasted for 3 minutes. 10 rpm was the most stable rotary speed that did not result in 

vibration at high thrust. 

Table 4.5: Drilling Matrix for Variation of Thrust at Fixed Rotary Speed 

RUN CODE Rotary speed (rpm) Thrust (kN) 

RUN 1A 10 3.2 

4.5 

6.9 

9.5 

12.0 

14.8 

17.1 

19.6 

RUN 1B 10 3.0 

4.3 

6.2 

8.2 
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11.7 

12.6 

15.8 

18.0 

20.9 

RUN 2A 10 7.0 

19.0 

21.0 

23.9 

RUN 2B 20 7.0 

19.0 

21.0 

23.9 

 

4.6.1.2 Variation of Rotary Speed at Fixed Thrust 

Table 4.6 indicates the drilling matrix applied to investigate the influence of varied rotary speeds 

on the drilling performance of the disc cutter at constant applied thrust. 

Table 4.6: Drilling Matrix for Variation of Rotary Speed at Fixed Thrust 

RUN CODE 
Thrust 

(kN) 

Rotary 

speed 

(rpm) 

RUN 3A  17.3 

5.0 

7.5 

10.0 

12.5 

15.0 

17.5 

20.0 

22.5 

25.0 

RUN 3B 17.3 
25.0 

27.5 
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30.0 

32.5 

35.0 

37.5 

40.0 

 

4.6.2 Relieved Drilling 

4.6.2.1 Variation of Thrust at Fixed Rotary Speed 

Table 4.7 shows the drilling matrix used to evaluate the disc cutter drilling performance for 

relieved drilling when the applied thrust is varied at a fixed rotary speed.  Although actual relieved 

cutting was not achieved in any drilling run, it was simulated using a fresh rock surface for each 

drilling test. Simulating both relieved and unrelieved cutting is critical to demonstrate the value of 

optimum disc cutters spacing to achieve relieved cutting on rocks of different strengths. Unrelieved 

cutting does not represent the mode of rock cutting in the field; however, it is the default mode of 

cutting if the disc cutters spacing is sub-optimal for rocks. For this experiment, unrelieved cutting 

persisted several cycles of cutting and application of increased cutting forces because the sample 

rock had high strength and the disc are not optimally spaced to achieve relieved drilling.  

Table 4.7: Drilling Matrix for Variation of Thrust at Fixed Rotary Speed  

RUN 

CODE 

Thrust 

(kN) 

Rotary 

speed 

(rpm) 

RUN 4 6.8 10 

 9.6 

11.7 

14.2 

16.6 

18.9 

21.6 

22.5 
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4.7 Results and Discussion 

4.7.1 Rock Failure Mechanisms 

The major observed rock failure mechanism is crushing under the discs due to the compressive 

load (thrust) applied to the disc cutter.  Evidence of the failure of the rock by crushing, which is 

indicated by the size of drilled cuttings generated during the drilling tests, is presented in Figure 

4.13.   

From the picture, the cuttings collected are finely crushed with particle sizes ranging from 

0.075mm to 4.75mm.  Another observed rock failure mechanism (shown in Figure 4.14) is 

 Figure 4.13: Sample Drill Cuttings from Disc Cutter Experiment 
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shearing due to the side forces generated by the rotary motion of the disc cutter at a small 

installation radius as highlighted by Ren et al. (2018). 

 

 

Figure 4.14: Surface of the Drilled Rock After a Drilling Run - 3,4,9,10 (Annular groove under Disc 1 at 

1.74cm offset radius); 2,5,8,11 (Annulus groove under Disc 2 at 6cm offset radius; 1,6,7,12 (Annulus 

groove under Disc 3 at 10.26cm offset radius)  
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The width of the annulus groove under the individual discs measured at different applied thrusts 

is presented in Table 4.8. 

Table 4.8: Measured widths of annulus groove under each disc 

 Installation Radius of the Disc 

Applied 

Thrust  

Disc 1 

1.74cm 

Disc 2 

6.00cm 

Disc 3 

10.26cm Comments 

6.8 29.19 28.25 27.48   

9.6 29.38 28.43 27.54   

11.7 30.51 29.52 28.85   

14.2 29.91 28.30 27.32   

16.6 30.62 29.78 28.40   

18.9 27.02 24.98 24.40   

21.6 31.27 30.15 29.16   

22.5 28.05 27.2 26.10 

Drilling stopped abruptly when the 

drilling torque exceeded the safe limit 

of the drilling equipment 

A clear indication of the measurements shown in Table 4.8 is that the widths of the annulus grooves 

and the developed side forces at all applied thrust decreased as the installation radius of the discs 

in the disc cutter increased (Xia et al. 2015; Xia et al. 2016).  It can thus be inferred that when 

drilling with the triple disc cutter in which the individual discs are unable to rotate independently, 

there will a greater degree of developed side forces due to the non-uniform rotation pattern of the 

individual discs.  

There was no observed interaction between adjacent grooves produced under the triple disc cutter 

throughout the drilling experiment.  This process that resulted in no rock failure between adjacent 

grooves is described as an unrelieved cutting mode (Comakli et al., 2021).  Had the rock between 

adjacent grooves failed, the resultant drill cuttings would have been long and angular, as was 

pointed out by Rostami (1997) when describing the disc-cutting process. 
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4.7.2 Dependence of ROP and Drilling Torque on Applied Thrust 

Known thrust values were applied on the disc cutter through the drillstring to achieve rotary cutting 

on the rock surface during each test.  Drilling at all applied thrust values was conducted on one 

fresh rock face for unrelieved cutting.  While relieved, cutting was simulated by carrying out each 

drilling step (corresponding to a thrust value) on a new rock surface.  As drilling progressed, the 

Data Acquisition System of the LDS recorded several output drilling parameters - time, vertical 

displacement of drillstring, drilling torque, observed thrust, and observed rotary speed.  

The drilling data capture occurred every 0.01second, resulting in significant data being recorded 

during the duration of the drilling.  During the data analysis, it was noted that the rotary speed and 

thrust values measured during drilling differed slightly from those inputted before drilling 

commenced.  Hence, the resultant penetration rate was normalized for the slight variation in rotary 

speed and thrust.  To obtain the penetration rate at any designated drilling step, a plot of the vertical 

position of the drillstring was made against the drilling duration.  Figure 4.15 shows the drilling 
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rate at 12.23kN thrust and 10rpm.  The displacement-time plot shows the progression of drilling 

as time passed.  A linear relationship describes the displacement-time relationship.  

The scatter observed in the displacement data can be attributed to noise and to the rock-cutter  

 

interaction.  To investigate the impact of noise on the degree of scatter, two displacement time 

charts are shown in Figure 4.16. One chart shows a 1-minute drilling interval while the second 

chart shows a 1-minute no drilling interval.  The displacement data recorded during the non-

drilling interval when there is no cutter-rock interaction showed some degree of scatter alludes to 

some noise in the recorded data.  However, for the 1-minute drilling interval, while some scatter 

Figure 4.15: Displacement versus Time Plot (12.3kN and 10rpm) 
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was seen, there is clearly a linear relationship showing that as the experiment progressed, drilling 

occurred at the rate of 0.0296cm/minute.   

Figure 4.17 shows a 1-minute cutting cycle indicating the rock-disc cutter interaction as 

highlighted Rostami (1997) and Choi and Lee (2015) and illustrated in Figure 4.5. 

 

To compute the ROP at different applied thrust values, the values of displacement recorded at 

varying time of the disc cutter drilling were plotted.  The slopes of these plots are the different 

ROP.  The coefficient of determination (R2), a statistic for evaluating the degree of variation of the 

dependent variable that can be predicted from the independent variable, was used to check the 

Figure 4.16: 1-minute Displacement-Time Plots 
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suitability of using the slopes of the different displacement-time plots to represent the achieved 

ROP.  

Table 4.9 shows some drilling results of Run 1A.  Tabulated are the recorded rotary speeds, the 

computed ROP, the normalized ROP, and the Depth of Cut (which is the quotient of ROP 

(mm/min) and rotary speed (rev/min) and corresponds to the penetration of the disc cutter per 

rotation of the drillstring). The lateral displacement was regressed against the time of drilling to 

get the average rate of advancement of the disc cutter on the rock (ROP). 

  

Figure 4.17: 1-minute Thrust-Time Plot Showing rock-disc cutter interaction 

Rock-loading and failure cycle 
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Table 4.9: Drill -Off Test Results for Run 1A 

 

Thrust 

(kN) 

Average Rotary 

Speed (rpm) 

ROP 

(cm/min) R2 

Normalized 

ROP (at 10rpm) 

(cm/min) 

Depth of Cut 

(mm/rev) 

3.2 8.68 0.0188 52.39% 0.0216 0.0216 

4.5 8.44 0.0208 58.10% 0.0246 0.0246 

6.9 8.49 0.0259 67.01% 0.0305 0.0305 

9.5 8.33 0.0390 83.83% 0.0468 0.0468 

12.0 8.40 0.0296 69.61% 0.0352 0.0352 

14.8 8.50 0.0295 69.00% 0.0347 0.0347 

17.1 8.01 0.0279 66.30% 0.0348 0.0348 

19.6 4.06 0.0154 19.90% 0.0379 0.0379 

 

Vibration and torque were observed to increase as the applied thrust increased.  At 19.6kN thrust, 

drilling stopped, and a high value of instantaneous torque (925Nm) and reverse rotary speed were 

observed.  Table 4.9 shows a relatively strong relationship between the drillstring position and 

time and, hence dependable values of computed drilling rates.  The weakest correlation is observed 

at 19.6kN due to the increased vibration observed at this very high thrust value.  

Figure 4.18 illustrates the observed relationship between the applied thrust and the observed ROP 

for simulated relieved and unrelieved drilling modes. 

The ROP-Thrust relationships for the unrelieved and relieved cutting modes can be best described 

by equations is best described by Equations 4.10 and 4.11 respectively. 

ὙὕὖπȢπρωτὝ Ȣ                                                                                                                 (4.10) 

ὙὕὖπȢππρὝ Ȣ                                                                                                                   (4.11) 

Where ROP is rate of penetration (cm/min) and Tt is thrust (kN).  
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For relieved cutting, ROP increased steadily as the applied thrust increased.  However, for 

unrelieved cutting, high instantaneous ROP was recorded as the disc cutter commenced cutting the 

rock; however, as time progressed, the ROP leveled out and started declining as the disc cutter 

engaged further with the rock.  When there was full engagement of the disc cutter with the rock, 

and no failure of the rock between adjacent grooves, high torque values were recorded, and drilling 

stalled before ultimately stopping.  This ROP-Thrust behaviour observed in Figure 4.18 is 

Figure 4.18: ROP versus Thrust (for relieved and unrelieved modes) 
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consistent with Equations 4.8 and 4.9 (part of the investigation presented by Maurer (1962)).  

Figure 4.19 shows the progression of drilling.   

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.19: Disc Cutter-Rock engagement as Drilling Progressed 
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Another key performance indication of the disc cutter drilling experiment is the drilling torque.  

There is a strong correlation between drilling torque and applied thrust as can be seen in Figure 

4.20 (rotary speed is 10rpm).  In all the presented drilling runs, the drilling torque continued to 

increase as the applied thrust increased.  However, for unrelieved drilling, very low drilling torque 

values were recorded at the last drilling steps.  At these steps for the unrelieved mode, drilling had 

already started stalling. 

 

Figure 4.20:  Drilling Torque versus applied thrust (relieved and unrelieved) 
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4.7.3 Dependence of ROP and Drilling Torque on Applied Rotary Speed 

To investigate the impact of rotary speed on drilling performance, Runs 2A and 2B were 

conducted.  These two sets of experiments were conducted at the same thrust values; however, the 

rotary speed for Run 2B is twice the value of the rotary speed applied in Run 2A.  The result of 

this investigation is shown in Figure 4.21. 

From Figure 4.21, doubling the applied rotary speed almost doubled the ROP.  This is consistent 

with the model developed by Maurer (1962) shown in Equation 4.8.  However, the analysis 

highlights that though the ROP almost doubled with doubled rotary speed, the depth of cut, DOC, 

Figure 4.21: Impact of Rotary Speed on ROP 
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did not necessarily get doubled at 20rpm.  The DOC curve at 20rpm is below the DOC curve at 

10rpm.   

Thus, it can be inferred that even though the increased rotary speed (from 10rpm to 20rpm) resulted 

in an upward shift in the drilling penetration curve, the overall impact of the increased rotary speed 

was a decreased depth of curve.  The reduced depth of cut per revolution of the cutter may be 

attributed to reduced contact between the cutter and the rock at increased rotary speed.  The 

reduced interaction between the rock and the disc cutter could also be caused by low cuttings 

removal efficiency at higher rotary speed. 
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The second set of drilling experiments (Run 3A and Run 3B) explored the dependence of drilling 

performance on applied rotary speed.  Figure 4.22 shows the results observed are consistent with 

the expected trend (ROP increases with increasing rotary speed before an observed decline). 

Figure 4.22 shows that the ROP increased with increasing rotary speed, with the optimum range 

of rotary speed between 15 and 22.5rpm.  Beyond this range, the ROP decreased with increasing 

rotary speed.  Maurer (1962) pointed out that ROP is ideally directly proportional to rotary speed; 

however, if there is imperfect cleaning at high values of rotary speed, the ROP will be observed to 

start declining.  

Figure 4.22: ROP versus applied rotary speed 
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From the ROP and applied rotary speed, DOC was computed.  The plot of DOC against the rotary 

speed is presented in Figure 4.23.  

The relationship between depth of cut and rotary speed can be described by Equations 4.12.  

Ὀὕὅ πȢπφωρὩ Ȣ                                                                                                                                (4.12) 

R2 = 97.00%                                                                                                                 

Figure 4.23 indicates that DOC declined rapidly as the rotary speed increased.  Previously, Maurer 

(1962) pointed out that at a high thrust value, the DOC sharply declined as rotary speed increased 

because of poor cleaning associated with high ROP.  However, at lower thrust values, the DOC 

decreased gently as rotary speed increased.  

Figure 4.23: Depth of Cut vs Rotary Speed at Thrust of 17.3kN 
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Another drilling performance indicator is drilling torque.  When there is perfect cleaning, the 

drilling torque is expected to be unaffected by increasing rotary speed (Maurer 1962).  However, 

the researcher observed that at higher rotary speeds when imperfect cleaning occurred, the drilling 

torque reduced slightly at increasing rotary speed.  This statement is consistent with the results of 

the experimental analysis presented in Figure 4.24.  

4.7.4 Dependence of Cuttings Size on Thrust 

Cuttings that were collected during the disc cutter experiment were analyzed to evaluate the impact 

of thrust on cuttings size.  The adopted test protocol is adopted from ASTM D6913/D6913-17.  

From the results of the particle size distribution, several metrics were computed.  These metrics 

include the mean particle size, coefficient of curvature, coefficient of uniformity, and the 

coarseness index.  The mean particle size is the particle size, which represents the 50th percentile 

Figure 4.24: Drilling Torque versus Rotary Speed at thrust of 17.3kN 
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of the distribution (d50).  The coefficients of uniformity (Cu) and coefficient of curvature (Cc) are 

described by Equations 4.13 and 4.14, respectively. 

ὅ                                                                                                                                             (4.13) 

ὅ
 z 

                                                                                                                                    (4.14) 

where d60 = the particle size that is 60th percentile of the particle size distribution; d30 = the particle 

size that is 30th percentile of the particle size distribution; d10 = the particle size that is 10th 

percentile of the particle size distribution 

Altindag (2004) defined the coarseness index as the sum of the cumulative percentage of cuttings 

retained on each sieve (from the coarsest sieve to the finest sieve).  Higher values of coarseness 

index imply larger particle sizes in the collected cuttings samples.  Figure 4.25 illustrates the 

relationship between particle size (coarseness index) and applied thrust.  This plot indicated that 

the size of the cuttings obtained from the disc cutter drilling experiment increased as the applied 

thrust increased.  There also exists a relationship between the mean particle size of the cuttings 

sample and the coarseness index (Ersoy and Waller, 1997).  This relationship is presented in the 

plot in Figure 4.26. 
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Figure 4.25: Mean   Particle Size versus Coarseness Index 

Figure 4.26: Coarseness Index versus Thrust 
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Equation 4.15 describes this observed relationship between the mean particle size and the 

coarseness index.                                                                                   

Ὠ πȢπρςρυὅὍȢ                                                                                                                 (4.15)             

where d50 is the mean particle size (µm); CI = coarseness index (%). The correlation coefficient is 

89.87%. 

The relationship shown in Figure 4.25 agrees with the studies by Altindag (2004), which offer a 

strong correlation between ROP (dependent on applied thrust) and the coarseness index.  Just like 

in Figure 4.26, Altindag (2004) also presented the significant dependence of mean particle size on 

the coarseness index. 

4.7.5 Comparing Results with an Existing Drilling Performance Prediction Model 

The preceding parts of Section 4.7 have presented and discussed several outcomes of the disc cutter 

drilling.  These findings which include the observed rock failure mechanism and the relationship 

between drilling performance (ROP, torque, and drill cuttings) and applied drilling parameters 

(thrust and rotary speed) are consistent with prior research carried out over the past decades by 

several workers like Maurer (1962), Wijk (1992), Rostami (1997), and Ren et al. (2018).  This 

segment of the journal article compares the disc cutter drilling results with the force prediction 

models developed by Xia et al. (2012, 2015) for disc cutting along a rotary path. 

These drilling performance prediction models developed by Xia et al. (2012, 2015) are shown in 

the equations presented in Equations 4.1-4.4 presented earlier.  Though these models described the 

rotary cutting action of a single disc cutter along a rotary path, they provided some quantitative 

insight into the rock cutting mechanism of the disc cutter.  For this single disc cutter drilling along 

a circular path with small radius, the two main rock failure mechanisms are crushing under the 
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disc cutter due to the applied compressive stress and shearing of the rock due to the unbalanced 

side forces resulting from the rotary cutting.  As the cutting profile of each disc cutter present in 

the multi-edge disc cutter is like that presented by Xia et al. (2015), Equations 4.1-4.4 are used to 

predict the developed thrust under each disc and compare same with the applied thrust during the 

experiment.  During each drilling run, individual drilling performance data was collected for each 

disc.  As such, force prediction was conducted for each disc as if it were acting alone.  Figure 4.27 

illustrates the comparison between the applied thrust and the predicted thrust developed for the 

values of ROP observed during the cutting activities. Figure 4.27 shows that the models fairly 

Figure 4.27: Predicted Thrust versus Applied Thrust 
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overpredicted the drilling thrust.  As the predicted thrust depends on the observed ROP, Figure 

4.27 indicates that the recorded values of ROP exceed those expected based on the applied thrust.  

This observed difference is attributable to an additional mechanism of rock cutting arising from 

the relative motion of each disc of the multi-edge disc cutter. 

An investigation into the relative motion of each disc in a triple-edge disc cutter was provided by 

Heydari et al. (2023). The team opined that since the three discs of the triple-edge disc cutter (with 

different installation radii) were rotating around the rotational axis of the drillstring at the same 

fixed rotary speed, each disc would move uniquely. Depending on its relative offset from the center 

of the drillstring rotational axis, a disc could slide more or rotate more. They thus proposed two 

factors (rolling factor, RF, and sliding factor, SF) to show the proportion of each kind of motion 

of the disc cutter. The researchers presented analytical relations to quantify these factors and 

validated the same with drilling results from experimentation. Their results shown in Table 4.10 

highlight that in addition to the rolling motion of each disc (like that expected for a single disc 

cutter), there is a varying degree of sliding motion. 

Table 4.10: Average Values of RF (Rolling factor), SF (Sliding Factor), and covered distance while 

drilling Diabase (Heydari et al. 2023) 

Disc # Offset (cm) RF SF Distances in one rotation of Disc Cutter 

(cm) 

Rolling Sliding Total 

1 1.74 5.37 -4.37 58.68 -47.75 10.93 

2 6.00 1.56 -0.56 58.68 -20.98 37.70 

3 10.26 0.91 0.09 58.68 5.79 64.47 
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During rolling motion, each disc cuts the rock through crushing and shearing arising from side 

forces developed while rotating around the drillstring axis. The innermost disc has a significant 

negative sliding motion which indicates that the disc lags to compensate for the fixed rotary speed 

of the drillstring and its proximity to the centre of rotation. The middle disc rotates thrice as much 

as it slides negatively. The outermost disc rolls the most (91%) while slides forward a little bit 

(5%). When the disc is sliding on the rock, it shears the rock off in a matter like the cutting 

mechanism of a drag bit. Maurer (1966) presented the basic rock failure mechanisms of a drag bit 

and determined the minimum expected torsional force and thrust.  

4.8 Conclusion 

The results of the experimental investigation of drilling performance of the triple-edge disc cutter 

at small cutting radii are presented in this research.  This study complements the existing work on 

the experimental investigation of disc cutter drilling performance, most of which were performed 

using linear cutting machines.  The primary mode of rock failure observed in this study is crushing 

of the rock under the discs of the disc cutter as well as the shearing due to the rotary cutting motion 

of the disc cutter. A third observed rock cutting mechanism is the shearing of the rock resulting of 

the sliding portion of the motion of the triple-edge disc cutter. 

The results of the drilling experiment show a strong dependence of the ROP on the applied thrust 

while confirming shearing of inner rock surfaces by inner side forces. The width of the annulus 

groove under the disc decreased as the installation radii increased, confirming that the degree of 

shearing by the inner side force during the rock cutting decreased with increasing cutting radii.  

From the experimental results, it can be concluded that the ROP increased with increasing rotary 

speed up to a point before declining with significantly increased rotary speed (where imperfect 

cleaning conditions is experienced).  
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From the results of the experiments, the computed DOC decreased with increasing rotary speed.  

While the drilling torque has a strong positive correlation with thrust, it has a weak negative 

correlation with rotary speed.  This study concludes by showing the relationship between the mean 

cutting size and the applied thrust for drilling. It also shows a fair agreement between predicted 

thrust values with the applied thrust values. 
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Chapter 5  Evaluation of Large Diameter Drilling Performance Through 

Field Trials at 30° Inclination 

Preface 

A version of this chapter is scheduled to be published in a peer-reviewed journal. I am the primary 

author. Co-author Dr. Jeronimo de Moura contributed to the design and execution of the field trial 

and in manuscript review.  Co-author Dr. Abdelsalam Abugharara who worked as the Drilling 

Group Lead, contributed to the planning for the field trial and in manuscript review. Co-author Dr 

Stephen Butt is the Principal Investigator for this Drilling Lab Group. Dr. Stephen Butt provided 

technical support during this research and reviewed the manuscript. I conducted the literature 

review required to frame the research. I also contributed to the design and execution of the field 

trials. I analysed the field data and carried out most of the data analysis. I authored the first draft 

of the manuscript. The updated manuscript reflects the feedback from the co-authors. The co-

authors assisted in fine-tuning the concept. Additional updates will reflect the feedback from the 

peer review process ahead of publication in a journal.  

Abstract 

Small diameter drilling is routinely carried out in the oil and gas industry, while large diameter 

drilling finds wide application in raise boring machines and tunnel boring machines. Raise boring 

machines create vertical structures like shafts for mining applications while tunnel boring 

machines are used extensively in building tunnels to support the development of infrastructures 

like roads, railways, and pipelines. A recent proposed application of large diameter drilling in 

narrow-vein deposit will result in the feasible development of otherwise uneconomic deposits. 

This ore extraction method is a continuous, mechanized, safe and sustainable method which will 
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result in minimal dilution of the ore grade. This large diameter drilling (LDD) method may be 

completed in one pass using a Pile Top Drilling Rig or in two passes - pilot hole drilling with 

Diamond Drilling Rig (or coring) and large diameter drilling (equivalent to forward reaming) with 

a Pile Top Drilling Rig. Unlike the tunnel boring application, large diameter drilling can be used 

develop steep, narrow veins. Three critical differences in these three different approaches of large 

diameter drilling are the direction of the axis of the drilled hole, the source of the resultant normal 

force applied on the rock face, and the evacuation mode of the generated rock cuttings. Extensive 

research has been conducted into raise boring and tunnel boring operations however, no significant 

body of research supports mining through the LDD technique. Hence, this thesis presents research 

into the Large Diameter Drilling (1-meter diameter hole size). The research outlines critical factors 

affecting large diameter drilling performance as well as performance prediction models. These 

large diameter drilling performance prediction models account for the impact of rock properties 

(intact and rock mass properties), the operational parameters (applied normal force, rotary speed, 

and flow rate), the geometry of the cutting tool (e.g., disc cutter edge angle, diameter), and the 

rock cutting geometry (e.g., spacing of successive cuts).  

5.1 Introduction 

The mechanical excavation technique is extensively utilized in tunneling and mining applications.  

There is an increasing year-on-year demand for mechanical excavation to meet humansô growing 

need for solid minerals (gold, nickel) and the development of infrastructures (roads, railways, and 

pipelines) (Balci & Tumaç, 2012; Yagiz et al. 2021). Additionally, mechanical excavation enables 

the efficient utilization of the available underground space, especially in the face of an increasing 

human population.  Tunnel Boring Machines (TBM) are extensively used in tunneling, while Raise 

Boring Machines (TBM) are valuable in the construction of mine shafts (Yagiz et al. 2021).  
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All these mechanical excavation applications adopted rotary drilling.  Unlike the small diameter 

rotary drilling technique applied mainly in the petroleum industry to drill small-diameter holes, 

TBM and RBM produce large diameter holes.  Several studies into the performance of TBMs and 

RBMs have considered the machine parameters, operating parameters (like thrust and rotary 

speed), and rock properties (intact or rock mass properties).  Rostami (1997) opined that these field 

studies validate experimental laboratory investigation of disc cutter performance. 

Tarkoy (1975) investigated TBM performance using experimental and empirical approaches.  

Though Tarkoy (1975) acknowledged that disc cutter experiments with linear cutting machines 

provided valuable insight into performance investigation, the researcher based this study on the 

drilling performance records acquired from tunnels made by full-faced tunnel boring machines.  

The researcher argued that the results of the linear cutting machine experiments might not provide 

direct quantitative field performance prediction information.  The properties (e.g., rock hardness, 

abrasiveness, unconfined compressive strength, UCS) of rock samples taken along the tunnel were 

established through laboratory tests.  Then, the researcher correlated the recorded ROP with the 

associated measured rock properties for a designated interval.  From the study, Tarkoy (1975) 

observed that ROP decreased with increasing rock hardness and UCS, cutter wear increased with 

increasing rock strength, and the muck size increased with increasing thrust per cutter.  Other TBM 

performance models were developed by several researchers (Roxborough and Philips, 1975; 

Ozdemir, 1977; Snowdon et al., 1982; Sanio, 1985; Hughes, 1986; Innaurato et al., 1991; Sundin 

and Wänstedt 1994) 

In investigating the impact of rock properties on TBM performance, OôRourke et al. (1994) used 

experimental and field data.  They compared the actual rock properties index (like total hardness) 

to the computed field penetration index of the machine.  They found a consistent decrease in ROP 
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with increasing rebound hardness.  Autio and Kirkkomaki (1996) discussed using a new technique 

to bore three 1.5m diameter deposition holes of 7.5m depth.  The new process combined rotary 

drilling with evacuating rock cuttings utilizing a vacuum system.  In addition to evaluating the 

feasibility of the boring technique, Autio and Kirkkomaki (1996) investigated the performance of 

the large diameter boring machine to provide a premise for future enhancement of the drilling 

system.  

Bruland (1999) presented an empirical model for estimating the ROP of a hard rock TBM using 

data from 35 tunnels drilled over a cumulative distance of 250km in Norway.  This empirical 

model developed by Bruland (1999) extended the TBM performance research conducted at the 

Norwegian University of Science and Technology (NTNU), Trondheim.  Bruland (1999) reviewed 

several existing TBM prediction models advanced by Ernst Büchi, the Colorado School of Mines 

(CSM), the Luleå University of Technology, Pricilla P. Nelson, and the Delft University of 

Technology.  Together, these models predicted rock failure, TBM advance rates, disc cutter life, 

costs, and the overall cost of tunnel excavation.  Despite the differing methodologies underlying 

the development of these models, the researchers accounted for rock strength, rock mass 

properties, disc cutter geometry, and TBM cutterhead geometry.  However, Bruland (1999) 

highlighted that most of these models reviewed did not account for rock mass fracturing.  The 

researcher thus concluded that TBM performance modeling needs to be an ongoing task to 

accommodate the increasingly developing TBM technology and that the life of a prediction model 

is between 8-10 years. 

Farrokh et al. (2012) indicated that earlier prediction models of TBM performance considered the 

impact of intact rock properties on TBM advance rate.  As the use of TBM expanded to different 

rock mass conditions, work was done to modify the prediction models to account for fractured 
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rocks.  Farrokh et al. (2012) opined that while simple models (whose inputs include intact rock 

properties) are easier to use, they are limited in application.  On the other hand, multiple parameter 

models like the CSM and the NTNU models consider more project-specific data and are more 

widely applied in hard rock drilling.  Therefore, these two models have been extensively used to 

predict TBM performance in hard rock.  The ROP depends on the thrust applied on the TBM while 

drilling the hard rock.    

Rostami (2016) highlights that disc cutter capacity, intact rock properties, rock mass 

characteristics, and TBM limitations significantly impact the applicable thrust for hard rock 

cutting.  Rostami (2016) pointed out that the theoretical models are flexible, provide insight into 

the disc cutter-rock interaction, and can also be used for TBM design performance optimization.  

However, theoretical models do not effectively account for rock mass properties.  Though 

empirical models are based on the entire TBM system and rock mass conditions, unlike some 

theoretical models, Rostami (2016) pointed out that these models do not consider changes in the 

geometry of the disc cutter and TBM cutterhead geometry when the premise behind the model 

development is changed.  Other models for TBM performance prediction models are tabulated by 

Armaghani et al. (2021).  These discussed TBM performance models represent over forty decades 

of research into TBM performance. 

Similarly, significant research has been made into the Raise Boring Machine's (RBM) 

performance.  RBMs are utilized to excavate vertical structures like shafts in mining and civil 

engineering applications (Shaterpour-Mamaghani et al. 2015). Shaterpour-Mamaghani and Bilgin 

(2016) documented a review of the historical development of RBM and its application in the 

mining industry.  This history, which spans over seven decades, presented several raise boring 

operations conducted in Germany, Canada, South Africa, and Italy for applications like coal 
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mining, deep level mining, and electrical power projects.  Some of these raise boring operations 

involved back reaming of predrilled pilot holes, while others were carried out without predrilled 

pilot holes.  RBM performance prediction has been investigated by various researchers who have 

acknowledged that an accurate RBM performance prediction is essential to the credible estimation 

of raise boring project cost and time.  

Maurer (1967) expanded on the principles of rock mechanics that explain the rock failure 

obtainable with the different forms of mechanics drilling: rotary drilling (e.g., drag cutter, roller 

bit), percussion drilling, and rotary-percussion drilling.  Maurer (1967) subsequently developed 

drilling rate equations for these rock-cutting tools.  Bienwaski (1967) also explored the process of 

brittle fracture of rocks and suggested the stages of the brittle failure ï crack closure, fracture 

initiation (beyond the perfectly elastic deformation region), critical energy release (stable fracture 

propagation), strength failure (unstable fracture propagation) and Rupture.  Morris (1969) 

developed the ROP model for roller cone bits based on the fundamental rock penetration 

mechanism of hard rocks by roller cone bits.  Pang et al. (1989) developed a force-deformation 

model for indentation (localized loading) for brittle rocks.  They pointed out that the results could 

also apply to the drilling actions of percussion bits.  They developed separate models for wedge 

and conical indenters, either truncated (had imposed wear flats) or not.  

Additionally, Dollinger et al. (1998) reviewed applicable practices around the punch test ï a test 

widely applied then to predict the ROP of TBM and RBM by estimating the resultant thrust used 

on the disc cutter and which serve as simpler alternatives to linear and rotary cutting tests.  

Kahraman et al. (2000) conducted indentation tests on 22 rock samples, each representing a 

different formation.  From the results of the force-indentation tests, these researchers computed a 
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drillability index for each rock sample.  They extended the study to predicting ROP models for the 

conical and spherical bit teeth.   

Other researchers that investigated RBM performance through indentation tests were Copur et al. 

(2003), Su et al. (2013), Jeong et al. (2016), and Shaterpour-Mamaghani et al. (2016).  In addition 

to developing RBM performance prediction models using indentation test results, some empirical 

rewfdcx35models have been developed to predict RBM performance. Shaterpour-Mamaghani and 

Copur (2021) summarized the empirical existing RBM prediction models that apply to pilot hole 

drilling and reaming (Morris, 1969; Wilson and Graham, 1972; Bilgin et al., 2013; Liu and Meng, 

2015; Shaterpour-Mamaghani et al., 2016; Shaterpour-Mamaghani et al., 2018).  

However, Shaterpour-Mamaghani and Copur (2021) pointed out that there are limited or no 

published prediction models to address vertical and inclined pilot holes and vertical reaming 

operations.  Yagiz et al. (2021) also developed additional empirical models for RBM performance 

prediction based on rock properties and operational parameters, as these models are empirical, 

accurate predictions of the RBM performance result when the conditions of use of the RBM closely 

match the conditions upon which the modeling data was based.  

This study aims to present the results of a full field trial conducted using a large diameter drilling 

setup.  In this field trial, three 1m-diameter holes were drilled to depths ranging from 18 ï 90 m at 

30 degrees inclination. While this field trial was a collaboration between the research laboratory 

and the industry partner, this research focused significantly on acquisition and processing of 

drilling data for drilling performance evaluation.  The drilling was conducted with a pile top 

drilling rig, with the rock cuttings circulated to the surface using either direct flush (water) or 

reverse circulation (air and water).  Two independent sources of drilling data (manual recording 

and data logging) ensured that accurate data was collected during the drilling operation.  The 
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drilled intervals were logged in previous operations ahead of the large diameter drilling episodes 

to gain insight into the drilled rock.  These cores provided information on the drilled rock intervals.  

X-ray Diffraction and mechanical tests (intact rock UCS, indirect tensile strength, CAI) carried 

out on these core samples provided vital information on the intact rock properties and composition.  

The thesis also presents the results of the rock mass characterization conducted using the intact 

rock properties and the geological field mapping. From the rock mass characterization, the rock 

mass UCS were computed.  Ultimately, this segment of the investigation presents the results of 

the entire project regarding large-diameter drilling performance while considering rock mass 

characterization, hole cleaning, cutting size analysis, ROP, torque, and MSE.  The research also 

presents a probabilistic prediction model for the dependence of critical thrust on the rock mass 

UCS. 

5.2 Background of Field Studies 

This field trial aimed to drill three 1-meter holes at 30 degrees inclination through several sections 

of igneous rock (quartzite, mafic ash tuff, mafic massive flow).  The results of this field trial were 

to provide additional insight into large diameter drilling performance when the entire drilling 

system is under consideration.  In the months leading up to this field trial, several studies were 

conducted to understand the field geology and rock mass characteristics and design different 

aspects of large diameter drilling operations.   

These works covered designs of pilot holes and large diameter holes accounting for site 

preparation, drilling equipment design and selection, rig specification, borehole imaging, well 

trajectory design, drilling performance optimization, wear evaluation of drilling assembly, cuttings 
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transportation and separation, and cuttings disposal.  The designs and decisions underpinning the 

field-scale large diameter drilling operation are shown in the preceding paragraphs. 

5.3 Drilling Site Characterization 

5.3.1 Geological Mapping 

The site investigations conducted on the test field site included surface investigations (geological 

mapping, rock mass characterization, and other in-situ observations) and subsurface investigations 

(acquisition of rock cores to evaluate mechanical properties).  Figure 5.1 shows the location map 

indicating the points surveyed during the geological mapping by Ansah et al. (2018). They 

Figure 5.1: Exposed Quartz Vein at the Field Test Site (Ansah et al. 2018) 
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presented the results of this detailed mapping exercise conducted at the field site. Figure 5.1 shows 

some mapped outcrops, with the highlighted portion showing milky and fractured quartz.  

Li et al. (2018) drilled two 30-cm diameter pilot holes to prepare for geophysical assessments on 

the test site.  As part of the site preparation program, a 1-meter-thick overlying formation was 

excavated, leaving a remainder of 30 cm of the same formation over the bedrock (hanging wall, 

vein, and foot wall).  Removing the overlaying formation ensured that a more competent and level 

surface was provided for placing the drilling rig and the ancillary equipment ahead of drilling.  

While on location, additional measurements of dip angle and the width of the quartz vein were 

obtained.  The drilling setup is shown in Figure 5.2. 

This fieldwork conducted by Li et al. (2018) provided valuable insights into various areas of the 

Large Diameter Drilling field trial that was done in 2021.  These areas are site preparation and 

access (with consideration of the dimensions and load of the drilling rig and the ancillary 

equipment), optimal well trajectory design, drilling equipment design and selection, hole cleaning, 

and drilling performance optimization.  From the analyzed drilling data, the rate of penetration 

(ROP) of the drilling assembly was computed.  For the first hole, Li et al. (2018) observed a high 

ROP (20 - 50m/hr) within the first 6.25-meters of drilling and a lower ROP (4-11m/hr) from 6.25 

ï 11m depth (this depth is believed to correspond to the quartz vein zone).  A similar trend was 

observed while drilling the second hole.  Very low ROP (5 ï 8m/hr) was recorded between 7 ï 

10m depth.  Analysis of the cuttings obtained during drilling showed the presence of clay, quartz, 

and mafic ash tuff.   
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Figure 5.2: Drilling Setup for Pilot Hole Drilling (Li et al. 2018) 
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5.3.2 Pilot Hole Drilling and Evaluation of Mechanical Properties of the Rock Mass 

Ten additional pilot holes were drilled using the Diamond Drilling Rig and NQ-size core barrels.  

This coring activity resulted in the acquisition of 513m- length of NQ-sized cores.  Three of these 

pilot holes were drilled along the length of the quartz veins through which the large diameter holes 

were subsequently drilled, and they provided a thorough understanding of the lithology of the 

drilled intervals.  After that, a representative sample of these acquired cores was described.   

The results of the core description activity conducted by Mafazy et al. (2021) show that the drilled 

interval comprised overburden, mafic ash tuff, quartz vein, and mafic massive flow.  However, the 

depth at which each rock type was encountered varied across the three pilot holes.  Additional 

information from the core description is the Rock Quality Designation (RQD), which measures 

the quality of the rock mass from which the core was acquired (Deere 1988).  Figure 5.3 illustrates 

some cores stored in core boxes. 
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In addition to the core description, mechanical tests were carried out on some of the acquired rock 

cores to determine intact rock properties like UCS, indirect tensile strength, elastic properties 

(Poissonôs ratio and Elastic Modulus, E), and hardness (Mafazy et al. 2022(a), Mafazy et al. 

2022(b), Mafazy 2023).  The testing protocols are ASTM D7012-14 (UCS), ASTM D3967-16 

(Indirect Tensile Strength Test), ASTM D5731 ï 16 (Point Load Strength Index), and ASTM 

Figure 5.3: Representative collected core samples obtained from the pilot hole at the test site 
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D2845-08 (Pulse Velocities and Ultrasonic Elastic Constants).  The resultant intact rock mechanical 

properties of a sample pilot hole section are shown in Table 5.1 and in Appendix C-1.  

Table 5.1: Intact Rock Properties for the Cores of a Pilot Hole (Mafazy et. al. 2022) 

Box  
Depth (m) 

Lithology 

UCS of intact 

rock (MPa) 

Poissonôs 

Ratio of 

Intact Rock 

Dynamic 

Elastic 

Modulus for 

intact rock 

(GPa) 

1 0.7 ï 3.0 
Quartz (Highly 

fractured) 

127.70 ï 

155.96 - 65.80 

2 
8.65 - 11.6  Quartz 

127.70 ï 

155.96 - 81.90 

11.6 -12.5  Mafic ash tuff 59.00 ï 148.00 0.19 ï 0.24 83.70 

3 
20.7 - 21.4 

Mafic ash tuff 

(transition) 59.00 ï 148.00 0.19 ï 0.24 70.70 

21.5 - 25.3 Quartz 55.64 ï 149.85 - 60.10 

4 

25.3 ï 26.0 Quartz 55.64 - 58.20 

26.0 - 

29.60 

Green grey mafic ash 

tuff 97.04 0.22 88.38 

5 42.5 - 46.7 
Green grey mafic ash 

tuff 97.04 0.22 102.50 

6 67.8 -72.2 Mafic massive flow 33.11 ï 97.43 0.22 ï 0.24 88.00 

 

As the performance of large diameter drilling depends on the rock mass properties, geological 

mapping was carried out at the test site by Xiao et al. (2020).  Through this field exercise conducted 

at pre-selected locations on the site, Xiao et al. (2020) determined the rock mass characteristics of 

the test site by surface outcrop mapping.  The determined properties included the Geological 

Strength Index (GSI), Rock Quality Designation (RQD) of outcrops, Volumetric Joint Count (Jv), 

Joint Roughness Number (Jr), and Joint Alteration Number (Ja).  Table 5.2 shows the GSI and 

RQD of the cores obtained from the same interval. 
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Table 5.2: RQD and GSI obtained from the Cores 

Box  Depth  Lithology Rock Quality 

Designation, RQD 

(%)  

Geological 

Strength Index 

(GSI) 

1 0.7m-3m Quartz (Highly 

fractured) 

15.00 28.30 

2 8.65m - 11.6m Quartz 86.00 84.60 

11.6m -12.5m Mafic ash tuff 94.00 90.79 

3 20.7m-21.4m Mafic ash tuff 

(transition) 

25.70 33.65 

21.5m-25.3m Quartz 81.10 82.15 

4 25.3m-26m Quartz 81.10 82.15 

26m-29.6m Green, grey mafic ash 

tuff 

56.21 62.77 

5 42.5m-46.7m Green, grey mafic ash 

tuff 

79.40 81.30 

6 67.8m-72.2m Mafic massive flow 94.00 88.60 

 

George et al. (2022) determined the mechanical properties of the rock mass of the site for the field 

trial based on the Hoek-Brown criteria.  For each cored section of the rock, rock mass properties 

were computed using the intact rock properties and the rock mass characteristics.  Table 5.3 

displays the mechanical properties of the rock mass.  Table 5.3 shows that rock mass has low 

values of tensile strength, especially in intervals with significant fractures.  
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Table 5.3: Mechanical Properties of the Rock Mass (based on cores obtained from a pilot hole) 

Depth (m) Lithology UCS of Rock 

mass (MPa) 

Tensile 

Strength of 

Rock mass 

(MPa) 

Range of 

Dynamic Elastic 

Modulus for 

rock mass (GPa)  

Poissonôs 

Ratio for rock 

mass  

0.7 - 3 Quartz (Highly 

fractured) 

1.9 ï 2.4 0.03 ï 0.004 1.4 - 4.8 0.195 

8.65 - 11.6 Quartz 54.2 ï 66.2 2.00 ï 2.44 70.5 - 75.6 0.195 

11.6 - 12.5 Mafic ash tuff 35.4 ï 88.7 1.18 ï 2.96 80.5 -80.8 0.247 ï 0.286 

20.7 - 21.4 Mafic ash tuff 

(transition) 

1.3 ï 1.3 0.02 ï 0.04 2.3 -7.3 0.247 ï 0.286 

21.5 - 25.3 Quartz 20.6 ï 55.5 0.72 ï 1.95 54.2 ï 65.7 0.143 

25.3 - 26 Quartz 20.6 ï 55.5 0.72 ï 1.95 52.5 ï 65.7 0.143 

26 -29.6 Green  grey mafic 

ash tuff 

12.1 0.23 24.8 - 59.7 0.299 

42.5 - 46.7 Green  grey mafic 

ash tuff 

34.3 0.95 63.9 - 91.7 0.299 

67.8 - 72.2 Mafic massive 

flow 

17.6 ï 51.7 0.56 ï 1.65 77.5 83.7 0.312 

In addition to these mechanical properties, the parameters for the Mohr-Coulomb failure envelopes 

for the rock mass were calculated.  The results are displayed in Table 5.4. The next section 

discusses the design and execution of the large hole drilling operation. 
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Table 5.4:  Mohr-Coulomb Failure Envelope Parameters 

Box  Depth (m) Lithology Friction angle 

(degrees) 

Cohesion (MPa) 

1 0.7 - 3 Quartz (Highly fractured) 35.7 ï 35.9 0.15 ï 0.18 

2 8.65 - 11.6 Quartz 32.9 ï 33.0 6.07 ï 7.43 

11.6 -12.5 Mafic ash tuff 33.3 ï 33.5 3.77 ï 9.66 

3 20.7 -21.4 Mafic ash tuff (transition) 31.4 ï 33.6 0.21 ï 0.42 

21.5 - 25.3 Quartz 32.4 ï 33.0 2.27 ï 6.38 

4 25.3 - 26 Quartz 32.4 ï 33.0  2.28 ï 6.39 

26 - 29.6 Green-grey mafic ash tuff 33.8 1.11 

5 42.5 - 46.7 Green-grey mafic ash tuff 33.3 3.42 

6 67.8 - 72.2 Mafic massive flow 31.1 ï 32.6 2.01 ï 6.20 
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5.4 Large Diameter Hole ï Design and Execution 

5.4.1 Trajectory  

The trajectory of the large diameter hole follows the dip of the quartz vein, which was the target 

of the drilling operation.  From the site mapping activity conducted by Ansah et al. (2018), the 

direction of the targeted quartz vein is shown in Figure 5.4. 

 

Figure 5.4: Position of Quartz Vein 
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To effectively target the quartz vein shown in Figure 5.4, the large diameter hole was drilled to 

have an inclination of about 30 degrees.  Figures 5.5 and 5.6 show the vertical sections and the 

plan sections of Large Diameters Holes 1 (LDH1) and 2 (LDH2). 

 

Figure 5.5: Vertical Sections of LDH1 and LDH2 



 

161 

 

 

5.5 Drilling System  

The drilling setup consists of the four essential components: 

1. Power System (Hydraulic Power Pack, Generator) 

2. Hoisting System (Crane, Pile Top Drilling Rig)  

Figure 5.6: Plan Sections of LDH1 and LDH2 
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3. Rotary System (Pile Top Drilling Rig)  

4. Circulation System (Air Compressor, Water Pump, Water Supply Tank, Sedimentation 

Tank, and Dumping Tank)  

Figure 5.7 shows the equipment layout at the field test site. The subsequent section of this research 

explores the specifications of different equipment that make up the drilling system. 
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5.5.1 Drilling Rig  

After evaluating different drilling rig options, the pile top drilling rig (shown as A in Figure 5.7) 

was selected for the large diameter drilling field trial.  

 

Figure 5.8 shows the aerial view of the drilling location. 

Figure 5.7: Equipment Layout at the Drilling Site (International Mining, 2024) 

 

A 

Figure 5.8: Aerial View of the Drilling Location (Novamera website) 

A 
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Figure 5.9 illustrates the Pile Top Drilling Rig.  

Before the field trial, site preparation was carried out at the drilling location.  As such, the risk of 

subsidence of the formation around the drilling rig during the drilling operation was minimized.  

For the field trial, a conductor casing was connected to the foundation pad (through a flanged 

connection) at a 30-degree inclination.  This conductor casing served as the entry sleeve to the drill 

string and enabled the holes to be drilled along the planned trajectories.   

Table 5.5 shows the specifications of the Pile Top Drilling Rig used for the field trial.  This rig is 

designed with a reverse circulation (air li ft) capability.  Such capability is required to achieve 

efficient evacuation of rock cuttings. 

 

 

Figure 5.9: Pile Top Drilling Rig Setup (Novamera website) 
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Table 5.5: PTDR Specification (As provided by the drilling company) 

Technical Specifications 

Drill mast operation load  Maximum thrust force 800kN 

Maximum Pull Back 1100kN 

Stroke  3.5m 

Retaining doors For Drill Pipe NW 200 

Free Passage 2000 mm 

Hydraulic Power Swivel Torque 119 kNm 

Maximum power swivel torque Torque 180 kNm 

Rotation 34 rpm 

Total Weight  19.5 Te 

Hydraulic Power Pack Type  HP IVa 

Distance from ground level to top of entry 

sleeve 

 3.75m 

 

5.5.2 Drilling Equipment  

5.5.2.1 Drillstring Component 

The drill string components used for the drilling operation are shown in Table 5.6 below. 

Table 5.6: Drillstring Components (As agree with the drilling contractor) 

*The stinger traces the path of the already-drilled NQ-sized pilot hole. 

5.5.2.2 Stinger Assembly  

The stinger consists of a 7ò hole opener with five roller cones TCI (with 41/2ò Rock Bits TCI 

sealed bearings) and a 2 15/16 TCI tricone bit with IADC 521.  The hole opener has a body of 

Drillstring Component  Outer 

Diameter 

(mm) 

Connecting Flange 

(Diameter (mm)/Type) 

Weight 

(Te) 

Length 

(m) 

Cutterhead and tricone 

bit as stinger* 

1000 700/NW 200 3.00 1.345 

 

Drill collar  700/NW 200 0.60 1.50 

Stabilizer Collar  700/NW 200 7.00 6.00 

Crossover  700 NW 200/ 530 NW300 0.50 1.50 

Drill Pipe 540 530 NW300 0.54 3.00 

Drill Pipe Stabiliser 540 530 NW300 3.00 3.00 
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Steel AISI 4140 with 4-1/2ò API Regular Pin and N-Rod Box, while the 2-15/16ò tricone bit has 

an N-Rod Pin Connection.  The stinger assembly is shown in Figure 5.10. 

 

The maximum torque limit of the hole opener is 10,000lbft (13,558Nm), its maximum rotary speed 

of 25rpm and the maximum weight on bit of 100kN. The stinger assembly was used to guide the 

Large Diameter Drilling assembly along the previously drilled NQ-sized pilot hole produced by 

the diamond drilling operation.  Subsequent redesign of the stinger assembly entailed the 

replacement of the hole opener with a 7-7/8ò roller cone bit.  

5.5.2.3 Cutterhead  

The cutterhead shown in Figure 5.11 was used during the field trial. The cutterhead, comprising 

nine-disc cutters, was used to drill the large diameter hole. To facilitate reverse circulation assisted 

by a stream of injected air, an inlet is created on the cutterhead.  The disc cutters installed on any 

of the two cutterheads are either tri-disc or quadruple-disc disc cutters.  Also, these disc cutters 

include some with uniform diameters and others with non-uniform diameters.  

The plan view of the Cutterhead A is also shown in Figure 5.11. The disc cutters are installed on 

the cutterhead to ensure that the designed spacing between successive disc cutter tips enables 

Figure 5.10: Stinger Assembly (de Moura, 2021) 
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contact of the disc cutters with the rock surface. The resultant spacing engineered between the tips 

of the disc cutters across the radius of cutterhead is critical to ensure efficient drilling operation 

(Comalki et al. 2021).   

  

Figure 5.11: Cutterhead and Stinger Assembly (Left) (de Moura, 2021); Plan View of Cutterhead without 

stinger assembly (Right) (Tytler et al. 2023) 
































































































































































































































































































