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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 bamnuyaise
boring. A recently proposed application of large diameter drilling is narrow vein mining. This
innovative technique results in continuous mechanized excavation of narrow vein deplasits.
thesis presenexperimentand empirical investigatiomto large diameter drilling performance.

The research started with ropkoperty 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-ganogzs.
Additionally, no published work shows the evaluation of the mechanical properties of the rock
mass in thdield site From work conducted as part of this researobk mass properties were
evaluated for the sité\nother contribution to be made by thiseasch is the investigation of disc
cutter drilling performance at small installation radii using a rotary cutting machine. This study
complemert several studies on disc cutting drilling performance using linear cutting. The final
scope of the researalias themodeling of large diameter drilling performance using results
obtained from a Full Field Trial conducted on a steep quartzhashrock system. The different
empirical models initially developed during the reseanshre deterministic however,
probabilistic mode$ were proposed toapturethe existing aleatory and epistemic uncertainties.
The thesizonclude with showing the implication darge diameter drilling a@ newnarrow vein

mining method on the comminution energy requirements during mineral processing.
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Chapter 1 Introduction
1.1 Introduction and Overview

Narrow vein deposits are thin tabular orebodies in intermediate and steeply dipgimgs and
fractures. These veins are typically classified as seams with widths between 0.1 and 3m
(sometimes up to 6m) with dip ranging from2%& or exceeding S5Dominy 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 wdtldope, Australia, Asia,

South America, Canada, and Afri@@ominy 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 (Daminy 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:
Aconventional 6 | abour intensi v e rrowmecoahlangwsll me ¢ h
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 narrowein 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-o@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) poiotgdthe shifting trend towards
mechanized methods of narrow veinnmg. A dominantmechanized 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



and requires stabilization of the mined area to prevent geotecfaiiued (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 dianret@ry drilling method, selective
extraction of narrow vein deposit with resultant minimal dilution can be achi€kedhew method

enables economic exploration of stranded resources with mobile equipment that can be scaled as
needed with resultant reduction in project risks eapital expenditureGAPEX). Additionally,

this new method involves deased tailings costs and environmental obligations. This research
investigates the feasibility of the proposed rotary drilling method, madeperformance, and
preserd the critical factors to be considered while planning for future large diameter drilling

activities.

1.2 Rotary Drilling

Rotary drilling is a mechanicaixcavatiortechniquewidely applied in oil and gas, surface mine
blast hole, anddiamond 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 npeant.
Accurate evaluation and prediction of rotary drilling performance are critical in developing any
planned drilling activity's cost and tarestimate. Project funding can be delayed or denied without

a credible and affordable drilling budget.



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 perémce. Small diameter drilling
operations produce holes with diameters in the range of centimeters, while large diameter drilling
operations generate holes with diameters ranging in mé&meall diameter drilling is routinely
carried out in the oil andag industry, while large diameter drilling finds wide application in raise
boring machines and tunnel boring machinéAth 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 pipédines. Additional application of large diameter drilling is in sustainable narrow vein
mining, this form ofrotary drilling causes less disturbance on the surrounding rockunbiss

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 ttibmel 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 permance and optimization. The recent proposed application of large
diameter drilling (LDD) in narrowein deposit will result in the feasible development of otherwise
uneconomic deposits. This ore extraction method is a continuous, mechanized, saftaarabsel

method.



Large diameter drilling (LDD) methodhay be completed in one pass using a Pile Top Drilling
Rig or in two passespilot 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 theD technique in its ability to produce a vertical or an inclined shaft, the large

diameter hole is createdrttugh 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 rodkgsittBM (Tunnel Boring Machines)

bore horizontal tunnels, RBMR@ise Boring Machined)ore vertical or inclined shafts through
back reaming while this LDD technique drills an inclined hole along the lerigih ore body.

The entire normal force appliesh 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 th
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 raisg i®ralso 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 airlif assisted reverse circulation methods.

No significant publishedbody of research supportsarrow 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



performance in any drilling project to the end of developing drilling performance prediction
models and performance optimization strategiégse 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 aigddf evaluation of large diameter drilling systems.

1.3Research Plan and Objectives

No significantpublishedbody 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 drdlfogrpance in

any drilling project to the end of developing drilling performance prediction models and
performance optimization strategies. Several investigations into d{@imerimental, empirical,

or numerical modelinghaveexplored the mechanism of brittle rock failure under an applied load,
the different factors affecting rotary drilling performance, and strategies for optimizing drilling
performanceWhile theseébodies ofresearchhave 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 glpirformanceThe research
startswith characterizinghe properties of two rock typéssiliciclastic sedimentary rock (shale)

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

drilling of hard rock alongircular paths.



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, tgrgad specific energy). As a result,
deterministic empirical models were developed to show the relationship among several drilling
parametersProbabilistic approaches were applied to determine the confidence intervals of the
dependent variables to accouor 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 evaluatekh extensive literature review conducted during this
research shows that thisesisadds significantly to the existing body kifiowledge in several

ways.

1.4 Organization of the Thesis

The thesis is prepared in manuscript style and congaimsajor 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. Chapter3 presents a probabilistic correlation for shale volume computation from gamma
ray logs. This correlation was prepared using actuayXDiffraction results of rock cores
obtained from oil and gas wells. This correlation will find good application whekingpr
to estimate the intact mechanical properties of siliciclastic rocks. Thus, large diameter
drilling performance prediction can be extended to applications in sedimentary rocks. This
chapterwas acceptedor publication in the MIST Internatiohdournal of Science and
Technology.

3. Chaptedd showsthe experimental investigation of the drilling performance of a teplige

disc cutter with tungsten carbide inserts which is cutting diabase rock along a rotary path.



This paper presents the impact of varying cutting geometry, cuttings evacuation method,
and drilling parameters on rock failure mechanism and drilling performaRiais.chapter

being readied for publication in théournal of Rock Mechanics and Geotechnical
Engineering

. Chapteb showsfull 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.

Chapter6 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-Ray Diffraction) conducted on some fine samples. The
chapter conlades with evaluation of the newly advanced narrow vein mining method on
comminution energy requirements. This chapteadsepted for publication in MDPI

Energies JournaFkigure 11 showsthe connectivity among the research papers.
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The primary objective of this research is to develop prediction models for large diameter drilling
performance suitable for narrow vein miningdditionally, thisstudy investigates the size of rock
cuttings generated with the new narrow vein mining method and the resultant comminution energy
requirement during mineral processing. Accukatewledge of intact and rockmass properties is
required for large diameter drilling performance predictidonversely inaccurate estimation of

shale volume can lead werong computed values of roskrengthproperties andimpactsdrilling

Usually, shale volume is computed fromay Diffraction conducted on core

performance.

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



available and easier to acquire) are ugethther 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{ol@structive mechanical tests were carried out on selected
samples to obtain an exhaustive set of sangaesring the entire interval drilled in the field trial

Next, the large diameter drillingeld trial was conductednd thistrial showed a novel approach

for continuousmechanicatock excavatiorfor narrow vein mining with rock cuttings circulated

to the surface with either water or with-aiater mixture. It is also key to highlight that rock
cuttings receivedon the surfaceduring the circulatiormost closely match the time of their
production because of the low ROP and high flow rate which make the cuttings downhole
residence time insignifican®nce the cuttings argenerated from the rock face at shallow depths,
the highrate 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 paramAtitgionally, 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 Tinldow
confining pressure indicates that the rate of penetration is significantly impacted by rock properties
and the applied drilling parametefBo complement the field trial are several Drill Off Tests
conducted in the laboratory to evaluate the drilling performance of-g@ge disc cutter on
diabase rocks along rotary path&s such, while the laboratory experiments evaluate the cutting
properties of an individual disc cutter, the field trial evaluates the behaviour of the entire drilling
systemHence, 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 requiremefhie research papers are highly



connectedThe rock properties characterization and the experimental investigation of disc cutter

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

Large Diameter Drilling Performance Evaluation

Computation of
Comminution Energy
Requirement

Cutting Size Analysis

Large Diameter Drilling - Field Trial Drilling Performance Analysi

Rock Properties Evaluation Disc Cutter Drill-Off Tests

W1/

Figurel.2: Progression of Research

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 operatiorlhe study was concluded with analysis of the cuttings obtained during
the full field trid and how the observed gradation will impact comminution energy requirements.

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



Chapter 2 Research Contexiand Literature Review

2.1 Rock Formation Characterization

2.1.1Computation of Rock Properties

This subsection explores the justification for accurate estimation of rock propertiesdibn iand

rock masses. For any type of rotksedimentary, igneous, or metamorphic, the mechanical
properties vary with increasing scale of rock under consideratence, 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 geophysimadperties 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.

2.1.1.1Rock Mass Characterization

Accurate understanding and prediction of drilling performaarestrongly dependent on having
significantknowledge of the reaction of the rock in response to loading (shown by compressive
and tensile strengths as well as the ®elastic propertigs Rafiei and Cai (2022) showdltht as

the scale othe rock increases, the rock transitions from intact rock to rock ,naashown in
Figure2.1. Rafiei and Cai (2022)ointed out that a rock mass system consisting of intact rock and
discontinuities (of different mechanical properties and geometric configuratidmyh is
subjected to varying regimes ofsitu gresses 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 dlc&'s response to any loading

condition
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Figure2.1: Intact RockRock Mass Transition as Rock Scale Increases (Rafiei and Cai 20:

This transition, shown in Figu1, indicates that as the sizetbéhole being excavated increases,

the impact of joint properties and groundwater conditions on the mechanical strengths
(compressive, tensiland shear) of the rock mass mechanical propemniestbe 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 diamietgrisho

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

plares (Bieniawski 1989).
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To quantify the rock mass quality, metrics like Rock Mass Rating, RMR (Bieniawski 1973, 1979,
1989), and Rock Mass QualitysfQem(Barton et al. 1974) wermdevelopedandwidely applied in

rock mass characterization. Hoek and Brown developed an empirical relationship to model the
failure criterion of rock massg&nabling the application of geomechanics principles in the
engineering of roclstructures (Rafiei and Cai 2022; Marinos et al. 2005; Marinos et al. 2006).
This empirical model combines intact ropkoperties and results of geological observations to

yield rock mass strength properties.

The generalized HoeRrown failure criterion for rock mass, which is premised on the assumption

that the rock is isotropic (Rafiei and Cai 2022xhewn in Equatior2.1 below.

" w owp O— i (2.2)

Where:, = major principal stress #tefailure of rock mass (MPa)

» = Mminor principal stress at failure, confining pressure (MPa)

» i = UCS of intact rock (MPa)

m, s, a = dimensionless rock propertiesisnan 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 envelop€@gological Strengtindex (GSl)and Disturbance,
D show the degree of i ] 22ismowsetiderderisasiom of wotck madse r o

properties from geological field mapping and intact rock propettigsapnd m).
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For the Full Field Trial 1 conducted in 2021, 3 x 1 meli@ameter holes were drilled to depths

ranging from 1839m. Several activities were carried out to quantify the impact of discontinuities

on the rock mass properties

s 3 e 2
Intact rock properties Rock mass conditions
from laboratory tests from field observations

a,;,m; GSI,D
\. : J \. J

Strength degradation relations

Rock mass properties

m,s,a

L.

Figure2.2: Deriving rock mass properties from field mapping and intact rock properties (k
and Cai 2022)

1. The Drilling Technology Group members conducted geological field mapping and rock
mass characterizatiaf the field trial sitan 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
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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 thiesults of the activities listed aboaedthe strength degradation relations

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

mass properties will be applied to the generalized Herekvn failure criterion for rock mass to

computethe mechanical and elastic properties of thi#led jointed rock mass The mechanical

properties quantified include rock mass UCS and rock mass tensile stiwhigéhthe elastic

properties are rock mass Yoy s Mo dul us an @ satioo Tokacconat $ostheP 0 i s S |

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

2.1.1.2Shale Content for Siliciclastic Sedimentary Rocks

Sedimentary rocks are essential in hydrocarbon exploration as petroleum systems occur in
sedimentary basinfAminzadeh & Dasgupta, 2013; Schon, 2015ome sedimentary rocks,
characterized by porosity and permeability, provide petroleum reservoirs of commercial value.
Chief among these are carbonates and sandst(®asin, 2015)Somesedimentary rocks like

shale function as source rocks, seal rocks, or irajieer essential petroleum systems elements.

In addition to being source rocks or traps, shales are unconventional reservoirs. Shale forms
approximately 50% of the sedimentarycke (Guéguen & Palciauskas, 1994ccording to
(Schon, 2015)shales a sedimentary rock consistingclay-size particles, sisize particles, and
sometimes sanslize particles(Serra, 1984indicates 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 chlorit@)ilson & Wilson,
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2014) show three kinds of shalé& smectitic, illitic, and kaolinitic shaleln a conventional
siliciclastic petroleum play, sandstone is typically the reservoir rock, consisting ofG086Gubf

these traditional petroleum reservoirs, except in the Middle(Bastykke, 2010)

Schon(2015)indicates that sandstone consists of over 50%-sened particles, with the mineral
composition dominated by quartz and feldspar. Though sandstones contain sand grains, they can
also have variable silt and clay contef@prlykke, 2010) Thomag2018)defines 'shaly sands' or

'shaly sandstones' as sandstones whose grain volumes contain between 5% and 50% clay minerals.
(Han et al., 1986advanced that shale and shaly sandstmmestitutea significant part of the
sedimentary basingSchon, 2015)efines two types of clay in shaly saindaminated and
dispersed shaly sands. In laminated shaly sdag ntinerals form a clay barrier in the sand body,
creating complete bridging across two sandisodies.

In contrast, dispersed shaly sands have clay minerals distributed around the grains of the sandstone.
The presence of shale insandstone layeaffects the mechanical properties as well as the
petrophysical properties of the reservoir rock. Shale volume factor (Ysbdle percentage of

the sandstone grain volume occupied by shale. Extensive studies have been carried out to
investigate the impact of shale volume on the pbiysical properties of the reservas these are

critical inputs to accurate static and dynamic modeling of the resefheirshale volume factor is

avital consideration in evaluating the permeability of a fliilldd sandstone reservoir because

the presence of shale reduces the permeability of the sandstone reservoir by either causigg bridgi
across two sand bodies (laminated shale) or causing narrowing of the pore throats of the sand
(dispersed shaleplso, shale in sandstone reservoirs introduces an extra component of electrical
conductivity (Winsauer & McCardell, 19535chon (2015yuantitatively articulated the impact

of theshale volume factorrolaminated shaly sand's vertical and horizontal permeabhilities

16



Mechanical properties must be considered when determining the expected penetration rate while
drilling through a formationMaurer (1962) showed that under perfect cleaning conditions, the
penetration rateés inversely proportional to the square of the strength of the rock (here quantified
as the WconfinedCompressive Strength, UC®adnoy and Looyel2019) presented a rangé

elastic properties for shale and sandstone. Tisy showed sandstone's typical mechanical
properties (tensile, shear, and unconfined compressive strehigivgver, they did not present
similar strength values for shale because shale properties are affected significantly by anisotropy
and heterogeneity (Lee at 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 featupes- (e.g.
existing crack, fractures, and laminations along bedding planes), it cahdikengingto acquire

intact shale core samples and prepare and test same in compliance with testing protocols like
ASTM D701214 (Koncagu et al. 199%ee et al. 201 Chang et al. (2006) presented a summary

of 31 empirical models for predicting the mechanical properties of some sedimentary rocks (e.g.
sandstone, shale, limestoaad dolomite). These models were developed with data from the Gulf

of Mexico, the North Sea, Russiand the Middle East. These empirical models shotked
dependence of UCS on parameters that could be obtained from geophysical logs (primary wave
velocity, Youngds 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 intemakcurate estimation of shale volume

is required teestimate the UCS of the interval correcBalchik (2006) studied very porous sandy

shale and indicated that UCS decreased with increasing shale porosity. The researcher established
a power relationship with a strong correlatiadhe(coefficient of determination is 97.58%).

However, this study did not review the impact of shale volume on UCS. To account dffiethe
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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, Y o &ar bqaidfillednshdlyudandstone a n d
rocks,(Oloruntobi & Butt, 2019xpressed the roglorosityas a function of rock matrix density,

shale matrix density, saturating fluid density, formation bulk density, and shale volume factor.
Oloruntobi & Butt (2019palso showed that shale volume affects the formation bulk density of the
shaly sandstone rockusuf et al. (2019xtended the work aDloruntobi and Butt (2019%pr

intact and fractured siliciclastic rockEheyshowed thelependency of formation bulk densdg
compressional velocity, shear velocity, and shale volume faldtershale volume factor must be
known to be able to derive compressional velocity empiriqdlbsaya and Nur, 1982; Kowallis

et al., 1984; Castagna et al., 198an et al., 1986; Eberhaphillips et al., 1989Xu & 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 reserfBarba & Allen, 2001;
McPhee et al., 2015%chon, 2015; Prasse et al., 20wever, 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 evalion. 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 takirgitinreservoir
properties measurements. Empirical models have been developed to estimate the shale volume
factor rom petrophysical properties. These empirical models relatddaged data (gamma ray
index - Igr) to the shale volume factoPoupon & Gaymard (197Q)rovided the first model

connecting gammaeay reading to the shale volume factor. A linear relationship was proposed
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between the gammay reading (GR) and the clay volumecyj based on statistical evaluation
(Equation2.2). This equation holds for a constant radioactive level of, gdayvided no other

mineral in the formation contributes to the radioactivity.

@ @ o @ -— 2.2)

where Wiy is thevolume of clay (in fraction),dr is Gamma Ray Index (in fraction), GRRis the
gammaray reading at a particular depth, s the baseline gamnray reading of clean sand
in the interval of interest (in Gamma APdnd GRhaxis 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 v@Biagan & Passey, 1994;
Kennedy, 2021; Prasse et al., 201Bjjuation2.2 has been widely used to estimate the shale
volume from the gammeay log(Oloruntobi & Butt, 2019Kennedy, 2021)Notwithstanding the
extensive application of the linear model in shale volume estimation, its use can lead to an
erroneous prediction of shale volur{ferasse et al., 2019 arionov (1969 proposed two nen

linear models showing the dependency of the shale volume factor on the gaynimaexi one

applies to young rocksvhile 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
nomographgPrasse et al., 201&ennedy, 2021)Equation2.3 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 showsLarionov's equation for older rocksPaleozoic rocks in the Urals and European parts

of the U.S.S.R.
&) mtYyo gl P (2.3
W ™ G ¢ p (2.9
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These models have widely been applied in shale volume factor estingzadrd( 2011Qyeyemi
et al., 2019 Aka et al., 2019; Essien, 201Eennedy, 2021)An additional nordinear model

proposed bystieber (1970)s shown inEquation2.5.

@ — (2.9)

This empirical model was developed using log data from wells drilled in the Tertiary sediments of
the Louisiana Gulf CoagPrasse et al., 2019 everal authors have since used Stieber's model to
estimate shale volum@®kpogo et al., 2018rasse et al., 2019y he limitation of this model is

that even though was developed through a statistical approach, it was not calibrated with actual
measurements of shale volume from cofeeasse et al., 2019; Stieber, 1978ubsequently,
Clavier et al. (1971proposed another ndmear model correlating shale volumeth® Gamma

Ray IndexClavier et al. (19713 model was first presented as an empiricatlima@ar curve. Over

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

shown in Equatio.6 (Prasse et al., 2019)

@ P& o®Y O T (2.6)

Clavier et al. (1971jnodel has also been used in different basins to estimate the shale volume
factor (Adjei et al., 2019Fajana, 2021)However, its limitation is that this model has not been
calibrated with actual measurements of shale volume from core sgsse et al., 2019}-or

shale volume estimation from the gammag log in the Niger Delta Basin, use has been made of
linear, Stieber's, Clavier's, and Larionov's models (Okpogo et al., Zaii8; et al., 2019
Oyeyemi et al., 203RAka et al., 2019; Essien, 201Bajana, 2021). However, none of the models
had been developed for the Niger Delta badome of the models wagseatd using a single data

point from the Niger Delt&asin.Hence, it is't easyto transfer these models to areas beyond the
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regions of studyTherefore, this work aims to develop an empirical model correlating the shale
volume factor to the GammRRay Index using log and coederiveddata 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 yeaon-year increase in the need for TBRalci & Tumag, 2012)As such, selecting an
appropriate ROP performance model for a TBM is \iglci & Tumag, 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 sempirical (Hamidi et al., 2010;

Ramezanzadeh et al., 2004)

Roxborough & Phillips (1975onducted 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 ofudtelisc c
(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. SubsequentlRoxborough & Phillips (1975%ompared 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. Tehrolling forces are neutral with increasing disc diameter and slightly increased

with increasing disc cutter edge angle and penetration. The specific energy increased with disc

21



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¢xplored the impact of spacing on specific energy, and
they showed this in Figur23. 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

Relieved Cutting Mode Unrelieved Cutting Mode
(interaction between grooves) (no interactive grooves)
too small s (a) optimum s (b) too large s (C)
(overcrushing) (chipping) (ridge occurance-coring)
i
% ‘H Q ~ QL; ‘
) - . ] | |
s s S
w 4 s= line spacing :"
) d= depth of cut d.
&
E dy <d; < ﬂ.‘l-
=
L
o Optimum (s/d)
5 For Drag Tools: 1to 5
= For Roller Tools: ~5 to ~25
g -

Line Spacing to Depth of Cut Ratio (s/d)
Figure2.2: Effect of Spacing and Depth of Cut on Specific Energy (Comakli et al., 2021)

applied compressive load, the rock properties, and the spacing between adjacent cuts.
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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(Rastsmi, 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 Figaé below. The primary rock failure mechanism arising from

the high compressional load under the disc cutter is crushing.

~———— Spdcing ——™

{Penefraﬂon

Crushed

Figure2.3: Relieved Disc Cutting Mode Interactive GroovegRostami, 1997)

Tarkoy (1975)nvestigated 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,SSkwooscope
hardness, and abrasion hardness), rock abrasiveness, unconfined compressive strength (UCS), and
rock drillability. In addition, the study involved -situ rock properties measurements and
extensive rock properties observation. The researcleer ¢brrelated 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
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(muck). While aknowledging that disc cutter experiments done with linear cutting machines
provided valuable insight into performance investigatitarkoy (1975)opted to base this study

on the performance records of tunnels made byfdckd tunnel boring machines, arguing that the
results of the linear cutting machine experiments might not provide direct quantitative field
performance prediction information.dfn the studyTarkoy (1975)pbserved 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 ddtteRo ur k e edlso a l
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 observeskrinithe data (as admitted by the
investigators), the study showed the following consistent decrease in ROP with increasing
rebound hardness, an increase in the daily frequency of cutter etwatnggth increasing rock
rebound hardness, and an inceegsfield penetration index (defined by thrust per cutter divided

by the penetration per revolution) with increasing total hardness.

Ozdemir (1977¢arried 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 tunnelgborachine
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 experimedilemir (1977fombined experimental and field

data for the study the researcher conducted lab experiments with ssnale and largscale

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 \Bégm (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 perfoemainthese 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, anaseidistribution 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 coBffggrent.
(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 coessendex.

As a contributionSanio (1985)nvestigated 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 d&paeieg,

between cuts, and penetration def@anio (1985kstablished 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
researchr 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 differesd resk samples. In the
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study's conclusiorSanio (1985xhowed the impact of the strength anisotropy of the rock mass
due to schistosity on disc cutters' cutting performaWigk (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 intervabf 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 strengthRostami (1997used a linear cutting machine to cut different hard rock samples
using singleedge disc cutters. This researcher measured the cutting forces developed for different
rocks, disc cutter geometry, and penetration depbstami (19975eveloped 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 inveggigaénperformance of disc cutters.

As a result, they have developed theoretical, empirical, orsmpirical models suitable for intact

rocks or rock masseBalci & Tumag, 2012nvestigated the impact of rock structural properties

and a Vitype disc cutteon the cuttability of rockComakli 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 -scédege
linear cutting machine. However, extensive experiments into disc cutting along a circular path

have not been carried ouzdemir (1977highlighted 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 disercMithile 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). Additiorally, most of these studies were conducted using single edge disc cutters.

This study investigates the drilling performance of a trgdge cylindrical disc cutter cutting

along tight circular paths. The tripezlge disc cutter is described as cylindrical because the three
individual discs are the same diameter. While otherstigators 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 cuttinggeometry (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 @olSchool 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 forritexaction between the largeale drilling

machine and the rock magection2.3 reviews the research conducted over the past few decades

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

The mechanical excavation technique is extensively utilized in tunneling and mining applications.
Thereisanincreasingyeanry e ar demand f or mechanical excava
need forthe development ofolid mineralsdeposits (e.g. gold and nickedpd infrastructures

(roads, railways, and pipelinegBalci & Tumag, 2012; Yagiz et al. 2021Additionally,

mechanical excavation enables the efficient utilization of the available underground space
especially in the face anincreasing human population. Tunnel Boring Machines (TBM) are
extensively useth the construction aunnek, while Raise Boring Machines (TBM) are valuable

in the construction of mine shaftédgiz etal. 2021)

All these mechanical excavation applications adopted rotary drilling. Unlike the small diameter
rotary drilling technique applied amly in the petroleum industry to drill smadiameter holes,

TBM and RBM produce large diameter holes. Several studies into the performance of TBMs and
RBMs haveconsideredthe machine parameters, operating parameters (like thrust and rotary
speed), and rock properties (intact or rock mass properties). Rostami (1997) opined that these field
studiesvalidateexperimentalaboraory investigation of disc cutter performance

Tarkoy (1975)investigated TBM performance using experimental and empirical approaches.
ThoughTarkoy (1975)adknowledged that disc cutter experiments with linear cutting machines
provided valuable insight into performance investigation résearcher basetlis study on the

drilling performance records acquired from tunnels made byfdo#d tunnel boring machines.

The researcher argued that the results of the linear cutting machine experiments might not provide
direct quantitative field performance predbct information. Tle researcher conducted laboratory
tests to establish the mechanical properties (eagk hardness, abrasiveness, unconfined

compressive strength, UCS) of rock samples taken along a tunnel under constfingigthe
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researcher correlated the recorded ROP with the associated measured rock properties for a
designated intervaFrom the studyTarkoy (1975)bservedhe 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 anigg$h®75; Ozdemir 1977; Snowdon et al

1982; Sanio 1985; Hughes 1986; Innaurato et al. 199ddin and Wanstedt 1994)

In investigating the impact of rock properties on TBM performa@a@,Ro ur k e eused a |
experimental and field data. Thevestigatorcompared the actual rock properties index (like total
hardness) to the computed field penetration index of the madtiegfound a consistent decrease

in ROP with increasing rebound hardne$svo years laterAutio and Kirkkomaki (1996)
discussedssinga new technique to bore three 1.5m diameter deposition holes of 7.5m\Vikiph.

this newapproactcombined rotary drilling witlevacuatingock cuttings with a vacuum system

the drilling axis was verticaln addition to evaluating the feasibility oismewboring technique,

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

to providea 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 researdtuated at the
Norwegian University of Science and Technology (NTNU), Trondheim. Bruland (1999) reviewed
several existing TBM prediction models advancedEhystBlichi,the Colorado School of Mines
(CSM), theLulea University of Technology, Pricilla P. Nson, and the Delft University of
Technology. Together, theseodels predicted rock failure, TBM advance rates, disc cutter life

costs, andhe 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 massifigacThe
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 80 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 lmdadeaccount 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 NTNmodels consider more projespecific data while being easier

to apply. Therefore, these two models have been extensisadyo predictTBM performance in

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

Rostami (2016) highligled that disc cutter capacity, intact rock properties, rock mass
characteristicsand 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 cutterock interaction, can be used for TBM designd cangive insight into TBM
optimization. However, theoretical models do not effectively account for rock mass properties.
Though empirical models are based on theeiiBM system and rock mass conditioAs 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 caseunlike some theoretical modgdsevail. As such, it is critical to complement empirical
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prediction of large diameter drilling performance with experimental re€ither 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 precqairagraphs.

Similarly, significant research has bedome into theRaise Boring Machine's (RBM) performance
RBMs are utilized to excavatevertical structures like shafts in mining and civil engineering
applications $haterpoMamaghani et al. 2016 ShaterpoitMamaghani and Bilgin (2016)
documented a review of the historical development of RBM and its application in the mining
industry. This historywhich spans over seven decadesordd several raise boring operations
conducted in Germany, Canada, South Africa, and Italy for applications like coal mining, deep
level mining and electrical power projext Some of these raise boring operations involved back
reaming of predrilled pilot holew/hile others were carried out without predrilled pilotdslRBM
performance prediction has been investigated by various researchers whoakhawdealged 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.(eligag cutter, roller

bit), percussion drillingand rotarypercussion drilling. Maurer (1966) subsequently developed
drilling rate equations for these rochtting tools. Bienwaski (1967) also explored the process of
brittle fracture of rocks and suggested the stages of the brittle failerack closure, fracture
initiation (beyond the péectly 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 rotarg biésed on the fundamental rock penetration
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mechanism of hard rocks by roller cone bits. Pang et al. (1989) developed-ddfmgration
model forindentation (or localized loading) for brittle rocks. Thaginted out that the results
could alsoapply to the drilling actions of percussion bits. They developed separate models for

wedge and conical indentegsther truncated (had imposed wear flats) or not.

Additionally, Dollinger et al. (1998) reviewed applicable practices around punch tegest

widely applied then to predict the ROP of TBM and RBM by estimating the resultantukedst

on the disc cutter and which serve as simpler alternatives to linear and rotary cutting tests.
Kahraman et al. (2000)oaducted indentation tests on 22 rock samples, egutesenting a
different formation. From the results of the foindentation tests, these researchers computed a
drillability index for each rock samg@l Theyextended 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, &@ilGhaterpour
Mamaghani et al. (2016). In addition developingRBM performance prediction models using

indentation test results, some empirical models have been developed to predict RBM performance.

ShaterpourMamaghani and Copur (2021) summarized the empirical existing RBM prediction
modelsthat apply to pilot hole drilling and reaming. These models were presented by several
researchers (Morris, 1969; Wilson and Graham, 1972; Bilgal..e2013; Liu and Meng, 2015;
ShaterpowrMamaghani et al., 2016; Shaterpddamaghani 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 piloté@®and vertical reaming operations. Yagiz et al. (2021) also
developed additional empirical models for RBM performance prediction based on rock properties

and operational parameters 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 ains to present the results of a full field trial conducted using a large drilling setup. In
this field trial, three 1ndiameter holes were drilled to depths ranging frorih @8m at 3Gdegrees
inclination. The drilling was conducted wighPile 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 topupthe application of air lift methods to large diameter
drilling in brown coal minesThe 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 soliiquid-air mixture in the outflowing drillstringMacuda (1996)
showed the equations for computing the following: power required for air compression, power
required for lifting the solidiquid-air mixture and the power returned teetdrilling fluid re
circulated to the annulus. Xiumin et. al (2014) focused on the research and applicaticfifof gas

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 researenedthe data collated
from the Full Field Trial 1 and develega probabilistic large diameter drilling prediction model

while accounting for the mechanical properties of the rock mass.

While the drilling data obtained from the FFT1 endb&mpirical modeling of the drilling
performance, drill cutting analysis also prowadesignificant complementary understandiofy
drilling performance. Drikkd cuttings analysis entad sampling cuttings generated by the drilling

process and conductinarticle 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 cuttewck interaction. In the case of mining by drilling, the particle size
distribution can be subsequently used to refine the dyiligdraulics 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 sags 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 Hgiitbetween cuttings size and shape

and drilling parameter&rsoy & 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 parametersThe cuttings were cleaned with a fixed flow rate of water. On examining the
observed dependence of cuttings on bit operating parantetsoy, & 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 esirg rotary speed. This work established a strong

correlation between the drilling parameters and the cutting size.

In a technical notéd | t € (R0D3PH4qstimated 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 (admmensional 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 thatrate 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 sredtiession methodA | t €& (2003)]
established a relationship between penetration rate, coarseness index, and mean particle radius.
The measuregbenetration ratesvere plotted against the estimated penetration rates, with the

results showing a good fit, thus validating the predicted penetration rate model.

Through laboratory experimentTuncdemir et al(2008) showed the relationship betwetre
coarseness index and the specific energy for cutting tests conducted on different rock samples with
varying diameters of cutters (conical cuttersNape disc cuttecpnstant crossection disc cutter,

and chisel picker cutter). They showed that the specific energy decreased with indteasing
coarseness index for all considered rock samples. They also showed that the coarseness index
increased as the depth of @atreased. Ultimately, the authors established relstiigps 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 thefitkeléts carried out on
confined Carthage Marble rock at varying rotary spesed depths of cuts, the authors showed an
inverse relationship between the Mechanical Specifieddn@VSE) 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 patrticle 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 theshoweda relationship between the coarseness index and several drilling
parameters (normal cutter force, penetration rate, specific energy, and field penetratiollhdex).
the studies shown above show the significant value derived from analyzing the cuttings generated
during a cutting operation. In the secaqabrter of 2020 (ahead of the FiIi&MT Field Trial),

work was done to predict the particle size expected during the fi&\d trial. This study drew

upon several existing research conducted by other workers, incRdipgli et al. (2017)

This researchvaspremised 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 rfuckes and air lift
assist\werecompared to understand whickethodyielded the most efficient drillingempirical
relationshipsvereestablished between the cuttingige and the drilling parametehs.addition to
determining the imgct 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 runof-mine ore and liberates the mineral from intimately associated gangue (Wills and
Finch, 2015). Wills and Finch (2015) pointed out that crushisgglly 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 actiyi (Martins 2020) and the energy requirement has been correlated closely

with the reduction ratio.
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The most used sizenergy 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 Equati@nsi 2.9, were developed by Rittinger, Bond and Kick

respectively (Wills and Finch, 2016).

Q w0 — — &
Q wibe— &)

Martins (2020) presented an updated model showEqimation2.10. With published data, the
researcher developed a relationship or the exponential function, f(r). EgRdticshowshow

f(r) is computed.

Qo — — (2.10)

o - - - ® p

Where e=specific energy (enthalpy) (kilowatt hours per metric ton), W = Work Index
(kilowatt hours per metricton)y P80 £ e®mM3 0 ((&modamd prar ameter =
This research concludes with evaluating the impact of these cuttings size on comminution energy
requirement during mineral processing.

The key researctontributions othis thesisare:

a. Rock mass characterization in the fi@lich enable the empirical modelling of the large
diameter drilling performance in the field
b. Shale volume prediction for the Niger Delta Basiat supports accurate reserves and

rock mechanical properties estimation
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c. Experimental investigation athe performance d tripleedge disc cutter with tungsten
carbide insertutting a diabase rocrourd a circular axis

d. Empirical modelling of large diametdrilling 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
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Abstract

The shale volume factois 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-ganmntex needs

to be established f@edimentarypasin under consideration. Forost 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 gasragandex for the formations in the Niger Delta
basin. Thisstudy 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 obtainedefrophpsical

logs for34 wells scattered across théger Deltabasin. The resultBom this doctoral research

show that the relationship between the shale volume factor and the gasnmdex 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 garaynadex. This recent correlation

will significantly impact how the hydrocarbon resources and reserves are quantified in the Niger
DeltaBasin.In addition to resource of estimation, accurat@eslolume is critical in computing

the intact properties of shaly sandy formations.

3.1 Introduction

Accurateknowledge 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 hydrocarbontisatuFar
liquid-filled non-clean rocks, effectiv@orosity can beexpressed as functions of rock matrix
density, shale matrix density, saturating fluid density, formation bulk density, and shale volume

factor as presented l§@loruntobi & Butt, 2019)n Equation3.1.

n m — 6 oP

where| mais the matrix density (kg/fh ;shisjshale matrix density (kgfn ;1 is gaturating fluid

density (kg/m) ;b is formation bulk density (kg/f Vshis shale volume factor (fractipn

50



In regions where density logs are unavailable, acclraie/ledge of the shale volume factor is
required to generate the psetatnsity log fothe computation afverburden gradien®loruntobi

& Butt (2019)showed that the formation bulk density depends on compressional velocity and
shale volume factor shale volume factor for siliciclastic formations. Equaftomhich 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 furnishedlubs ®©f 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 Equati&®.
M TR C6 TEP6 p8& op o'

wherey  is formation bulk density (kg/fit Vpis compressional velocity (Km/s); andns shale

volume factor (fractiohp

Equation3.3 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
watersaturated rock under significant effective stress. WWitjuation3.3, the formation bulk
density of sandstones, shales and shaly sands can be estimated.

M p LD PHULED ® o®

Yusuf et al. (2019)extended the work oDloruntobi and Butt (2019jor 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 EqRidtion

PRLO O TR D o8

The shale volume factor must keown along with porosity to be able to derive compressional
velocity empirically(Tosaya & Nur, 1982; Kowallis et al., 1984; Castagna et al., 1985t al.,

1986; EberhafPhillips et al., 1989Xu & White, 1995)using the general relationship in Equation

3.5
6 I "z #6 od
where Wi s t he compressional wave veloci tseis( km/ s)

the volume of shale (fraction); A, B & C are constants.

The shale volume factor is a critical consideration in evaluating the permeability of-&lléaid
sandstone reservoir. Shale reduces the permeability of the reservoir by either causing bridging
across two sand bodies (laminated shale) or causing nagafithe pore throats of the sand
(dispersed shalechon (2015yuantitatively articulated the impact of shale volume factor on the

vertical and horizontal permeabilities of laminated shaly sand as represented in Egj@ation
E — — IE p 6 & 6 & o
where kand= permeability of clean sand (miliDarcy)snkis= permeability of shale (miliDarcy);
VshalelS the volume of shale (fraction)

Other models that relate reservoir porosity and permeability to the shale volume factor are outlined
in Table3.1. Finally, the presence of shale in sandstone reservoirs introduces an extra component
of electrical conductivitfWinsauer & McCardell, 1953 hus,a formal application of Archie's

eqguation without accounting for the influence of shale volume factor will lead to an overestimation
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of reservoir water saturation.

Table3.1: Models for Calculating Porosity and Permeability of Dispersed Shale (Schén, 2015)

Model Equation

Revil & Cathles (1999) b z 6 p z
k=E p 6 —Z

Schon & Georgi (2003) . . 6
E E p 1 -
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The impact of shale volume factor on the saturatiai dfi sandyisosshown in Tabl

Table3.2: Models to Compute Saturation of Wateaturated Shaly Sandstone Reservoir

Model Equation
Poupon et al., (1954) [ 6 6_
N.B. For laminated shale 2 2 2
P p 6 6
2 2 8% 3
3 2 8— — 8—-8—
where

1 the rock resistivity, R(ohmmete) from a
resistivity measurement,

the shale resistivity, dRae (primarily used is
the resistivity of an adjacent thick shale bg
(ohm-meter)

the sandstone resistivity s&1(ohmmeter)
the shale content, sMae(volume fraction)
Water resistivity, R (ohm-mete)

Archie exponents m, n (dimensionless)
O is the porosity
Connate water saturationy ercent)

o

E

Simandoux Equatior{Simandoux, 1963
and modified by{Bardon & Pied, 1969)

N.B. Based on artificially compose
materials (sand and clay) and represen
the structural and dispersed type of sh
distribution in a reservoir

z
Y o0& 8Y

°  BY

When n=2, water saturation is shown below

Where:

the rock conductivity, dsiemens per metgl
the rock resistivity, R(ohmmete) from a
resistivity measurement

the shale resistivity, fRae (primarily used is
the resistivity of an adjacent thick shale be
(ohmmeter)
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1 the sandstone resistivity s&R¢(ohmmeter)
1 the shale content,sVae(fraction)

Indonesian Equation (Poupon & Leval « « «
o o . .
1971) 0 T)8Y ( ———& 8Y

, [ & 8Y
Recommended for shaly formations w
relative freshwater
When Vsh <= 0.5, the simplified form of the equat
is

., 0 6 o : ‘
o] %SY C 0 a&o 8Y
W & 8Y
where:

1 The conductivity of water, &(siemens pe
mete)
1 Formation factor of the shaly sark,

In general, the best method of determining the shale volume factor is to experimentally conduct
X-ray Diffraction on core samples obtained from undisturbed reseriBarba & Allen, 2001;
McPhee et al., 20155chon, 2015; Prasse et al., 2019pwever, 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 properes evaluation noting th&erra (1984 highlighted that these cuttings had
experienced mixing, leaching, and contamination while being circulated in the drilling fluid from
the bit to the surfac&iven these limitations, well logging is an effectaleernative 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 relatingdoged data (gamma

ray index- Igr) to the shale volume factor.

Several researchers have developed correlations betyagemaray reading and shale volume
factor. EquatiorB.7 is a linear correlation between gamma ray reading and shale volunmdeg(
Poupon & Gaymard 19707 his 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 ) — oX

Despite the difference between the shale volume and the clay v@imgan & Passey, 1994;
Kennedy, 2021; Prasse et al., 2QEjuation3.1 has been used to estimate the shale volume from
the gammaay 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 volum@rasse 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 basegamibe that
shales contain 90% clay and were initially published as nomogfBpsse et al., 201Bennedy,
2021) Equation3.8 is the relationship that Larionov (1969) derived young rocks Mesozoic

and Tertiary rocks in the southern area of the U.S.S.R.
6 ™Yo ¢’ P (38)

While for older rocksi Paleozoic rocks in the Urals and European parts of the USSR, Larionov

(1969) presented Equati@®.
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6 T & ¢ p (3.9

Equations3.1-3.3have been widely applied in shale volume factor estimation for later stadjes (

Aka et al., 2019; Essien, 2019; Szabo, 2@yeyemi et al., 201;Kennedy, 2021)

Equation3.10 represents the nonlinear empirical correlation developeStigper (1970using

log data from wells drilled in the Tertiary sediments of the Louisiana Gulf Coast.

5 (3.10)

Several authors have since used Stieber's equation to estimate shale(@ipog® et al., 2018
Prasse et al., 2019)he 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 coreqPrasse et al., 2019; Stieber, 1970)
Clavier et al. (19713howed aelationshipbetween 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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Figure3.1: Clavier's Model Presented as a Curve (Clavier et al. 1971)

The norntlinear plot wadater transformedo a mathematical relationshgs shown in Equation

311

6 px oBY ) T (3.11)

Thismodel has also been used in different basins to estimate the shale volum@tietat al.,
2019; Fajana, 2021However, its main limitation, likestieber (197Q)is that it has not been

calibrated with actual measurements of shale volume from core sgRsse et al., 2019)

For shale volume estimation from the gamrag log in the Niger Delta Basin, use has been made
of linear, Stieber's, Clavier's, and Larionov's relationships (Okpogo et al.,Rfj&Bet al., 2019
Oyeyemi et al., 2019Aka et al., 2019; Essien, 2019loruntobi & Butt 2020 Fajana, 2021).

However, none of these models have been developed using data for the Niger Delta Basin and no
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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 -@meved correlation that will be used to

obtain accurate shale volume factor from-tiyived Gamma Ray Index specifically for the Niger

Delta Basin. This is especially important since acquirings@nd the associated Special Core
Analysis can be hazardous and expensive, leading to more routine use of gamma ray logs for shale
volume derivation. This technicaksearchutilizes the results of 92 whole rock and clay
mineralogy analyses conducted @ores 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 B&ort & Stauble, 1967)Following the
studiesof many workers in the region, -tlepthknowledge 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., T&89)
Niger Delta Basin, located in the Gulf of Guinea, is an extensional basin formed due to rifting at
the Atlantic OceaifAdewole et al., 2016; Oloruntobi et al., 2020he basin covers about 75,000
km? and has clastic sedimentary deposits whoserbgses 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 Form@gs/bo,
1978; Oloruntobi & Butt, 2019¢)The Benin formatior(the shallowest formatiords mostly

freshwatercontaining braided river systems sandstones with high por@&itigovbo, 1978)
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containing predominantly quartz and potash feldspar with trace amounts of plagioclase. The
formation consists of a sandstesteale sequence with a thiess 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 format{tre deepest formatiorgonsists mostly of under
compacted and sometimes over pressured siltstone and sandsidmagbo, 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 formé&idawole et al., 2016; Avbovbo,
1978) Shales through the basin contain kaolinite (about 75%) and mixed amounts of illite and

montmorillonite.

Figure3.2shows the location map for the wells used to develop this new shale volume prediction
correlation.Table A-1 in AppendixA provides a summary of the well data which includes 92
Shale Volume Data and GamiRay Indices at different depths from 34 wells located all over the
basin across the land and swamp fiellihese data were collected as part of this research under

the authority of the Department of Petroleum Resources in Nigémawell data used to prepare

this correlation cover a range dépths 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 Xray Diffraction (XRD) conducted on the cores while the GardrRay Indces were
computed from gammeay 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 calcul#tmgamma ray index).

The dominant clay mineral in the studied wells is kaolinite, as seen in Tdblef Bppendix 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 wiaerals (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%), micamectite (5.1%), smectite (1.4%), vermicul{@®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 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 3pheala was obtained

during this doctoral research. The Gamma Ray Indices were computed from Gamma Ray Logs
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Figure3.2: Location Map showing all the wells considered for the development of the Correlatic

obtained from Shell Petroleum Development Company. The results of-thg Riffraction
conducted on several core samples were also obtained from the same organization under the
permission of the regulatory authority (the DepartmentedfdReum Resources)o establish the
correlation, ore samples were acquired from joietermined depths along the well pathsta)

Diffraction (XRD) was carried out on these core samples to provide both qualitative and
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guantitative analyses on whole rock mineralogy and clay mineral composition (Hanawalt et al.,
1986; Ramachandran & Beaudoin, 2000; Ryland, 18&®) results given in Table3-1 andB-2

in AppendixB.

Gamma Ray logs were then acquired from corresponding 34 wells as give@pemdixB. 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 itenthe well pathAn example for the log

analysis is shown in Figure3 In the absence of Neutron and Density logs, the Gamma Ray logs

can be used to compute the GamRay Index, which is sometimes used as volume of shale.
Gamma ray of clean sandstone is defined as'fhgefcentile of entire population of gamma ray
readings obtained in the logged inter{iégure 3.3)while the gamma ray value of shale is defined

as 9% percentile of the logged gamma ray readitgd dotted line on Figure 3.3ayers and den

Boer (2021) pointed out that clean sandstones have been understood to be sandstones whose shale
volume fraction is less than 0.0Brom the gamma ray data, tBamma Ray Index k) is

computed for readings at each depth along the well path using the relationship from Equation 7.
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At this Table A1 in AppendixA lists the results of the shale volumes from XRD analysis and the
calculated Gamma Ray Index at different depths across various wells. Bigusaows the
corresponding plots of Vsh versuslAt 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
potentialy different correlations. Kdmite and chlorite are two types of clay minerdsranda

Trevino and Coles (2003) described the structure of kaolinite, highlighting its stability and non
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Figure3.3: Determination of Gamma Ray Index from GR Log
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swelling nature.

Pauling (1930) had also earlier provided information on the key structural difference between
chlorite and kaoliniteCheng 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 representgjtiaatity of exchangeable cations of each

clay mineral, is a measure of the reactivity of the individual mineral.
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Figure3.4: Plots of Shale Volume against Gamma Ray Index where kaolinite is the dominant cl:
mineral (left), and chlorite is the dominant clay mineral (right)

While chlorite is largely unreactive with a reported CEC lying betweet4D]l@aolinite is the most
unreactive andtable of the shale minerals with CEC betwed® 3Typically, distinction between
kaolinite and chlorite in sediments can be achieved througdy Xliffraction on acquired core
samplesBiscaye 1964; Elverhgi and Rgnningsland 1978). However, a recent study shows that a
crossplot between photoelectric effects (obtained from photoelectric logs) and the

Thorium/potassium ratio obtained from spat gamma ray log can shows a clear difference
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between kaolinite and chlorite (Akafar and AlJaberi 2022).

Equation3.12 is the bestit correlation:

MinimumB & | AAOOOAADOAAEROAA (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 datatddobkerent scatter of the data,

the coefficient ofleterminatior{a statistical measure of the dependence of shale volume on gamma

ray index, R) are 0.79 for Correlation A and is of 0.55 for Correlation B.

Figure3.5 shows the results of the regression analyses with the Correlation A given in Equation

3.13:

6 Tp@y° 0P 0
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and for Correlation B given d&xjuation 3.14

0 T ¢ BTO (3.14)
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Figure3.5:Plots of Shale Volume against Gamma Ray Index where kaolinite is the dominant clay m
(left), and chlorite is the dominant clay mineral (right)

The deterministic empirical correlations resulting from regression analysis yields the predicted
mean value of the dependent variaféredo & 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
elementsif), their underlying probability distribution function is thdistribution, whose degree

of freedom is-2) (Alfredo & Tang, 2007)

Hence, the mean value of the dependent value estimated from the empirical model will have an
underlying tdistribution with (-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 po{Atéredo & Tang, 2007).
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Hypothesis testing is a quantitative measurement of the accuracy of each estimated dependent
variable. Hypothesis testing involves two stegdsirst, 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 dtistic is estimated. As the test statistic is a random variable, there is a probability of error

in estimating i$ value from a sample of finite size. One mostly considered error type is Type |

error. The probability of a Type | error (rejecting a null hypothesis when it is true) is the level of
significance (U) and its spe ctésting(Alfeedoi&oTang,i s on e
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 (U ) confidence interval for the

values of the dependent variable, the lower limit of thafidence interval is given by Equation

3.15.

w;, 0 & o _ 8Y;8- - rr (3.15)
and the upper limit given in Equati&il6:

w, 0 & o _, 8Y;8- - rr (3.16)

Where Equatior3.17 computes the conditional standard deviation:

Y —B O ® (3.17)

Figures3.6 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 st@wticlinear and
nonlinear regressioanalyses 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 Héstorrelation is such that the sum of the squarthefesidual

values (the difference between the measured shale volume and the predicted shale volume) is

minimum.

Equations3.13 and3.14 shows that a corresponding shale volume of 0 is forecast at the zero value
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Figure3.6: 95% Confidence Interval for Shale Volume Predicted with both correlations

of the gamma ray index. On the other hand, the predicted value of the shale volume when the
gammaray index is one is 0.786. EquatiBri3 is quite different from the linear model widely

used in the Niger Delta he linear model posits that the actual shale volume equals the gamma
ray index computed from the gamiray readings. The following section develops the
methodology to validate the newly formulated Niger Delta peaer model correlations and
compares withthe existing models discussed in the intrcttbn (Clavier et al., 1971; Larionov,

1969; Stieber, 1970)
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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 Powaw Correlation. Data points that fall along the dashed line
with a slope of 1 indicate a perfect prediction while data tlwtgtiove the line indicate an over

estimation and data gtong below the line show an undestimation.

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-estenation bias and vice versa.
Visual analysis of these plots indicates a strong overestimatsrfor 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 residu&igure 3.8hows this comparison in one plé&quation3.18

is used to calculatthe difference between the predicted and actual shale volume measurements
using:

YQi "QQ 606 6Q Q"o ‘B0 0 @y op Y

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.3Mqiods the

histograms of residuals for the 5 previously described models and the newlRawer

Correlation along with the corresponding standard deviations and means values. These results
show that thelinear model overpredicts shale volume for every considered instance and is
consistent with the data shown in Fig@ré. TheLarionov (1969) model for young rocks (Tertiary

and younger) and the Steiber (1970) model both upidstict 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 newrNBgsin 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 Bahlevhich agrees with the data in
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Figure3.7: Plots of accuracy and bias associated with the shale volume predicted with the 5 exis
models evaluated in this study and the new Niger Delta Correlation.

Figures 3.8 and3.9 and shows that theost 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

71



earlier, the 95% confidence intervals for mean shale volumes predicted with the new Niger Delta

shale volumeorrelation will be obtained.
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Figure3.9: Histograms of residuals for all 5 existing models and the new Niger Delta Correlatic

Table3.3: 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
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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 byotted. 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: (1gth are limited opportunities to acquire core samples

and measure actual shale volume usiagXDiffraction; and (2) there is limited budget to acquire
additional well logs only gamma ray logs are available for shale vokomgutation. 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 sélitvesyh

this correlation was developed with well data from the Niger Delta Basian find important
application for shale volume prediction in other basins around the {eddGulf of Mexico)as

it has compared favorablytoar i onov (1969)6ds model for ol der
model This is especially important as these two nisaeere not calibrated withctual measured

shale volumeWith the corebacked probabilistic correlation model developadshalevolume
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

Preface

A version of this chapter is scheduled to be publishegeeareviewedjournal. | am the primary

author. Ceauthor Omid Heydari provided much needed support in completing the experimental
work that underpins this manuscript. -@othor Dr. Abdelsalam Abugharara reviewed the
manuscript and provided valuable guidance on thergrpatal design and execution. @athor

Dr Stephen Butt reviewed the manuscript and provided technical support in the conception, design
and development of the experimental worgohducted the literature review required to frame the
research. | also contributed to the design and execution of the experiments. | analysed the
experimental data and prepared the manuscript. the initial concept and carried out most of the data
analysis.l authored the first draft of the manuscript and updated the manuscript to reflect the
feedback from the cauthors and peer review process of the journal. Theutlvors 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 cumulating¢ 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, seveamrdearchers 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. Tésearchpresents a detailed experimental
investigation of the drilling performance of a trijgdge disc cutter along small cutting radii. The
drilling setup consists of an intact isotropic hard rock (diabase), a-éiigle disc cutter with
tungsten carbide indsr a rotary cutting machine, and cuttings evacuation systems. This research
presents the observed recltting mechanisms of the triptglge 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 indemtaand 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 holésilled 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 pipelinesh téatincreasing demand
for infrastructure to help the world's growing population, there has been-arygaar increase in

the need for TBM (Balci and Tumga2012). As such, selecting an appropriate rate of penetration
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(ROP) performance model for a TBM is vital (Balci and Tgn2012; Rostami, 1997)n 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 seampirical Hamidi et al., 2010Ramezanzadeh et al.,

2004)

This researctdocuments the drilling performance of a triglége cylindrical disc cutter cutting

along tight circular paths. The tripéglge disc cutter is described as cylindrical because the three
individual discs are the same diameter. While other investigatatsated the cutter forces
developed for different applied penetration depths of the disc asiteg single steel disc cutters

the authors of thigvork investigated the ROP of the tripéglged cylindrical disc cutter at varied
applied thruss, 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), essdab drilling simulator (for
application of thrust and rotation), and a triglége 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 steatrix body made the impact of disc cutter wear on the drilling
performance negligibl& his 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 PastResearch 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 tisnignear 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 combinetimgntal, theoretical, and

empirical approaches. Earlier studies focused on the performance of the disc cutter since the disc

cutter is one of the primary roautting tools utilized in large diameter drilling.

Roxboroughand Philips (1975) were some of the foremost workers who examined the excavation
pattern and characteristics of the disc cutter. They observed that ekigiwigdge 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 thisadcutter. Roxboroughand Philips (1975) extended the
existing body ofknowledge 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 disccutter 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 (quEmnigk excavated

per unit distance drilled), and specific energy (energy per unit volume of rock excavated)).
Roxboroughand Philips (1975) developed theoretical disc cutter performance prediction models
and validated the same with the experimentaleyT¢oncluded 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 geomdthe 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 predictiatiogiships using readily
available excavation logs and rock cores. The researcher obtained rock samplésaiong
lengths of excavated tunnels. The sampling locations accounted for the most extensive range in
ROP and rock hardness. Consideration alas 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 Hsitu rock hardness at the sampled area and determined additional rock
properties (., Schmidt Hammer hardness, Abrasion hardi@&sse Scleroscope hardness, Rock
abrasiveness, UCS, rock drillabilitfjom laboratory tests. Tarkoy (1975) made the following
observationsROP decreased with increasing rock hardness and UCS; cuttemeressed 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 rosked®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 guand 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 valuesesnd w
consistent. While the author proposes the possibility of success in scaling up the results of these

laboratoryscale 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 (dicgtscenario 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) ab 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 exgreaihapproach

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 racitting exeriments on a linear cutting machine. The measured
parameters were cutting forces, yield, specific energy, and coarseness indexdi@emsional
number used to compare the cutting size, which means the sum of the cumulative weight
percentages retain@teach 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 chipforming mechanism through theoreticanalysis 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 distutter geometry (edge angle and disc diameter) and cutting geometry
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(spacing between cuts and penetration deftideveloping 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 degiee midk's strength anisotropy. Next,

Sanio (1985) conducted disc cutter drilling experiments on different rock specimens with varying
bedding directions. Tehdrilling 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 concl@sam (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 intefvalinneling. 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,
also investigated thienpact 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 datmiftedeby the
investigators), the study showed the following consistent decrease in ROP with increasing
rebound hardness, an increase in the daily frequency of cutter etvaing&h increasing rock
rebound hardness, and an increase in field perwirattex (defined by thrust per cutter divided

by the penetration per revolution) with increasing total hardness.
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Using a semtheoretical 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 estathie 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 coract with the rock was not loaded. Instead, the loaded area w39B80f 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 primariljramt 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 cuttig 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 stremgithjsa 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 tunnelicgt i vi ty was on the ¢
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 permance data. Next, the researcher conducted rock mass
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characterization as the rock maskriswn 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 seempirical moded suitable for intact rocks or rock masses
Grima (2000) presented the results of modelling of TBM performance usingfoeayomethods.

Thuro and Plinninger (2003) highlighted three key parameters influencing rock excavaioidiky

and rock mass propers: machine parameters and the working prodeasiezanzadeh 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 impautrock 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 re¥egizh,

(2006) proposeca new model for TBM performance predictionBalci & Tumag (2012
investigated the impact of rock structural properties anektyp¥ 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)xonstructed notfinear 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 Ydrk, US

and subsequently set up a database to develop performance prediction models using Artificial
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Neural Networks and the ndmear multiple regression methods. The researchers then applied
these noHinear prediction approaches providing the acceptable precise performance estimations.
Hamidi et. al. (2010) presented an empirical modeTBM performance prediction based on the
Rock Mass Rating systerantacher 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 pating forces and irregular distribution of forces

across the tunnel face.

Yang et. al. (2016introduced a brittle damage model for evaluatirgititeraction between the

rock and the disc cutter. This model, based on dynamic &l@teentmethod, shows that the wear
extend of the disc cutter was strongly dependent on the developed lateral Asreesh, these

linear cutting tests sufficiently estimate disc cutter wRaistami (2016) reviewed existing TBM
performance prediction models amstharedadditional research into improving performance
prediction for difficult groundMaji and Thejg2017) modeled the penetration rate as a stochastic
variablethat is dependent on geotechnical and TBM parameters. They determined the statistical

distribution and used same to characterizeptireetratiorrate.

Xu et al. (2019) applied supervised machine learning techniques to the prediction of TBM
performanceKoopialipoo 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 resultsaaidull
rotary cutting tests to investigatee 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 imptaof disc cutter installation radius on rock cutting ford¢eispoli

(2020) also adopted a stochastic approach to predict the performance of hard rock TBM. Li et al.

(2021) presented a machine learning model fortiged prediction of TBM performance. Zhang

88



et al. (2021) developed and appliessitu 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 predictidrBdd performance.More recent
researchers have increasingly incorporated big data, deep learning, and machine learning in
developing TBM prediction method€lien and Seo, 2023; Fang et al., 2023; Li et al., 2023; Li et

al., 2023; Wang et al., 2023; Wanigag, 2023; Zhang et al., 2023)

The researchers discussed above conducted their experimental investigation using either a small
or largescale linear cutting machine. Then, they scaled up the resulting prediction models to
estimate anticipated TBM performance in the field. Ozdemir{)LBighlighted 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 breakagkat 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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Figure4.1 shows a sectional view of a constant cross section (CCS) disc cutter, whiled=2gure

depicts the rotary cutting motion basedaonodel proposed by Xia et al. (201%he mathematical
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Figure4.1:Partial Sectional View and geometry of a CCS disc cutter (Xia et al. 201

model thaiXia et al. (2012) developed used tastimate the three cutting forces during the rotary
cutting action of a single disc cutenormal force, rolling force, and side force. The researchers
showed the two components of the developed normal force. The first component depends on the
UCS ofthe rock and the disc cuttesck contact area, while the second portion is the sum of the
vertical components of the developed shear forces. Xia @0dl2) indicated that the developed

side force is the sum of the inner and outer side force vectors acting on the disc cutter acting on
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the disc cutter during rotary cuttin@hen, the rolling force is the product of the developed normal

force and the cutting coefficient.

Equationst.1- 4.4 show the developed mathematical relationships for predicting cutting forces.

8 8 8

0 Yi Q%% QU Q 8§ . $

0 B——— (4.2)

View A

Figure4.2: Rotary Cutting Motion (Xia et al. 2015)
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(4.3)

(4.4)

Where:

"O= normal force (N)

"O = lateral force component near the central axis of the cutter head (N)
"O =the lateral force component far from the central &Xijs

"O= 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 (%ad);001 0 @€

R = Radius of the disc cutter (m)

# = edge angle of the disc cutter

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

» = Unconfined compressive strength (MPa)

T = Shear strength (MPa)

'Y = installation radius of ith disc cutter on the cutterhead of the TBM (m)

S = disc cutter spacing (m)
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f b E AdiffArence between the ith disc cutter and its adjacent cutters (rad), n=1,2
g = angl e betweeln ¢(Iwi/a51'/'—§9{‘:—elel ines (rad);

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 radiusédlse 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 foraaspdecl
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 cuttehg 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 &nowledged 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 Bigure
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r = Disc Cutter radius (mm)

Fy = Normal force (KN)

F1 = Inner side force (KN)

F2 = Outer side force (KN)

Fs; =Resultant Side Force (KN)
F:= Rolling Force (KN)

R = Installation Radius (mm)
h = Penetration Depth (mm)

¢ = Contact Area (degree)

A = Rotating Angle (degree)

Position 1

Center of cutterhead

Circular trajectory of cutter

Figure4.3: Rotary Cutting Characteristics (Xia et al.2p16

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 direcsidowards 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 he 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 anmgrsves as well as the
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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 dependd@iuisc cutter radius, installation radius

and penetration depth. Equatighsi 4.7 show the models for computing annulus width and side

force.

o Y cdQ QY (4.5)
Y — (4.6)
0 Y — 4.7)

Where $(m?) is the area of the inner side of the rock that undergoes shear failure due to the rotary
cutting action of the disc cuttew is the annulus width (m), & the installation radius of the disc
cutter (m), h is the penetration depth (jn)is tensile strength of the rockis the disc cutter radius

(mm), Ris the resultant side forc&N).

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 disercu®en 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 rok by the side force. In this studthe researchers focused ¢ime cutting
characteristics of the disc cutter in shield tunneling applications, which are predominantly used for
excavating soft deposits, mix¢aice ground, and other complicated geological setups. For a weak

formation, the researchers suggested tleaettitire arc of the disc cutter in contact results is loaded
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and results in rock cuttin@his observation contrasts with the comment that Rostami (1997) made
about the loading area during the cutting of hard rocks (whe8®%0of the contact area is loaded
depending on the strength of the rocKfigure 4.4 shows rotary cuttingWhile 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

["1 Area of initial penetration‘

Crushed by normal impact (4»)
Sheared by inner side force (A4:)

Sheared by inner side force (4:)
_______________________ Crushed by normal impact (A4»)

Figure4.4: Rotary Cutting Pattern by the Disc Cutter (Ren et. al. 2018)

installation radius, d (shown in Figudet) provides beneficial insights. Figudel 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 ¢y obtained when the installation radius is larger.

Pan et al. (2018) also carried out fsdlale rotary cutting tests to investigate the impact of the

installation radius of the disc cutter on the developed rock cutting forces. From their experiments,
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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 nornaald rolling forces experienced by the outermost disc
cutters. Hence, Pan et al. (2018) could show that there was amform loading of the disc
cutters installed at various positions on the cutterhead of the TBM, further explaining the observed

wear pattern on the instatlelisc cutters.
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In summary, the failure mechanism of the rock under normal forces is provided by Rostami (1997).
The researchegroposed 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 contihikegreating a crushed

zone. Then, the loading declines at a lower rate as the crushed zone functions as a buffer. As a
result, rock failue 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 zeroFigure4.5 shows a typical cutting cycl&he results of the roekutting sequence
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Figure4.5: Developed Forces Per Rock Cutting Cycle (Choi and Lee 201!

showing the progression of the developetting 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 studyatsm extend to the drilling or
penetration of rocks using spheres (like disc cutters). Maurer (1962) presented a relationship to
predict drilling -cpleeradmirmoa nscoee nfaorri ofispoe radnedc tiii mp ¢

The investigat ocl|l easridngfipecdmeari o0 to indicat
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fragments broken off during drilling are removed leading to the absence of regrinding. Equations

4.8 and4.9 show the developed relationships for the performance of rotary drilling during perfect

cleaning.
Yoo O (4.8)
Y w06 (4.9

where ROP = rate of penetration (ft/hr); & drillability constant; N = rotary speed (rpm);QB =
Weight on Bit (Ib); D = hole diameter (inches)=3ock strength (MPa); T = drilling torque (ft.Ib).

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 presexiperimental setup for these rotaligccutting 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 langa 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 beaduated.In these drilloff tests, the impact of wear on cutter performance

is mitigatedusingdisc cutters with tungsten carbide inseRsr 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, tdeveloped 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. Tlest®ncontinues talescribe 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, discutter 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.

Figure4.6: Diabase Bloclbeforea dilling run (30cm x 30cm)

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 commerciallgown as black granit@Vinkler 1997). Ahead of the rock

cutting tests, everalpre-cut isotropic blocks of diabase rock with dimensions 30cm x 30cm x

16cm were delivered to the Drilling Technology Laboratoihe picture of one of the diabase
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blocks before a drilling run is shovim Figure4.6. Figure4.6 indicates that the rock sample has

a smcoth surface, requiring no further smoothenirig activities ahead of the drilling exp€erimeent

rock samples used for the rock cutting tests were sourced from the same vendor (and the same
qguarry), hence the expectation of uniform mechanical properties. Howleeergh several tests,

Shah (2020) and Weizhou (2021) established the chemical composition and mechanical properties
of the intact diabase blockTable4.1 highlights the test protocols, while Tadl2 presents the

results of the compositional analysis and mechanical properties tests.

Table4.1: List of Conducted Mechanical Properties Tests

Mechanical Key Testing Protocol | Apparatus Sample

Properties Measured Status

Test Properties

Density ” Caliper and a weigh Rock core or
scale disc

UCs UCS,E | ASTM D701214 | Geomechanics loadin Rock core
frame

Indirect y ASTM D396%16 | Geomechanics loadin Rock disc

Tensile frame

Strength Test

Point Load y ASTM D573%16 | Geomechanics loadin Rock core

Strength Index frame

Test

Elastic " R ,3, |ASTM D284508 | Oscilloscope, Rock core o

Properties Tes transducers, an| disc
receivers

Cerchar Rock ASTM D7625 CAl Setup Rock core

Abrasiveness | Abrasiveness

Index, CAI
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Table4.2: Results of Compositional Analysis and Mechanical Properties TefabaseRock

(black granitelSample(Weizhoy 2021)

Property Number of Samples| Numerical value
Tested

" (kg/nmP) 24 2900.63 34.46
UCS (MPa) 7 168.40 7.54
E (GPa) 7 13.31 2.31

0 (m/s) 5 5480.91 109.34
" (m/s) 5 3433.19 53.97
'O (GPa) 5 81.14 1.43

3 5 021 0.03

. (MPa) 14 16.27 2.56

n (MPa) 20 14.17 0.69
CAl 5 416 0.47

Mineral Composition

Anorthite (61.4%), Actinolite (22.4%), Muscovi

(13%) and Quartz (3.2%)

A range of values for some mechanical propedi€zabbro (diabase is a kind of gabhmovided

by Aadnoy and Looyeh (2019),listed below.

Permeability: Nil

©CoNorwWNE

Porosity: 0.3 9.6%
Density: 2700 3300kg/ni

Tensile Strength: 725MPa

Shear Strength: 1450MPa

UCS: 100i 250MPa

Poissol Ratio: 0.2i 0.3

Isotropic Elastic Modulus: 7.899.4MPa
Isotropic Shear Modulus: 3:241.1MPa

Thus, the results of the mechanical properties tests on the sample diabase rock fall well within the

expected range found in the literatubavarpanah et. al. (2020) pointed out the difference between

static

el astic

modul

us

and

( E)

dynami c

el ast.i

through destructive mechanical tests while dynamic elastic modulus is derived frem non

destructivetests through the measurement of velocity of propagation of ultrasonic elastic waves.

Davarpanah et. al. (2020) altighlighted that the dynamic modulus of elasticity is higher than
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the static modulus of elasticity. Fdabase t hey showed that the dyna

thrice the static modulus of elasticity.

4.3.2 Disc Cutter

The disc cutter in this study, whose plan view is shown in Fiduteconsists 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. 4Babsts the

additional features of this disc cutter.

4516 T8 19

|
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Figure4.7: Plan View of a Disc Cutter
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Table4.3: 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 O
Cutter Matrix

Height of insert (Wear limit) 5mm

Max allowable applied thrust per dis({ 26.6&kN

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 arRéy Fluorescence Scanner.

Table4.4: 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 20218 disc cutter
mount was designed to allow the disc cutter to achieve three degrees of freedom. 4.Bigure
indicates the different degrees of freedom of movement of the discictitieinstallation radius

(or cutting radius) (R), the journal angl e
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8 = Journal Angle
@ = Offset Angle
R = Cutting Radius

+ x-axis +y-axis

+ X-8xis

Figure4.8: Disc Cutter on the Disc Cutter Mount (Degrees of Freedom of Movement on the Ri¢

(De Moura Junior 2021)

106



Journal angle is the angle between the disc cutter's centerline and horizontal axis with the disc
cutter rotation being about theaxis. The offset angle indicates the angle between the disc cutter's
centerline and the axis of rotation of the drillstrimgh the rotation being about theaxis. 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 alongakis xesults in
changes in theutting radii. In thissection of the thesishe disc cutter drilling was conducted with

fixed installation radii of the discs, a fixed journal angle, and a fixed offset angle. Eigsieows

the installation radius of each disc in the disc cutter.

a=1"74cm
b=6.00cm
c=10.26cm
< »
p + X-axis

Figure4.9: InstallationRadius of Each Disc of the Disc Cut
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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). Figur@ shows the LDS for drilling.

Swivel
Drill shaft

DAQ

Disc Cutter
Reaction Frame (1/4)

Drilled Sample

Steel Plate

Plastic with Tie-Down Balt

Shueld

Figure4.10: 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 55Q000rpm.

2. Thrust System: The thrust system i&ke 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 servactuator is also installed to provide a dynamic drilling load.

The system can delivep to 10&N of thrust on the rock. To achieve a closeop 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 ofithera. This higlspeed 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. Higure
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)

Dise Cutter —%

Hi-Speed
Camera \\| r_\\
I ILight Source

Figure4.11: Setup of Camera and Light for the Disc Cutter Experiment

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 otimek, kize wet drilling mode was
adopted for the relieved cutting in the second batch of the investigation. This method, shown in
Figure4.12, employed two 300psi spray nozzles to jet water at atmospheric pressure and an 11.5

liter/min (0.0115m) flow rate ato the rock surface during the drilling experiment.
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After each dry drilling run, the generated dry cuttings were collebizgiged,and labelled for
Particle Size Analysis. These samples no further-alvgimg before gradation analysis, unlike the
samples collected from wet drilling rundlo material (except evaporated water) was lost during

the ovendrying of the drilled cuttings.

Figure4.12: The setup for Wet Drilling
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4.6 Drilling Matrix

This section outlines the drilling matrix adopted in the disc cutter drilling experiribet.
experiments covered relieved and unrelieved drilling. Relieved drilling occurs when the grooves
under adjacent disc cutters intereesulting 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 occuas is shown in Figure 2.3. For these experiments, the same

rock and triple disc cutterith fixed disc spacing were used.

4.6.1 Unrelieved Dirilling

4.6.1.1 Variation of Thrust at Fixed Rotary Speed

Table4.5 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 reiigatd the experiment. Each
drilling step lasted for 3 minute$0 rpm was the most stable rotary speed that did not result in

vibration at high thrust.

Table4.5: 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
Table4.6 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.

Table4.6: Drilling Matrix for Variation of Rotary Speed at Fixed Thrust
Thrust Rotary

o=
5.0
7.5
10.0
12.5
RUN 3A 17.3 15.0
175
20.0
225
25.0
25.0

27.5

RUN CODE

RUN 3B 17.3
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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 actwaldelie
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 repsent the mode of rock cutting in theld; howeverit is the default mode of
cutting if the disc cutters spacing is spfiitimal for rocks. For this experiment, unrelieved cutting
persistedseveral 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.

Table4.7: Drilling Matrix for Variation of Thrust at FixedRotary Speed
RUN Thrust | Rotary
CODE (KN) 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 thedilisd® the compressive
load (thrust) applied to the disc cuttdtvidence of the failuref the rock by crushing, which is

indicated by the size of drilled cuttings generated during the drilling tests, is presented in Figure

4.13.
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Figure4.13: Sample Drill Cuttings from Disc Cutter Experiment

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 Figuid) is

115



shearingdue to the side forces generated by the rotary motion of the disc cutter at a small

installation radius as highlighted by Retal. (2018)

Figure4.14: Surface of the Drilled Rock After a Drillingun- 3,4,9,10 (Annular groove undBisc lalt
1.74cmoffset radiu¥, 2,5,8,11 (Annulus groove under Dis@aR6cm offsetradius; 1,6,7,12 (Annult

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 Tabie8.

Table4.8: Measured widths of annulus groove under each disc

Installation Radius of the Disc

Applied Disc 1| Disc 2| Disc 3

Thrust 1.74cm| 6.00cm | 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
Drilling stopped abruptly when th
drilling torque exceeded the safe lin

22.5 28.05 |27.2 26.10 of the drilling equipment

A clear indication of the measurements shown in Tal@les 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 indegignde

there will a greater degree of developed side forces due to theéniform 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 (CoetaMli 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-digting process.
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4.7.2Dependence of ROP and Drilling Torque on Applied Thrust

Known thrustvalueswere 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 sigullat 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 parameiers, vertical

displacement odirillstring, 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 slighftom those inputted before drilling
commenced. Hence, the resultant penetration rate was normalized for the slight variation in rotary
speed and thrust. To obtain fhenetration rate at any designated drilling step, a plot of the vertical

position ofthe drillstring was made against the drilling duration. Figui® shows the drilling
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rate at 12.288N thrust and 10rpm. The displaceméinte plot shows the progression of drilling

as time passed. A linear relationship describes the displacéimenelationship.

The scatter observed in the displacement data can be attributed to noise and tedhgeanck
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Figure4.15: Displacement versus Time Plot (1&\8and 10rpm)

interaction. To investigate the impact of noise on the degree of scatter, two displacement time
charts are shown in Figukel6. One chart shows aninute drilling interval while the second
chart shows a-ininute no drilling interval. The displacement data recorded during the non
drilling interval when there is no cuttenck interaction showed some degree of scatter allades t

some noise in the recorded data. However, for thenute drilling interval, whilesome scatter
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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 al-minute cutting cycle indicatingthe rockdisc cutter interaction as

highlighted Rostami (1997) and Choi and Lee (2015) and illustrated in Hidure
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Figure4.16: 1-minute Displacemertime Plots

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?jRa statistic for evaluating the degree of variation of the

dependent variable that can be predicted from the independent variable, was used to check the
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Figure4.17: 1-minuteThrustTime PlotShowing rockdisc cutter interaction

Table4.9 shows some drilling results of Run 1A. Tabulated are the recorded rotary speeds, the

1.2

computed ROP, the normalizeRIOP, 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).
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Table4.9: Drill -Off Test Results for Run 1A

Normalized Depth of Cut

Thrust | Average Rotary ROP ROP (_at 10rpm}) (mm/rev)
(kN) Speed (rpm) | (cm/min) | R? (cm/min)

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
196 |4.06 0.0154 | 19.90%| 0.0379 0.0379

Vibration and torque were observed to increase as the applied thrust increased kMtHra£,

drilling stopped, and a high value of instantaneous torque (925Nm) and reverse rotary speed were
observed. Tabld.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.&kN due to the increased vibration observed at this very high thrust value.

Figure4.18 illustrates the observed relationship between the applied thrust and the observed ROP

for simulated relieved and unrelieved drilling modes.

The RORThrust relationships for the unrelieved and relieved cutting modes can be best described

by equations is best described by Equatfh® andd.11 respectively.
YOO T8t p 6’ (4.10)
YOO @ty ® (4.11)

Where RORP is rate of penetration (cm/min) ant 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

- - : 1 : : : t - : : 1 ! ! |
° Run 1A (Unrelieved Drilling) 1
0.1F ® Run 1B (Unrelieved Drilling) g
¢  Run 4 (Relieved Cutting) @
&
. &
0.05 | o “ ]
i % e
E a ® ﬁ. x < * ®
= o * ¢ H_- P ®
g %
2 *
(9 . N
5 0
[
—0.05 —
—0.1 P T T R P | M | & .
0 5 10 15 20 25
Thrust (KN)

Figure4.18: ROP versus Thrugtor relieved and unrelieved modes

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, highdamaues were recorded, and drilling

stalled before ultimately stppng. This RORThrust behaviour observed in Figudel8 is
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consistent with Equationd.8 and4.9 (part of the investigation presented by Maurer (1962)).

Figure4.19 shows the progression of drilling.

Figure4.19: Disc CutterRock engagement &xilling 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. Agdlsteps for the unrelieved mode, drilling had

already srted stalling.
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Figure4.20: Drilling Torque versus applied thrust (relieved and unrelieved)

125



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 applRdn 2A. Theaesultof

this investigation is shown in Figude21.
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Figure4.21: Impact of Rotary Speed on ROP

From Figure4.21, doubling the applied rotary speed almost doubled the ROP. This is consistent
with the model developed by Maurer (1962) shown in EquatiBn However, the analysis

highlightsthat though the ROP almost doubled with doubled rotary speed, the depth of cut, DOC,
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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 thaten 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 ofehenaytbe
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 higheotary 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. Figu2 shows the results observed are consistent with

the expected trend (ROP increases with increasing rotary speed before an observed decline).
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Figure4.22: ROP versus applied rotary speed

Figure4.22 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 speedMaurer (1962) pointed otihat 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.
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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 Figut23.
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Figure4.23: Depth of Cut vs Rotary Speed at Thrust of kX3
The relationship between depth of cut and rotary speed can be described by Eduions

00 6 T8t @ @p° (4.12)
R?=97.00%

Figure4.23 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, et tlomst values, the DOC

decreased gently as rotary speed increased.
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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 wheffeichplraning occurred, the drilling
torgue reduced slightly at increasing rotary speed. This statement is consistent with the results of

the experimental analysis presented in FigL2d.
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Figure4.24: Drilling Torque versus Rotary Speed at thrust of &KX.3

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. h& adopted test protocol is adopted from ASTM D6913/D&I13

From the results of the patrticle 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 represenftspise&ttile
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of the distribution (gb). The coefficients of uniformity (§ and coefficient of curvature (Care

described by Equatios13 and4.14, respectively.

5 — (4.13)

(4.14)

wheredso = the particle size that is B@ercentile of the particle size distributiaay = the particle
size that is 30 percentile of the particle size distributiotjo = the particle size that is 10

percentile of the particle size distribution

Altindag (2004)defined thecoarseness 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 samplégiure 4.25 illustrates the

relationship between patrticle size (coarseness index) and applied thrust. This plot indatated

the size of the cuttings obtained from the disc cutter drilling experiment increased as the applied

thrust increasedThere also exists a relationship between the mean patrticle size of the cuttings

sample and the coarseness index (Ersoy and Waller, 198i§.relationship is presented in the

plot in Figure4.26.
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Equation 4.15 describes this observed relationship between the mean particle size and the

coarseness index.
Q mWipchp® (4.15)

where do is the mean particle size (um); Cl = coarseness index (%). The correlation coefficient is

89.87%.

The relationship shown in Figu#e25 agrees with the studies Bjtindag (2004), which offer a
strong correlation between ROP (dependent on applied thrust) and the coarseneshistdie.
in Figure4.26, Altindag (2004) also presented tsignificant 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 Sectidr? 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 (ROBrque,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 othe journal artite 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 presentediquationst.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 drilhgg alo

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 multiedge disc cutter is like that presented by &tial. (2015), Equation&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 suchforce prediction was conducted for each disc as if it were acting alone. Eiguare
illustrates the comparison between the applied thrust and the predicted thrust developed for the

values of ROP observed during the cuttagjivities. Figure 4.27 shows that the models fairly
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Figure4.27. Predicted Thrust versus Applied Thrus

134



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 muatige disc cutter

An investigation into the relative motion of each disc in a trgalge disc cutter was provided by
Heydari et al. (2023). The team opined that since the three discs of thedgaelisc cutter (with
different installation radii) were rotating arounck tfotational 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. Tiesults shown in Tablé.10
highlight that in addition to the rolling motion of each dibke(that expected for a single disc

cutter), there is a varying degree of sliding motion.

Table4.10: Average Values of RfRolling factor) SF(Sliding Factor)andcovereddistance while
drilling Diabasg(Heydari et al2023

Disc # Offset (cm)| RF SF Distances in one rotation ofi§z 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 dagrsto compensattor thefixed rotary speed

of the drillstring and its proximity to the centre of rotation. The middle misteshrice 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 nhi&tethe cutting
mechanism of a drag bit. Maurer (1966) presented the basic rock failure mechanisms of a drag bit

and determined the mimum expected torsional force and thrust.

4.8 Conclusion

The results of the experimental investigation of drilling performaftketriple-edge disc cutter

at small cutting radii are presented in tlesearch 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 rockunder the discs of the disc cutter as well as the shearing due to the rotary cutting motion
of the dig cutter. A third observed rock cutting mechanism is the shearing of the rock resulting of

the sliding portion of the motion of the tripéeige 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 radiaseeconfirming that the degree of
shearing by the inner side force during the rock cutting decreased with increasing cutting radi.
From the experimental results, it can be concluded that the ROP increased with increasing rotary
speed up to a point betdeclining 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. Thigudyconcludes by showing the relationship between the mean
cutting size and the applied thrdet drilling. It also shows #&air agreement between predicted

thrust values with the appligdrustvalues.
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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 arpeewed journal. | am the primary
author. Ceauthor Dr. Jeronimo de Moura contributed to the design and execution of the field trial
and in manuscript review. Gauthor Dr. Abdelsalam Abuginara who worked as the Drilling
Group Lead, contributed to the planning for the field trial and in manuscript revieaut@or Dr
Stephen Butt is the Principal Investigator for this Drilling Lab Grdup StepherButt provided
technical support durinchis research and reviewed the manuscript. | conducted the literature
review required to frame the research. | also contributed to the design and execution of the field
trials. | analysed the field dasand carried out most of the data analysis. | authored the first draft
of the manuscriptThe ypdated manuscript reflecthe feedback from the eauthors The co

authors assietlin fine-tuning the concep#dditional updates will reflect the feedback from the

peer review process ahead of publication in anjal
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 mirdpglications 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
narrowvein deposit will resulin the feasible development of otherwise uneconomic deposits.

This ore extraction method is a continuous, mechanized, safe and sustainable method which wiill
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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 paspist hole drilling with
Diamond Drilling Rig (or coring) and large diameter drilling (e@lent 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 th 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 operatiemerhow significant

body of research supports mining through the LDD technique. Hencthdhispresents research

into the Large Diameter Drillinfl-meter diameter hole sizéljhe researctoutlines critical factors
affecting large diameter drilling permance 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,
andflow 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.
Thereis anincreasingyeanry e ar demand f or mechanical excava
need for solid minerals (gold, nickel) and the developmentfiEstructures (roads, railways, and
pipelines)Balci & Tumag 2012; Yagiz et al. 2021Additionally, 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 Machine (TBM) arevaluable in the construction of mine shafts (Yagiz e2@21)
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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 sthatheter holes,

TBM and RBM produce large diameter holes. Several studieshe 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

studiesvalidateexperimental labratory investigation of disc cutter performance.

Tarkoy (1975)investigated TBM performance using experimental and empirical approaches.
ThoughTarkoy (1975)adknowledged that disc cutter experiments with linear cutting machines
provided valuable insight into performance investigation rédsearcher basetis study on the

drilling performance records acquired from tunnels made byfda#ld tunnel boring machines.

The researcher argued that the results of the linear cutting machine experiments might not provide
direct quantitative field performance preibo information. The properties (e.g., rock hardness,
abrasiveness, unconfined compressive strengtls)dCrock 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 theTatkdy, (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 researchersofBogh and Philips, 1975;
Ozdemir, 1977; Snowdon et al., 1982; Sanio, 1985; Hughes, 1986; Innaurato et alSur8a;

and Wanstedt 1994)

In investigating the impact of rock properties on TBM performa@o@,Ro ur k e eused a |
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 evacuatingock cuttingsutilizing 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 reseadicted at the
Norwegian University of Science and Technology (NTNU), Trondheim. Bruland (1999) reviewed
several existing TBM prediction models advancedehystBiichi,the Colorado School of Mines
(CSM), theLuled University of Technology, Pricilla PNelson, and the Delft University of
Technology. Together, thessodels 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 angotaghi to
accommodate the increasingly developing TBM technology and that the life of a prediction model

is between 80 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 predictioneladd 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 morgegrepecific 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 areldlegiovide insight into

the disc cutterock 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 TBjdtem 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 change®ther 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. RBMsre utilized to excavate vertical structures like shafts in mining and civil
engineering applicationShaterporMamaghani et aR015) ShaterpowiMamaghani 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, Cama8outh 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 investigayevarious researchers who have
adknowledged 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 rotaqyercussion drilling. Maure(1967) subsequently developed
drilling rate equations for these rocktting tools. Bienwaski (1967) also explored the process of
brittle fracture of rocks and suggested the stages of the brittle failcrack closure, fracture
initiation (beyond theperfectly 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 penetratio
mechanism of hard rocks by roller cone bits. Pang et al. (1989) developed-defmeeation
model forindentation (localized loading) for brittle rock¥hey pointed out that the results could
also apply to the drilling actions of percussion bitheyl 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 puné¢hateésst

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 alternativemearland rotary cutting tests.
Kahraman et al. (2000) conducted indentation tests on 22 rock samples, each representing a

different formation. From the results of the feindentation 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 Shatekpamaghani et al. (2016). In addition

to developing RBM performance prediction models using iradiemt test results, some empirical
rewfdcx35nodels have been developed to predict RBM performance. Shatdpowaghani and

Copur (2021) summarized the empirical existing RBM prediction models that apply to pilot hole
drilling and reaming (Morris, 1969; lgon and Graham, 1972; Bilgin et al., 2013; Liu and Meng,

2015; Shaterpodvamaghani et al., 2016; Shaterpddamaghani et al., 2018).

However, Shaterpotivlamaghani 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 snimd&BM 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 modgldata was based.

This study aims to present the results of a full field trial conducted usanrgeadiametedrilling

setup. In this field trial, three Haiameter holes were drilled to depths ranging frorii @8 m at

30 degrees inclinatioWhile 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 evaluationThe 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 loggig) 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 tesistact rockUCS, indirect tensile strength, CAl) carried

out on these core samples provided vital information on the intact rock properties and composition.
The thesisalso presents the results of the rock mass characterization conducted using the intact
rock properties and the geological field mappifgm the rock mass characterization, the rock
mass UCS were computedlitimately, thissegment of the investigatigresents the results of

the entire project regarty largediameter drilling performance while considering rock mass
characterization, hole cleaning, cutting size analysis, ROP, torque, and MSEes&archalso
presents a probabilistic prediction model for the dependence of critical thrust on the rock mass

UCSs.

5.2Background of Field Studies

This field trial aimed to drill three-neter 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 diamet#illing 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 largei@meter 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 evaluationiihg 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 tist field sitencluded surface investigations (geological
mapping, rock mass characterization, and othsitinobservations) and subsurface investigations
(acquisition of rock cores to evaluate mechanical propertlegure5.1 shows the location map

indicating the points surveyed during the geological mappwmginsah et al. (2018)They
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Figureb.1: Exposed Quartz Vein at thkaéeld Test Site (Ansah et al. 2018)
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presentedhe results ofhis detailed mapping exercise conductédhe field siteFigure5.1shows

some mapped outcrops, with the highlighted portion showing milky and fractured quartz.

Li et al. (2018) drilled two 3@m diameter pilot holes to prepare for geophysical assessments on
the test site.As part of the site preparation program,-enéterthick 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 nmogetent and level
surface was provided for placing the drilling rig and the ancillary equipment ahead of drilling.
While on location, additionaneasurements of dip angle and the width of the quartz vein were

obtained. The drilling setup is shown in Figbra

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 oftifisng 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 asserhpwas computed. For the first hole, Li et al. (2018) observed a high
ROP (20- 50m/hr) within the first 6.28neters of drilling and a lower ROP-{d.m/hr) from 6.25

T 11m depth (this depth is believed to correspond to the quartz vein zone). A siemithneis
observed while drilling the second hole. Very low ROR @m/hr) was recorded betweeri 7

10m depth. Analysis of the cuttings obtained during drilling showed the presence of clay, quartz,

and mafic ash tuff.
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Figure5.2: 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 andsi¥@® core barrels.

This coring activity resulted in the acquisition of 5:3ength of NQsized cores. Three of these
pilot holes were drilled along the length of the quariaséhrough 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 variedsatie 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). F-Rjliustrates

some cores stored in cdsexes.
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Figure5.3: Representative collected core sampletined from the pilot hole at the test site

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
(Poissod satio and Elastic Modulus, E), and hardness (Mafazy et al. 2022(a), Mafazy et al.
2022(b), Mafazy 2023). The testing protocols are ASTM D7DAZUCS), ASTM D396716

(Indirect Tensile Strength Test), ASTM D578116 (Point Load Strength Index), and ASTM
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D284508 (Pulse Velocities and Ultrasonic Elastic ConstaniEhe resultant intact rock mechanical

properties of a sample pilot hole section are shown in Tablend in Appendix €l.

Table5.1: Intact Rock Properties for the Cores of a Pilot HMafazy et. al. 2022)

Dynamic
Elastic
Box Lithology Poissord s | Modulus  for
Depth (m) UCS of intact | Ratio of | intact rock
rock (MPa) Intact Rock | (GPa)
. Quartz (Highly| 127.70 |
1 0.71 3.0 fractured) 155.96 - 65.80
127.70 i
5 8.65- 11.6 | Quartz 155.96 ) 3190
11.6-12.5 | Mafic ash tuff 59.001 148.00| 0.197 0.24 | 83.70
Mafic ash tuff
s | 297214 ransition) 59.00i 148.00 | 0.197 0.24 | 70.70
21.5- 25.3 | Quartz 55.641 149.85| - 60.10
25.3i 26.0| Quartz 55.64 - 58.20
4 26.0 - | Green grey mafic as
29.60 tuff 97.04 0.22 88.38
i Green grey mafic as
5 42.5-46.7 tuff 97.04 0.22 102.50
6 67.8-72.2 | Mafic massive flow 33.111 97.43 | 0.2271 0.24 | 88.00

As the performance darge 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 preselected locations on the site, Xiao et al. (2020) determined the roslchaacteristics of

the test site by surface outcrop mappinghe determined properties included the Geological
Strength Index (GSI), Rock Quality Designation (RQD) of outcrops, Volumetric Joint Count (Jv),
Joint Roughness Numberr)YJand Joint Alteration Number (Ja). TaBl? shows the GSI and

RQD of the cores obtained from the same interval.
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Table5.2: RQD and GSI obtained from the Cores

Box | Depth Lithology Rock Quality | Geological
Designation, RQD| Strength Index
(%) (GSI)
1 0.7m3m Quartz (Highly| 15.00 28.30
fractured)
2 8.65m-11.6m Quartz 86.00 84.60
11.6m-12.5m Mafic ash tuff 94.00 90.79
3 20.7m21.4m Mafic ash tuff| 25.70 33.65
(transition)
21.5m25.3m Quartz 81.10 82.15
4 25.3m26m Quartz 81.10 82.15
26m-29.6m Green grey mafic ash 56.21 62.77
tuff
5 42.5m46.7m Green grey mafic ash 79.40 81.30
tuff
6 67.8m72.2m Mafic massive flow 94.00 88.60

George et al. (2022) determined the mechanical properties of the rockfrtfassite for the field
trial based on the HoeRrown criteria. For each cored section of the rock, rock mass properties
were computed using the intact rock properties and the rock mass characteristics5.3rable

displays the mechanical properties of the rock mass. TBablshows that rock mass has low

values of tensile strength, especially in intervals with significant fractures.
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Table5.3: Mechanical Properties of the Rock Mass (based on cores obtained from a pilot hole)

Depth (m) | Lithology UCS of Rock| Tensile Range of| Poissord s
mass (MPa) | Strength of | Dynamic Elastic | Ratio for rock
Rock mass| Modulus for | mass
(MPa) rock mass GPa)
0.7-3 Quartz  (Highly| 1.97 2.4 0.037 0.004 |1.4-4.8 0.195
fractured)
8.65- 11.6 | Quartz 54.27 66.2 | 2.001 2.44 | 70.5-75.6 0.195
11.6- 12.5 | Mafic ash tuff 35.47 88.7 |1.181 2.96 |80.5-80.8 0.247i 0.286
20.7-21.4 | Mafic ash tuff| 1.37 1.3 0.027 0.04 |2.3-7.3 0.247i 0.286
(transition)
21.5- 25.3 | Quartz 20.67 55.5 | 0.721 1.95 | 54.2i 65.7 0.143
25.3-26 | Quartz 20.67 55.5 | 0.721 1.95 |52.57 65.7 0.143
26-29.6 | Green grey mafi¢ 12.1 0.23 24.8-59.7 0.299
ash tuff
42.5- 46.7 | Green grey mafi( 34.3 0.95 63.9-91.7 0.299
ash tuff
67.8-72.2 | Mafic  massive 17.61 51.7 | 0.567 1.65 | 77.583.7 0.312
flow

In addition to these mechanical properties, the parameters for theQdalomb failure envelopes

for the rock mass were calculated. The results are displayed in 34bl€he next section

discusses the design and execution of the large hole drilling operation.
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Table5.4: Mohr-Coulomb Failure Envelope Parameters

Box | Depth (m) Lithology Friction angle | Cohesion (MPa)
(degrees)

1 0.7-3 Quartz (Highly fractured) | 35.71 35.9 0.1571 0.18

2 8.65-11.6 Quartz 32.91 33.0 6.077 7.43
11.6-12.5 Mafic ash tuff 33.31 33.5 3.777 9.66

3 20.7-21.4 Mafic ash tuff (transition) | 31.47 33.6 0.2171 0.42
21.5-25.3 Quartz 32.41 33.0 2.271 6.38

4 25.3- 26 Quartz 32.47 33.0 2.2871 6.39
26-29.6 Greengrey mafic ash tuff | 33.8 1.11

5 42.5-46.7 Greengrey mafic ash tuff | 33.3 3.42

6 67.8-72.2 Mafic massive flow 31.171 32.6 2.017 6.20
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5.4 Large Diameter Holei Design and Execution

5.4.1Trajectory
The trajectory of the large diameter hole follows the dip of the quartz vein, wiaglhe target
of thedrilling operation From the site mapping activity conductedAysah et al. (2018), the

direction of the targeted quartz vein is shown in Fidude

dip= 61 degrees

Figure5.4: Position of Quartz Vein
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To effectively target the quartz vein shown in Figbré the large diameter hole was drilled to
have an inclination of about 3fegrees. Figures.5 and5.6 show the vertical sections and the

plan sections of Large Diameters Holes 1 (LDH1) and 2 (LDHZ2).
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Figure5.5: Vertical Sections of LDH1 and LDH2
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Figureb.6: Plan Sections of LDH1 and LDH2

5.5 Drilling System

The drilling setup consists of the four esserd@hponents:

1. Power System (Hydraulic Power Pack, Generator)

2. Hoisting System (Crane, Pile Top Drilling Rig)
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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)
Figure5.7 shows the equipment layoaitthe field test siteThe subsequent section of thesearch

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 {ghown as A in Figure 5.7)

was selected for the large diamedetling field trial.

Figure5.7: Equipment Layout at the Drilling Siténternational Mining, 2024)

Figure5.8 shows theaerial view of the drilling location.

i e P\;l—- E

Figure5.8: Aerial View of the Drilling LocationNovamera website)
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Figure 5.9 illustrates thieile Top Drilling Rig.

Figure5.9: Pile Top Drilling Rig Setup (Novamera website)

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, aconductor casing was connected to the foundation pad (through a flanged
connection) at a 3@egree inclination. This conductor casing served as the entry sleeve to the drill

string and enabled the holes to be drilled along the planned trajectories.

Table5.5 shows the specificatisof the Pile Top Drilling Rig used for the field trial. This rig is
designed with a reverse circulation (&ftt) capability. Such capability is required to achieve

efficient evacuation of rock cuttings.
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Table5.5: PTDR Specification (As provided by the drilling company)

Technical Specifications
Drill mast operation load Maximum thrust forcel 80GkN
Maximum Pull Back | 110kN
Stroke 3.5m
Retaining doors For Drill Pipe NW 200
Free Passage 2000 mm
Hydraulic Power Swivel Torque 119kNm
Maximum power swivel torque Torque 180KkNm
Rotation 34 rpm
Total Weight 19.5Te
Hydraulic Power Pack Type HP IVa
Distance from ground level to top of ent 3.75m
sleeve

5.5.2 Drilling Equipment

5.5.2.1 Drillstring Component

The drill string components used for the drilling operation are shown in Saotelow.

Table5.6: Drillstring Components (As agree with the drilling contractor)

Drillstring Component | Outer Connecting Flange| Weight | Length
Diameter | (Diameter (mm)/Type) (Te) (m)
(mm)

Cutterhead and tricon 1000 700/NW 200 3.00 1.345

bit as stinger

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

*The stinger traces the path of the alreadyled NQ-sized pilot hole.

5.5.2.2 Stinger Assembly
The stinger consists of a 70 hole opener witd!l

sealed bearings) and a 2 15/16 TCI tricone bit with IADC 521. The hole opener has a body of
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Steel AlISI 4140 with4. / 20 AP R e gRod Bok, wiile the 2a5n/d1 6N0 t r i cone

an N-Rod Pin Connection. The stinger assembly is shown in FigliGe

D1: 140 mm
L1: 150 mm
L2: 120 mm
L3: 150 mm
L4: 70 mm
D2: 60 mm

42" APl Reg. Pin

Hole Opener 7" with
5 roller cones TCI

Figure5.10: Stinger Assembly (de Moura, 2021)

The maximum torque limit of the hole opener is 10,000Ibft (13,558Nm), its maximum rotary speed
of 25rpm and the maximum weight on bit of k8D The stinger assembly was used to guide the
Large Diameter Drilling assembly along the previously drilled-$ifg@d pilot hole produced by

the diamond drilling operation. Subsequent redesign of the stinger assembly entailed the

replacement of the hole oper witha#7/ 806 r ol |l er cone bit.

5.5.2.3 Cutterhead

The cutterhead shown in Figusell wasused during the field triallhe cutterhead, comprising
nine-disccutters, was used to drill therge diametehole 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 eitherdrsc or quadruplelisc disc cutters. Also, these disc cutters
include ®me with uniform diameters and others withn-uniform diameters.

Theplan viewof the Cutterhead As alsoshown in Figuréb.11. The disc cutters are installed on

the cutterhead to ensure thhe designedpacing between successive disc cutter ¢ipables
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contact of the disc cutters with the rock surfades resultant spacing engineered between the tips
of the disc cutters across the radiucuatterheads critical to ensure efficient drilling operation

(Comalki et al. 2021).

Figure5.11: Cutterhead and Stinger Assembly ().éfte Moura, 2021)Plan View of Cutterhead withou
stinger assembly (RighfYytler et al. 2023)
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