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ABSTRACT

Mechanical excavation is tltwminant mode of operation in underground mining and tunneling
in low- to mediumstrength rock types. Dratype cutting tools used on related machines vary from radial
tools for very soft and neabrasive rocks to point attack or conical tools, also knasvpick cutters, in
mediumstrength and more abrasive rocks. Tool wear and maintenance are important parts of the
operation, as they may impact production rates due to excessive wear and inefficient cutting processes, as
well as negatively impact machinglization, resulting in reduced production per shift or per day.

This study investigates the performance of radial rock cutting tools used on borer miners,
focusing on the cutterhead profiles typical to gage regions of borer miner rotors, as well as the rate of
wear and resulting cutting forces. Analysis of field dates wsed to assess the impact of tool wear on
machine performance and to establish testing criteria foséalle linear cutting machine (LCM) tests to
simulate the cutting conditions experienced on the rotors. Beyond a standard LCM test, this study
introduced a tilteebit LCM test procedure to simulate the gage area of the cutterhead, where bits are
installed at high tilt angles, as a means to develop a realistic understanding efoclktiateraction in
the gage region. A 3D scanner is utilized to argmtint cloud data of the rock surface to evaluate the
surface characteristics of the rock and enable assessment of the ridge buildup area between the cuts.
Through a combination of analyses and computer modeling techniques, a comprehensive methodology is
established to facilitate a detailed quantification of operational parameters influencingamnkter
interaction, affecting performance and cutting tool lifespan.

The study reveals that the standard LCM testing method oversimplifies the complex dynamics at
variable axial spacing at higher tilt angles. The side force component is significant at higher tilt angles
and is expected to contribute to frequent tip failaned even exceed radial bit design limits. Findings
show cutting forces vary substantially when alternating sequences due to changes in rock exposure and
relief timing.

Integrating 3D scanning in rock cutting helps surface characterization with improved precision
and quantifies supplemental factors like overbreak volumes, ridge heights, and breakout angles,
complementing traditional measurement and analysis of cuttingf@nd product grain size distribution
assessments. Integrating these additional metrics with standardized specific energy and particle size
distribution evaluations, as well as simulated wear levels of cutting tools, provides better insights into
cutterrock interaction. These capabilities provide the means to develop proper strategies for optimizing
operation and cutterhead design.

A validated cornecutting evaluation methodology has been introduced to facilitate accounting

for operational factors in addition to typical cutting geometry. To incorporate operational parameters,



input variables are carefully chosen to accurately reflect the cutting scenario, representing the rock
encountered by the bit either directly or indirectly. These geometric factors dynamically adjust in
response to variations in the rate of machine advara@ous modeling techniques were considered, each
utilizing a different set of input parameters. The selection of the models presented in this study was
determined by their ability to accurately capture the variability across all three orthogonal cotsipdne
the cutting force.

The machine performance prediction model introduced at the EMI of CSM is based on the
cumulative cutting force consumption by the individual cutting tool on the cutterhead with respect to its
position and orientation. The model allows for estimation efctitting forces for a given bit based on
the measured values through fsdlale LCM tests. This allows the model to incorporatedtédile testing
results into the performance estimation and predict the machine's instantaneous performance, considering
the specific wear level of the cutting tools on the cutterhead. A key update to th€ EMImodeling
concept allows performance prediction with progressive wear and its corresponding effects on machine
performance parameters. This can be seen as a stepdamnveartterhead wear modeling, particularly
when assessing machine performance in constant geological conditions. This improvement ultimately
refines the modeling process, where, through simulation of the cutting process, one can develop optimal

operationhparameters and bit/cutter management strategies and address related scheduling issues.
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CHAPTER 1INTRODUCTION

Mechanical rock excavatias the dominant mode of operationtire mining oflow to medium
strengthrocks[1], [2] due to its higher performanceontinuity, and safer working environment compared
to conventional techniquég], [3], [4], [5]. Extensive use of this technologgquiresresearch to ensure
continuous improvemeim operation, use of new tools and materials, cutterhead design, and finally
operational settings to increase machine utilizat@milection and analysis dield data can identify
bottlenecksn the current cutterhead design dadilitate optimization of the machineperformancg6],

[7], [8]. Fieldobservationgrovide insights into issues with existing designs and assist in creating a
focused experimental testatrix, which allows for issue® be isolatedndaddresedfor improved
machine performancdhe focus of the proposed studgs to evaluate the working conditions and
performancef mechanical excavation systems, in particular, borer mopEsatingn evaporite
depositsThe main operational parameters measwigenusing a borer miner are tram pressuretor
amps production rateandtool wear/changelata The analysis of these parametess helpn evaluaing
machine performance with existiegtter geometries ancuitterhead designHowever,extensive field
testing is often expensive and not economically feasible to assess various cutterheafodlddighs
This leads taheuse offull-scale experimental methods that encompass cutterhead design, geology, and
full-size rock cutting tools as a means to generate dathdassessment afifferentcutterhead designs
to improve mining efficiency. The data from figitale cutting tests is ultimately utilized in conjunction
with computer modeling techniques for optimization stuflié$, [12], [13], [14], [15], [16]

Evaluating and optimizing machine performance may not be possible solely by considering
machine operating parameters. Ottwtical factors such as tool management data, geology, cutterhead
design, and cutting tool designs pkyimportantole[17], [18], [19], [20], [21], [22] A comprehensive
studyof this topicthusrequiresdetailed and accurate field recewf all relevant parameters. Borer
miners (shown inFigurel.1), whicharefull-face rock excavatsrareprimarily utilized in soft rocks like
salt, trona, gypsum, ammbtash, employing radial cutting to¢®. The cutters at thgageregion of the
rotor typically have high tilt angleand experienchigh linear velocitydue to their locationConducting
full-scale rock cutting tests is considered the most effective method to examinéeheock interaction
with different cuttethead designs, aiming to understand the reason behind the high bit consumption at the
gageregion.

The 1ull-scale linear cutting machine (LCM) teswidely recognized as the most reliable method
for assessing the performance of rock cutting technol¢gB#s[24], [25], [26] This test involves using a
full-scale cutter oalargerock sampldo simulate the cutting geometry of various cutterhéadstual
face settingsThe LCM testllows foraclose examination of the impact mick properties cutting
geometry bit geometry, and weaonditionof the cutting too[27], [28], [29], [30], [31], [32] Cutting
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forcedatais recorded using a 3D load cell during test ands later used in performance prediction
models[26], [32], [33]. Additionally, rock cuttings are collected to perform particle size distribtéists

When dealing with drag bits, it is common to record the surface profile using a profilometer, which helps
in understanding the interactive cutting prodédd3, [34], [35].

Figurel.l A borer miner onsidered in this studyeaturing 2xRotorsvith top, bottomand side cob
cutter- commercially available as Xcel 42 from Praikiachine[36].

Quantitative analysis of surface characteristics including under/overbreak, ridge formation, and
breakout angle provide additional insights intterrock interactions ovethe life of a bitand at high tilt
angles. This data can batical in evaluating the cutting geometmhen the rock exhibits ductile
behavior, enabling the use of cuttingge 3D surface scanning technology for data extraction.

Previous studies afutterrockinteraction have predominantly utilized the standard LCM test, in
which a verticallyinstalled dragype radial bit is usef87], [38], [39], [40] Prominenparameters that
are studied bgxperimentaprogramausing a dragype radial bit in the standard LCM test are cutting
geometries, tool tip geometry, product partgites and dust generatid@4], [41], [42], [43], [44], [45],
[46], [47], [48], [49], [50], [51], [52], [53] While relationships betwedheseparameters provida
fundamental understanding imick fragmentation ithe context omechanical excavation, they have
difficulty explainingcutterrock interaction at high tilt angles amdtting sequenaontributing to what
is commonly referred to aornercutting Cornercuttingis more pronounced in thigageregions of rock
excavators in general, and borer miners in particular, whicbfemeused for miningevaporitesand

employ dragtype radial rock cutting tools.



Most cutters on borer miners and other rock excavators have some tilaatigdeedge of the
cutterhead oso-calledgagearea Extrapolating standard LCM test data to interpreterrock interaction
at thegageregionrequiregustification, as bitsnstalled in these sectiohgave higher tilt angles and
experience cornegcutting scenarios. Moreover, bit life at thageis far lower than at the cutterhead core,
indicating an inadequate understandingutterrock interaction duringornercutting While optimum
lateral spacing and penetration ratio have been extensively investigated throsghl&itock cutting
experiments with various bits including radiabls, analysis of performance variatican be
accomplished. This includes examination of the impactdf cuttingsequence, axial spacing, tool
orientation, and wear leveQuantification ofcutterrock interaction over a cutting tool's life gorner
cuttingscenarioss a complex problem that has rarely been studied in detail

The proposed study aadto investigate the performance of radial toolstitting relatively
ductile evaporitic rocks, as representecpbtashsamplesto advance the understandingcoatterrock
interaction, includingornercuttingscenarios over bit life. This study makese of available field data,
including borer miner machine data, cutter head profiles, and tool management dathe@dttion of
3D scanning technology to fuficale LCM tes, variables missing from existing literature, suclbias
orientation, axial spacing, cutting sequencing and surface geometry candideredFull-scale LCM
testshavebeenperformed in two caofigurations: standard LCM tesasdtilted-bit LCM tess. Thetilted-
bit LCM tests will use cutterhead profiles and related field data to determine the effects of pitltwear
angle, axial spacing, lateral spacing, and bit sequameeachine performance at thageregion.
Computer modeling will subsequently make use of the insights gained from experimental tésis and
data.

1.1 Knowledge Gap

While extensive research has been conducted to optimize mechanical rock exqavatsa
there are still gaps in understanding ¢benplex naturef cutterrock interactios[4], [54], [55]. Most
experimentatesearch on rock cuttifftasutilized full-scale LCM tests to determine cuttifugces
matricesand particular size distribution using various cutting geometriesradlial bits in different rock
types[17], [26], [28], [56], [57] These experiments often aim to validate theoretical models and assess
the impact of cutting geometries, providing data to constrain inputs for empirical mbidsigver,such
experiments carot capturaheintricacies of cutterock interaction wheréhe cutting tool is not oriented
normalto therock surfaceas explored by Roxborough (1982), étal (2015) and Hekimogl(2018) at
varying bit orientations and simulatingatworld cutterhead profiles using conical bjEs8], [59], [60].
Additionally, high wear at the gauge region is typically associated with the veladitged
thermal stresf61], [62], [63]ignoring other crucial parameters like bit orientation and high longitudinal

spacing64], [65], [66], [67] The impact of multiple variablesn bit performance can bevaluated
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significantlyusing cutterhead simulatiday considering factors such as bit sequence, tilt angle, and bit

wear level, in addition to the combined effect of cutting geomamglysis of results using force data,
evaluation of rock cuttings, arstirface characterization techniques can aid in identifyingrtderlying

reasons for reduced performance and bit life at the gauge region of borer miners in potash. The knowledge
gap if filled can facilitatehe determination of an optimized cutterhead profile.

1.2 ResearchFramework
1.2.1 Problem Statement

Rock cutting is a fundamental process utilized in varindastries, such as miningiyil,
tunneling, and underground construction. The efficiency and effectiveness of this processlepavity
on thespecifics ofcutterrock interactiors [2]. Specific energy of cutting is the most reliable parameter in
rock cutting technology to assessgterrockinteraction and cutting efficiend48], [68].

Existing research on rock cutting has primarily focused on evaluating the SE consumption of
radial bis in a fultscale LCM test setup, where the bit orientation is maintained normal to the rock
surface2]. This configuration represents the cutting bits located in the core section of the cutterhead on
borer minersHurt and MacAdrew69] have showed high rate of wear in the corner cutting scenario.
However,a major influencing factor tthe performance of the cutting bits positioned along the gauge
region of the cutterhead, where the tilt angle and cutting geometry differ significantly, remains largely
unexplored.

Limited researclusingthe conical bits has revealed that bits on the gauge region of the cutterhead
can consume three to four times moutting forcethan the face bits and one to two times higiemal
force componen68], [70]. FurthermoreFu et al[59] investigatedhe performance of conical picks in
auger minerand found that a 2Qilt angle is ideal at the attack betweeni 46d 50. Using cutterhead
profile of roadheadetrsew researchetsave provided some insights into the influence of tilt angle and
cutting sequence on cutting efficien@}, [9], [60]. According to them energy consumption increases
with the tilt angle but it alsdependsipon the cutting scenario at the particular bit posititekimoglu
(2018) attempted detailed analysis usingid angle using aonical pick to simulate corner
cuttingconditions. He concluded that the optimum tilt angle at the gauge is half the breakout angle, which
is determined by the rock composition and cutting sceif@dijo

However, research into the radial bits is lacking. The performance of gauge bits and the resulting
cutterrock interaction isinknown. Tle investigation ofcornercuttingscenarioss extremely difficult to
test andequires takingrroper measurements for developing quantified measures of@gker
interaction in these conditions where tilt angles are high and longitiggiaaings are larg&imulating

the cutterhead profile in a fulicale LCM test setup could be a viable approach to address thishesear
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gap and provide an understanding of the cutting performance androgiténteraction characteristics
across the entire cutterhead.

By addressing thiproblem the proposed research aims to develop a better understanding of the
cutting performance and cuttasck interaction for radial bits, particularly in the gauge region of the
cutterhead of borer miner, and to explore the potential of utilizing advandeudgees, such as 3D
scanning, to quantify the surface characteristics and improve the accu&€gaitulations.

1.2.2 Research Question

This study intends to investigate howtter geometraffectsoverall machine performance, and
how can the cutterhead design, particularly at the gage area, be optimized for a given application to
achieve a higher production rate per day (combination of IPR artbldnswer this question the scope

will address the following questions:

1 How does theutterhead wedampact the performance metrics of borer miners (e.g., penetration

rate,thrust, and torqy@

1 Whatis the relationship between the wear rate of the cutting bits and their velocity across the

cutterhead of borer miners?

1 How can a fullscale LCM test setup be designed to incorporate the cutterhead profile, including

the tilt angle, cutting sequence, cutter wear level, and cutting geometry?
1 What are the impacts of these variables on the performartgtiofy tools in the gauge regi®n

1 How can 3D scanning technology be effectively utilizedvaluationrock cuttingprocessn

conjunction withfull-scale LCM tests?

1 What insights can be gained from the analysis obtittace characteristics regarding cuttesk

interactionparticularly in the gage regions of borer miners?

1 How modelingcan be used to investigate bit wear, to optimize the cutterhead aditeduce

wearandultimately improve machine utilizaticend production rat@s

1.2.3 Technical Contribution

This study incorporatesmulaion of the cutterhead profiles of multiple borer miners in & full
scale LCM test utilizing radial bits to better understantlerrock interaction across the cutting profile
with afocus onthegagearea In addition to the usual linear spacing and penetration, various other cutting
parameters are taken into consideration during this simulation, including axial spacing, tilt angle, bit wear

levels, anctut sequencing. To conduct a comprehensive parametric study, in thésijgainvestigation,



three cutterhead profiles are incorporated for the purpose of conducting a comparative analysis.
Additionally, wherever feasible, the experimental data is validated with field observations.

The inclusion of tilt angle, axial spacing, and bit sequencing is an innovative method for assessing
cornercuttingscenarios, which is the least understood phenomenon in rock cutting technology
evaluationsThistest is a timeconsuming and cumbersome procedbrd it is a more reliable approach
A full-scale rock cutting test helps avoid scale effects and can account for the heterogeneity of the
material, which is difficult to capture in smaitale laboratory tests. Additionally, the fattale testing
setup can incorporate important operational parameters, such as the machine's advance through bit
penetration and the cutterhead proéiteounted througthe longitudinal and lateral spacing between cut
lines. While requiring more time and effort, tl@st datgprovides a realistic and insightful evaluation of
the rock cutting proceswhich is important to comprehettte complex cutterock interaction ircorner
cuttingscenariosThe conventional data collection mechanism involves analyzing cutting forces, particle
size distribution of rock cutting, and dust collection. Additionally, leveraging the capabilities of 3D
scanning technology, surface charastars araédentifiedto conduct inferential analysis through
guantfication of breakout patterns. This approach offeltierunderstanding of the surface
characteristics of the rock, which were previously descriptive.

Understanding the impact of tilt angla asual performance indicatgise. specific energy, and
through the 3D scanning technology investigating the quantitative analysis of the interactive cutting will
potentially improve the prediction of machine performance. This is true for different parts of the
cutterheagincluding the center, face, agdgeareas. Geometric details thie postcuttingrock surface
acquired using 3D scanning technology can be used to study rock surface attributes including ridge
formation between the cuts, overbreak, underbreak, and breakout angle, whereas calculation of specific
energy can also be improved by determirtimgexcavatedrolumefrom 3D point cloud data. Ridge
formation is detrimental tthe cutting processwvhere the bit body azutter blocksit the rockand cause
uneven side forces, which may result in cutter failadditionally, it indicates nosinteractive rock
cutting, demonstrating inefficient cutting geomet®Byoove geometry allows for precise measurement of
the impact of cutter tip geometry on the interactive cutting or breakout pattern that will ultimately add

value to tool selection.

1.2.4 Limitations

This studywasbasedn limited data sets wittadial tools inductile rock i.e.evaporitesandis
notintended tde generalized tdraw conclusionaboutcutterrockinteraction in different geologies and
cuttertypes. Given the relatively ductile nature of the rock consideredstince topographgnalysis
resultsmay notapply tobrittle rocks where overbreakan become very lardger high penetration.

Similarly, the applicability of the findingsight be limited when extrapolateddther types of point
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attack tools or rock typeghe bit orientation, axial, and lateral spacing are considered for specific use,
hence extrapolatioof thesimple mathematical regression modelsther scenarios are not
recommended

While the fullscale LCM testing conducted in this study accounted for the scale effect in a
controlled laboratory environment, the cutteck interaction during actual mining operations may exhibit
somedifferences. This is because the f@e mining environment can introduce additional complexities
that are not fully replicated in the experimental setup. One key difference is the presence of significant
vibrations in realorld mining equipment. Thesgbrations are typically caused by the muglgint
impact loading on the cutterhead during operdfrdn, [72], [73], [74} However, the rigid croskame
design of the LCM test setup, to which the cutting bits are attached, may not adequately simulate these
vibratiornrinduced effects. Besides that, the experimental testalgded in this studhas notaccounted
for the impact of confining stresses on the cutting performance. In th@addimining environment, the
rock formation is subjected to varioussitu stresses, which can influence the cutting progegsrted
by some researchegs], [76], [77]), and the resulting surface characteristics.

Therefore, when interpreting the findings of this research, it is essential to recognize that real
world mining applications may exhibit additional complexities and factors that were not fully captured in
the experimental setup. The results should be \dewmith an understanding that the actual certoek
interactions and performance in operational settings may differ to some degree from the observations

made in the controlled laboratory environment.

1.3 Objectives

The existing literature related to the performance evaluation oftgpagradial rock cutting tools
has primarily relied on the Standard LCM test method. This approach typically utilizes a cutting tool
orientation that is normal to the rock surface. Hosveestimating the cutteock interaction using a
single tool orientation may not provide a justified or comprehensive understanding of the cutting process,
which agrees with published work on conical pg], [58], [59], [60], [78]

In reatworld mining operations, the cutterhead profile of machines, such as borer miners, often
features cutting bits with varying tilt angles and lateral/longitudinal spacings. This configuration is
designed to optimize the cutting performance and effiy across the entire cutterhead. The existing
performance prediction matrices based on the Standard LCM test may not adequately capture the
complexities introduced by the cutter orientation and the correspondingragitenteractions.

Furthermore, field data collected from borer miners working in potash operations has indicated a
high wear rate at the gauge region of the cutting bits, which can significantly impact the overall machine
utilization and productivity. Addressing this isgeguires a better understanding of the cuibek

interaction across the entire cutterhead profitee following research objectives are addressed in the
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guest to expand the comprehension of ctrttek interaction through field data ahdl-scale LCM test

simulation of cutterhead profiles

1.4

1

Determine the influence of cutter wear on the performance metrics of borer miners by analyzing
machine data obtained from the field and cutter management logs. Additionally, quantify the wear
rate relative to cutter velocity across the cutterhead of bbaresrs

Design a fullscale LCM test that can incorporate the cutterhead profile in the test procedure. This
will help determine the impact of tilt angle, cutting sequence, cutter wear level, and cutting

geometry on the performance of radial bits

Quantify the performance of two machine variants with which field data was gathered. This will

be a part of an optimization study using cutterhead lacing designs with four to five bits in the gage
region.Subsequentlypropose a new cutterhead lacing design to improve the machine
performance by reducing the cutting force matrix on individual bits, thereby extending bit life via
reduction in the frictional coefficient

Identify the potential application of 3D scanning technology in rock cutting evaluation studies
utilizing full-scale rock cutting tests. Additionally, determine the effective area of rock cutting and
the breakout pattern to better comprehend the etgtirinteraction and expand the knowledge of

cornercutting scenarios specific to the gage regions of borer miners.

Scope of theStudy

The following tasks have been condudedneetthe objectives of the study (also shown in

Figurel.2 with short descriptions and outcomes).

1

1

Analysisof Field Data:

A Analyze field data to determine cutter wear conditions and their impact on machine

performance indicators, such as thrust tmmdue requirements.

A Identify theparameters impactinmachine performand#roughthe field data tanake an

informed experimental test design
Cutting Geometry Evaluation:

A Evaluate the cutting geometry of radial tools and assess the impact of various parameters,
including bit tip geometry, bit wear conditions, tilt angle, spacing, penetration, and cutting

sequence, on cutting efficiency.

A Conducttilted tip LCM tess to simulate thgauge regiomf borer miner rotors and study

the performance implications.



9 3D Surface Characterization:

A Use 3D scanning technology to quantitatively analyze surface characteristics, including
breakout pattern, breakout angle, ridge formation, and over/underbreak, as indicators of

cutter performance.

A Develop an improved volume removal calculation technique to enhance the accuracy of

specific energy calculations.
1 Comparative Analysis and Model Improvement:

A Conduct a comparative analysis of the results from computer modeling based on standard

LCM test data and the inclusion of cutting tool orientation effects, with field observations.

A Improve the prediction capability of the ENMISM model to estimate the cutterhead

performance over wear condition.



Research Methodology

This study utilizes field data to identify the probkemith cutter life at thegageposition by

presentedn Figurel.3.

10
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Figurel.2 Descriptions of tasks involved in achieving the objectives of this study.

comparing field data for two machines operating in different locations. The field data analysis serves as

the basis for developing a test matrix for carrying outduolile LCM testingwhich iscurrently the most
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Figurel.3 The overview otheresearch workflow

1.6 Description of the Chapters

The thesis is structured into several chapters, each concluding with a discussion of its findings
and limitations

Chapter 1 of the thesis introduces the research area, emphasizing the significanstuidy thie
cutterrock interaction and its impact anachineperformance. In this chapter, the research signifiean
highlighted, and the main objectives to be accomplished throughout the study are delineated.
Additionally, the chapteaddresses the research questiypothesis, the scope of wodnd the
methodology employed in this studgth highlights of critical limitations

Chapter oresents éiteraturereview of work related to rock cutting with point attack drag bits,
offering a comprehensive overview of the mechanisms involved in rock cutting. This literature review
coverstheoretical, experimental, and analytical approaches employed by researchersexptiziteng
theimpact of cutting geometries, rock strength parameters, cutting tool designs and cutting tool wear
levels oncutting forces, surface characteristics, and cutting tool perfornmaaté. The chapter
condudes with a summary dhe literaturehighlighting the knowledge gaps

In Chapter 3, an idepth analysis is conducted on field data obtained from two borer miners
actively operating in evaporitecks The analysis includes a broad overview of the geological settings,
mining methodsemployed, and brief descriptions of the excavators. The primary focus of this chapter is
the evaluation of the field data, concentrating on critical machine performance parameters such as thrust,
torque, and the impact of cutterhead wear on performandeianes.

In Chapter 4, details of the experimental work conducted throughout this study are presented. The
chapter thoroughly explains the details of the-$gthle linear rock cutting tests, providing insights
regardingypical outcomes and explaining the two primary methods employed in this research. This
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chapter delves into the results obtained from the standard Linear Cutting Machine (LCM) test and the
tilted-bit LCM test. The limitations associated with the test matrix are mentioned in this chapter, offering
a perspective on the experimental constraints

In Chapter 5, an evaluation oérnercuttingscenarios in mechanical rock cuttisgresented
This chapter entails a statistical evaluation of geometric features pertim@nhéscutting scenarios,
aiming to develop a predictive cutting force model through the utilization of LASSO regré&sgon.
validation of the model through experimental work is discussed to assess reliability of the proposed
modeling approach

Chapter 6 explains the revision process undertaken for an existin€ EMImodel which was
originally developed and utilized for predicting machine performance parameters baseesoaléull
linear rock cutting test results. The chapter outlines the methodology employed to enhance the model's
capacity to predict machine performance, particulander conditions of progressive wear on the
cutterhead. Subsequently, the model results are validated againstfietded data, demonstrating the
model's effeéveness in realvorld scenarios.

In Chapter 7, the integration of 3D scanning technology witksftdle LCM tests is detailed,
aiming to evaluate surface characteristics and assess the effectiveness of cutting tools and geometries.
This chapter presents the results derived from the sisaly 3D point cloud data collected throughout the
course of the study. The chapter concludes with a discussimwo3D scanning technology helps in an
analysis to substantiate the interpretation of results eg&alle linear rock cutting tests

Chapter 8 summarizes the critical findings aodclusions of the studydditionally, the major
contributions are discussed, along with the identifieenues ofuture work.

Appendix A contains supplementary informatemd permissions
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CHAPTER 2ROCK CUTTING LITERATUREREVIEW

This section providealiterature review of the evolution of rock cutting science. Explanation of
rock fragmentation theories and their validation through experimental and numerical studies are important
to understand the performances of rock cutting tools and machinery. The survey includes theoretical,
empirical, and numerical investigat®aof rock fragmentation, cutting tool performance parameters,
surface characterization techniques, and other pertinent literature.

The evolution of roclbreaking techniques, from the manual use of a hammer and chisel to the
more efficient drill and blast using gunpowder, has fueled a continual quest for optimized methodologies
through performance evaluation. While traditional methwalse improved, the actual industry revolution
has been using mechanical rock excavation technology. This approach offers higher performance, better
reliability, reduced risk, and an environmentally friendly alternative. The quest for invention, on the othe
hand, continues, with technologies such as thefn8l [80], plasmd79], [81], [82], high voltage
electric pulsd83], microwave[84], water andhewaterless jef85], [86], [87], [88], [89] and lase[90],

[91], [92], [93] either as standalone systems or combined with proven mechanical processes are amongst
the industry's ongoing commitment to advancing performance based innoyafipns

Mechanical excavation uses various cutting tools designed for optimal performance in specific
rock conditions. Drag tools, due to thefficiency, are preferred for use law to mediumstrength rocks.

On the other hand, roller cutters are preferred for use in medium tethéglythabrasiveocks. Drag
tools are more efficient than roller cutters in rock cutfit®), [69], [94], [95], [96] As shownin Figure
2.1, there are two types dfagtyperock cutting tools: conical picks and radial bits.

The arrangement of cutters on the cutterhead, configured in various ways, plays a critical role in
influencing thecutterrockinteraction, ultimately impacting the performance of excavators. Despite
extensive research to refine mechanical excavation techniques, a significant limitation is the insufficient
consideration of theutterrock interactionin certain cutting scenario¥his oversight becomes
particularly apparent in scenarios ligernercutting where the orientation of the bit and the cuttedhea
profile introduces unique challenges.

A more thorouglapproach, using radial type drag tools utilizing field data;dcdile
experimental tests, surface characterization techniques, and computer migdglihguissing or very
limited with limited parametersThe efforts of various researchers who have attempted to address
excavatiorrelated challenges are reviewedhis chapterThis review aims not only to acknowledge
their contributions but also to establish a baseline for the current research, emphasizing the need for a
holistic undertanding of the complesock-cutter interaction phenomenanexcavation processes

involving radial tools and evaporitic rocks
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Figure2.1 Dragtyperock cutting tools; a) Conical Bits and b) Radial Bits

2.1 The Mechanism of Rock Cutting

Rock cutting is based on two fundamental concepts determined by the type of tool used. Drag
type tools plow through the rock surface, while rotigye cutters create an indentation that eventually
intersects with the free surface, forming rock fragmgit [98]. Although indentation is also an initial
phase in the use of dragpe rock cutting tools to create a cradaoneas explained by Hooet al.
(2000) the subsequent relative movement of the drag tool causes rock cracks to propagate toward the free
surface. Researchenave offeredlifferent opinions on the stress contributing to crack propagation, with
some identifying tensiland sheastresgs alone whil@thers suggesting a mixed mode of tensile and

shear stregs[61], [94], [99] The phases involved in rock chip formation are showFigure2.2.

Stage - 1
(Primary
crushed zone) \

Stage - 5 Stage - 2
(Rock chip (Secondary
formation) crushed zone)

Stage -4 Stage - 3
(Fracture (Fracture
coalescence) propagation)
—
Figure2.2 Cutting phaseareinvolved in chip formation
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At greater penetration depths, the tensile strength of the rock becomes the main factor in causing
failure, starting with failure at the crushed zone near the tip of the bit. Larger bit tips require more force.
Conversely, when the cutting tool penetrdéss deeply, shear failure becomes dominant as the tool tears
through the rock instead of creating initial cracks under tension.

Rock properties and bit tip geometry have a significant influence on the crushed zone initiated by
drag tools. In ductile rocks, the crushed zone may be large, formed through inelastic deformation, while in
brittle rocks, brittle fracture prevails in thary phase of the crushed zoiiée fracturegpropagates well
ahead of the cutter t{94], [99], [100], [101] There is a consensus among researchers that a substantial
portion of energy is consumed in the formation of the crushed zone at the Thitgtiprocess involved in
rock cutting using a radial tool is illustratedrigure2.3.

Crack propagation
to form rock chip

Rock chip

Crushed zone

_ Rock chip

.

Secondary  Primary
crushzone  crush zone

__________________ ~

Figure2.3 Schematic of rock cutting procesghenomenological model

2.2 Analysisof Cutting Forces

The cutting forces measured on the drag tool are resolved into three orthogonal forces, as shown
in Figure2.4. The normal force aligns with the cutting tool axis, while the drag force acts parallel yet
opposite to the bit motion. The side force represents the component on either side of the bit experienced
during bit motion.

Full-scale LCM tests are widely acknowledged as the most reliable method for testing rock
cutting toolsand cutting geometrige determine cutter performand], [33], [57], [102], [103], [104]
However, studies involving fukbcale LCM tests with drag tools have yielded inconsistent results
regarding which force component has a higher magnitude. Some researchers have reported higher drag
force than normal force, while others have observedpbesite[35], [40], [57], [105], [106], [107],
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[108], [109], [110] This variability in results could be attributed to differences in bigéipmetryand
cutting depthThe sideforce, on the other hand, is the least in magnitude and often gets overlooked when

examining cutting force.

Figure2.4 Schematic of orthogonal components of rock cutting force

Regardless of the absolute magnitude, it is generally accepted that drag force-itypadiahg
tools is responsible for rock fracturing. Understanding these force components and their variations is

essential for massessment of cutter performance in rock cutting applications

2.2.1 Theoretical Models for Rock Cutting

Theoretical rock cutting analysis is a thgienensional problem complicated byck
heterogeneitynd variation ircutterrock interaction. A point attacllragtyperock cutter is the first rock
cutting tool for which theoretical models were developed to explain the underlying principles influenced
by the metal cutting theoridyy Merchan{111], which were expected to govern drag tools' operation as a
chisel[41], [111], [112], [113], [114], [115], [116], [117], [118], [119Potts and Shuttlewor{ti20], first

attempted to modify Merchantds metal cutting mode

failure mode in codl120].
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Theoretical works by Evans and Roxborough have initiated the research in rock cutting which

was later added and some cases modified with more models by others including Deliac and Nishimatsu
[45], [49], [114], [115], [116], [118], [121]Based on these models, cutting force and normal force
equations were derived from theoretical understandings within 2D models that incorporate either the

tensile strength, compressive strength of the rock, or both. A couple of theoretical equatioeddoel

cutting force from literature are given belowTiable2.1;

Table2.1 Theoretical models developed for cutting force witagtyperock cutting tools
Proposed hy Equation Description
Potts and g # QU | @o | "G Peak cutting force
Shuttleworth{120] 3EDt# I T - :
. ODEL @ : Average cutting force
o OEL , . Tensile strength
EVarS [41] “Q') c c" 'Q l:o E—l— ,Q t t
Qfo EC I“[} 5 E—T—‘y ; penetration
Evars[113] G, ¥ _ C | /¢ 0 : Bit width
p OEFTC | %oXc . Half wed |
¢ ., QUAT% | @& q —-nalfwedgeange
E pp i 8Q | % ¢ Stress factor
E PR T W % Friction angle
% & » . Shear strength
Nishimats({45] o0 B T ” g
n n ‘Q Internal friction angle
Cw v O | : Rakeangle
OAD ' % : Friction of cutting
TH n 1
il | O Shear angle
G, QUES— %o -UCS
Roxborough49] @ —S ”
- BT
p O Egc— %0 ” S
p b, Q Note: Virtually all cutting force
Evars[116 "0 —m—e— . _

[116] 00 . OFE theories consider rock strength,
Roxborough and 0o 06 o typically under 2D plane strain
Liu [122] C &6 "p - O A%oj O A% conditions, where linear fracture

08 1, QO0EH— %o propagation occurs ahead of the
Goktan[123] 0 OEL % cutter.

A wide range of theoretical models for rock cutting has emerged due to the evolution of modeling

concepts originating from metal cutting theories. Rock behavior is inherently intricate and diverse,

prompting the development of models that encompass itplegities. The researchers attempted to
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incorporate various factors, such as rock properties (e.g., hardness, strength, fracture toughness), cutting
tool characteristics, and specific cutting conditions (e.g., speed, geometries, angle). Each model strives to
account for these factors to diffegiextents, offering a spectrum of analytical tools for understanding and
forecasting the rockutting process across diverse applications like mining, construction, and

geotechnical engineeringasar[12] attemptedo compare theoretical models against experimental

results and found inconsistencies between them. He emphasized the significance of employing a
methodical approach, utilizing large datasets obtained under specific conditions with consistent

parameters taccurately estimate cutting fordd].

2.2.2 Empirical and Numerical Models for Rock Cutting

Empirical models, derived from field and lab results, are widely accepted for predicting force
matrices specific to certain cutting geometries in particular rock samples. These models primarily rely on
statistical analysis with single and multiple paramstgressioni26], [53], [106], [124], [125], [126],

[127], [128], [129], [130], [131]In this aspect, the recent addition to the model and training the model for
later prediction includes neural network and machine learning techijidtigs[132]

With the advancement in computing capabilities, numerical models have gained significant
demand for evaluating various geomechanical aspects, including rock cutting. The finite element method
(FEM) to study rock cutting gained momentunthiel 9 9 [L 33k The problem encountered using FEM
is asimulation of discontinuity caused by the rock cutting procd4828. Another attempt at numerical
simulation is by using the discrete element method (DEM) and many researchers attempted to simulate
rock cutting processes in DEM. Since then DEdM beemised to investigate different aspects of the rock

cutting proces§l4], [130], [135], [136] A few empirical models are given Trable2.2;

Table2.2 Empirical models developed for cutting force wilitagtyperock cutting tools.
Proposed by Equatior_w_ Description
0, AD "06 Peak cutting force
& # B— —
Goktan[123] SEbml  #1 @m| "@ : Average cutting force

O Tt mdip, 7,

"@ : Average normal force

"06
[C;gﬁkan and Gunes p¢&, QOETwmn | jo¢ — % , :Tensile strength
Al @] jo — % Q penetration
@ Brwtg P ¢pHT @
» , 0 : Bit width
Bilgin et al.[106], @ PCROL WBoYR e andle
[125] @ p@coF Q ' oe e

e ) £: Stress factor
@ puguc® Q
%s Friction angle
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Table2.2 Continued

@ pdo T O TET,

Balci and Bilgin
i ilgi BLO

[125], [127] and

Tiryaki et al.,[127] e 8t 8 80 8y 8

@ ¢® T p,0 pYP R

» . Shear strength
"Q Internal friction angle
| : Rake angle

‘O : Dynamicmodulus of

Gunes et dl126] ] T%0 T& QX
T LT T®TT,X elasticity
, Q . :
Bao et a[53] 06 0! <pi—"O Q 0 : Schmidt hammer hardness
%7 : Friction of cutting
G Shear angle
"Q geometric factor based on bit t
geometry
06 i : geometric factor of the bit
® o0 independent of material propertie
Ouyang[131] o h & TQ © "O: Strain energy release rate of
P& L G the rock
"Q M T ¢ mdrxivl] % p8tu O Rock harness from indentatior
test which depends upon pick
geometry
. - UCS
. .BTS

In contrast to theoretical models, empirical modeling stands as a widely accepted methodology in
mechanical rock cutting assessment and prediction. This preference stems from the nuanced nature of
rock behavior within similar geological formations, whevereminor propertghangean lead to
significant differences. While many parameters in empirical modeling align with those in theoretical
models, the empirical approach outperforms the theoretical due to its methodology. Empirical models
leverage testsomducted directly within the target geological formations, employinestidle rock cutters
to gather data. This hands approach not only enhances the accuracy of the model but also ensures its
applicability to realworld scenarios, thereby supportirtg ¢redibility and effectiveness in rock cutting
evaluation and predictidd27], [137]

2.3 Experimental Work using Radial Bits

Experimental research progressed hand in hand with theoretical development over time. In the
initial stages, extensive work on the radial tool was conducted using coal, sandstone, and tuff as test

materials. Most of the initial experimental work was uralezh to provide substantive support to the
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theoretical predictions and to validate the reduit$, [43], [45], [52], [53], [106], [116], [138], [139],
[140].

In experimental work other than cutting forces, specific energy is used to assess the effective
cutting and evaluate cutting performance. Specific eng@gya term first used by Pomeroy in 1963 for
input energy and production in the rock cutting process is widely used in rock cutting technologies to
understand machine performarjtd1], [142]

~O Cﬁi (2.1)
Where SE is Specific energy in (M3ni@ is the average cutting force (kN), and Qhis
production volume per unit linear length¥km).
As per research conducted by HugfiE®72)and Mellor(1972) specific energy is strongly

related to compressive strength)(and secant elastic moduli@ ) of the rocK35], [143], [144]

, 2.2)
O P
0 %5

2.3.1 Cutting Geometry and Bit Tip and its Orientation

Cutter spacing and penetration have a significant impact on the cutting force matrix of the tool.
Interactive and noimteractive rock cutting (shown Figure2.5) is realized for being dependent on
spacing and penetration rati®/P), and since theB/Phas been commonly used to conduct optimization
studieq43], [145], [146], [147] This optimum condition is characterized by high volume, low specific
energy, andessdustgenerationFor dragtype rock cutting tools, th&/Pratio reported by Roepke et al.
is 23, Roxborough et al. reported 2, and Zhang et al. with conical on rotary cuttifidlB [37], [122],

[148]. At higher penetration, the rock may experience brittle failure, commonly known as interactive rock
cutting, whereas, at lower penetration, the rock is more likely to experience ductile failure, referred to as
norrinteractive cutting39], [140], [149], [150]

As per the outcome of the research, the sharp and pointy bit tip geometry causes less crushed zone
and ultimately consumes less force, whereas the other geometries with a large surface area of tip
significantly increase the rock cutting fordé3], [151], [152], [153], [154], [155]A variety of cutting
tools were assessed by Plis et al. in 1988. They categorized the performamueaibits as less than
that ofradial bits among the dratype rock cutting toolg terms of force consumption but the life

expectancy of the conical tool is far more than radigLi6].
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Noninteractive cutting [fs.

Intact rock b/w the grooves |

Partial removal of rock b/w
the grooves

Figure2.5 Schematic of interactive and namteractive rock cutting

Bit Tip orientation using rake angle and clearance angle was another topic for researchers to see
the impact over the cutting force matrix and to find optimized bit orientation in termsrothkitontact
geometry, yielding high performangB47], [157], [158], [159], [16Q]A positive rake angle increases the
cutting forces whereas a clearance angle ranging ffdon B> could help to minimize normal forces by
limiting frictional contac{46], [50], [148], [153], [160], [161], [162]According to Fowell et al., a
positive rake angle reduces specific energy consumption and this deduction is based on tests conducted
between35°to 6 [163].

2.3.2 Cutting Forces and Bit Wear

Cutter lifedependsipon wear levels, a progressive phenomenon during excavation. Drag tools,
prone to wear, are not used in highly abrasive and medium to high strengtflGztjkdlumerous
researchers have explored the cutting efficiency of Wwasnauthenticating significargerformance
reduction[164], [165], [166], [167] Plis et al. examined the relationship between bit wear and cutting
distance, categorizing the performance of various drag ftte88. Ongoing research focuses on aspects
like rock chip size distribution and dusith respect to the bit wear conditif68], [169], [170], [171],
[172].

To improve the life of drag tools, wegsesistant materials are currentlged along with hybrid
cutting techniques involving water getiu et al. and Xue et al. explored wajet assisted cutting,
noticingan improvement in cutter performance and bit[B&], [173]. Bit wear is impacted by the
thermal stressavhich areattributed tahe high velocity of cutting tools, hence thermally stabilized wear
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resistant materials and PDC are being investigatedgse in mechanical rock excavatiwaith improved
bit life [165], [174], [175], [176], [177], [178], [179]

2.3.3 Cutting Forces and Bit Tilt Angle

Tool lacing, which refers to how tools are arranged on a cutterhead, considers most of the rock
cutting tools with definite angles not only to maintain the shape of the excavation but also to provide
relief on the cutterhead outer extendsypical borer minerrotor cutterhead profile is shown Figure
2.6). A scattered work could be found on radial tool rock cutting tilteed bits but studies just relied on
the cutting forces acquired through the linear rock cutting {€8tl,[140], [180], [181], [182], [183]In
referred literature, cutting forces are not found to significantly change with the tilt angle (in some
literature tilt angle is referred to as sideways anglekimoglu's PhD thesisasreporta and referredo
in [184], he examined an axial type of boom equipped with point attack bits. Through his investigation, he
discovered that corner cutting resulted in excessive loading on the bits, causing them to function as
arching bits. The specific energy (SE) exhibited aroaibal increase as the tilt angle ranged fréro0
8(° degrees, particularly notable duriogrnercuttingscenarios where the tilt angle escalated froft@0
8(° degreesThe reported data shows only mean cutting force and specific energy. Anothestrfisgr
of the same author, underscored the importance of integrating a skew angle for bits positioned at tilt
angles exceeding 300. While implementing a skew angle at the gauge of a borer miner may present a
potential solution, a significant challenge arisethinform of exposing the brazed carbide tip to elevated
side forcesHurt and MacAndrew reported rate of pick failure relative to the position of bits on axial
boom testing rigs, but not indicated any other results or observations, which could leathtesthef
high failure rate on specifically corner cutting positions on the rig.

Fu et al[59] reported the performance of conical picks laced on the auger cutterhead and found
that a 20tilt angle is optimized for a bit laced at the attack betweémad® 50. In this Using cutterhead
profile of roadheaders, few researchers have provided some insights into the influence of tilt angle and
cutting sequence on cutting efficien@}, [9], [60]. Hekimoglu[60] reported an analysis using a conical
pick at varying tilt angles to simulate corrmirttingconditions.He found that the optimum tilt angle at
the gauge is half the breakout angle, which depends on the rock composition and cutting Stenario
and Li[185] developed a method to quantitatively analyze the impact of setting angles (attack, tilt, skew)

sequentially in lacing design for cutter drum on the final values of these angles
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Figure2.6 Schematic of typicalcutterheagrofilef or bor er . mi nerds rotor

2.3.4 Cutting Force Matrix and Rock Properties

SE used by the cutting tool depends on the rock fragmentation process which is a function of rock
properties and cutting tool interactifsb]. As discussed in sectis.2.1and2.2.20f this chapter, cutting
forces are related to the compressive strength, tensile strength, fracture toughness, and shear strength of
rock. The experimental results show that cutting forces increase with increase in strength pfbpgrties
[106], [186], [187] A cutting toollife depends upon rock abrasivity, brittleness, grain, sizd other rock
properties. The cutting tool performance is evaluated by Jeong et al. to evaluate prediction models of
cutter forces, SEandCherchar Abrasivity IndexJAl) asafunction of the rock brittlene4488].
Limited literature could be found where rock strength parameters and rock bedding orientation are studied
to investigate the cutting force variatiptv], [125], [126], [139], [189]

2.3.5 Cutting Speed and Cutting Force MatrixUsing LCM Test

The impact of cutting speed on cutting forces with radial bits has not been separately investigated.
However, a study by O6Dogherty et al . 8048tducted
248.92 mm/s1.2 to 9.8 inchdsecond, revealed that the speed doessignificantly impact cutting
forces[43], [190]. However, the speed adversely affects the useful life of bit as it contributes to higher
thermal stresses, ultimately causing a high rate of {dé3r[117], [178], [191], [192], [193]

While some research has been conducted to predict machine performance parameters, such as
thrust and torque requirements, based on LCM test r¢$08% [194], [195], [196], [197], [198], [199],

[200], the majority of the research on radial tools revolves around employing a standard LOMtbéest.

study, the standard LCM test is referred to as an LCM test with a bit normally attached to the rock
surface The testresults acquired from LCM tessgrve asnput to the pedictive models. Moreover, these
models assess instantaneous performance using input parameters, wherein force combinations for a worn

bit can be utilized to determine performameductionwith bit wear
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2.3.6 Analysis of Rock Cuttings in LCM Testing

Analyzing rock chips is a method used by researchers to evaluate efficient rock cutting. The
characteristics of rock chips change based on cutting geometry, serving as indicators of either efficient
rock fracturing or inefficient cutting resulting in rogkinding. Sieve analysis is a widely applied method
for rock cutting evaluationysinga patrticle size distribution (PSD) curf&s], [26], [172], [201], [202]
Researchers commonly extract and evaluate additional parameters such as coarseness]itisigx (Cl)
[203], [204], [205] absolute size constail], [169], [201], [206] mean chip size, and uniformity
coefficients[31], [172], [202], [203]from the sieve analysis data to assess rock cutting quality. Shape
analysis is another measure used in the evaluation of rock chips durisgaflellCM tests in the study
of rock cutting technologid$6], [172], [207]

Cl represents the sum of cumulative percent retained during sieve analysis of rock chips.
Particularly ClI's dependency on the number of sieves used isestablished44], [148], [203] A higher
Cl indicatescoarser fragmentation, and vice versa. The cutting geometry plays a crucial role in
determining Cl values; specifically, rock chips collected at greater depths of penetration and wider
spacing result in higher Cl valupst], [121]. Additionally, it is important to note that Cl has an inverse
relationship with specific enerdg6], [31]. Tuncdemir conducted a series of experiments with an array of

rock cutters and established a relationship betwleeland E as follows:

w9 2.3

YO o (2.3)
Wher "k" represents a constant derived from rock strength and cutting tool parameters, and "n"

denotes theariability associated with cutter types. Specifically, "n" is set at 1.2 for chisel tools and 5.5

for constant crossection type disc cuttef208]. The value of k varies from 0.45 to 0.55 for roadizea

and 0.85 to 0.9 for TBNR09], [210], [211]

RosinRammler absolute particle size can be calculated from the eqobtained fronthe
graph plotted betwedn T ICT T ¥ andl T¢CWhere C is the cumulative mass percent of material

retained on sieve size n. The mean patrticle size found through the Rosin Rammler procedure is found to
be linearly related to rock cutting forcg], [105], [203], [206]

Rock chip shape/size predominardlgpends on #cutterrock interaction, rock properties, grain
size distributionand cutting geometry. Classification of rock cutting through dimension parameters
explained by Zingg in 1935 and classes of particles illustrated through triangular coordinates by Sneed
and Folk in 1958 is more often used in rock cutting evaluationcRastiape provides crucial insights
into rock fragment§212], [213] Determined by factors like form, roundness, sphericity, and surface
texture, the shapes of minerals and rock fragments are measured using various indices §tf],ratios
[56], [172].
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2.4 Rock SurfaceCharacterization, Including Surface Hardness
2.4.1 Rock Surface Hardness

The Schmidhammer rebound teist conducted by many researchersietermine the relation of
surface hardness to different rock properties including UCS, slake durability ihdarpact of rock
bedding, moisture content tiferock, and densitj214], [215], [216], [217] With intensive experimental
data Aufmuth and Kazi found a strong correlation of rebound values to UCS times density and UCS
respectivel\j214], [218] In 2018, Kaba investigated rebound values following rock cutting using a drag
pick in an LCM machine. The study aimed to assess the correlation between cutting force and rebound
values within the damaged zone under the bit footprint. The Schmidt haetmwend values exhibited
variation corresponding to an increase in penetration, indicating an increase in the damage zone beneath
the bit footprin219].

2.4.2 Rock Surface Topography

The studyof rock surface topography after rock cutting in LCM test was earlier conducted
through profilometry, profilometric readings, shadow profilometry, and structure from motion, as well as
Multiview stereo algorithm§220], [221], [222], [223], [224], [225]These techniques were employed
solely to quantify the efficiency of cutting by focusing on the ridges between the cutlines and ensuring
alignment with the prescribed tool spacing within those cutlMéereas, in recent studies, researchers
have focused on the use of laser imaging photogrammetnyhich provide more accurate
measurements of surface featUg26], [227], [228] The use of 3D scanning technology has enhanced
the capability of data acquisition and accuracy with a significant reduction in data processing efforts to
determine volume, overbreak, and underbreak in underground excavation $§2P&yR27], [229]

Cutting tool interaction predominately depends upon cutting tip geometry, and spacing to
penetration ratio besides the rock strength param@@®$, [231] Hence understanding cutting geometry
and corresponding surface characteristicatieal to determining the impact of cutter tip geometry.

Very limited research could be found on surface feature characterization to determine optimum
cutting geometries in rock cuttiregjudies Few publications have indicated the use of 3D
photogrammetric measurement to improve the calculation of specific energy for disc cutting using linear
rock cutting test§232], [233] In a recent study conducted by AyawaBg4], laser light sourcesind a
GoPro Hero 4 Black camera were ugedassess the excavated volume of rock in asttdle LCM test.

He generated digital elevation models from the 3D coordinates of points delineating the surface of the
rock. These models facilitated the calculation of ridge volume, serving as an estiofatiwercut, along
with determining the volume of material extending beyond the defined cutting level, established through a

predefined penetration parameter.
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Where,Kim et al.[30] utilized a 3D scanndp evaluate the volume and conducted a comparative
study with mathematically calculated volunkém et al.[30] referenced that Bilgif235] observed that
the volume excavated by the disc cutter experienced an exponential increase with the cutter penetration,
while Yasar and Yilmagl2] observed a power function relationship between cutting volume and
penetration depth when using a pick cutter. Kim et al., employing 3D scanning, corroborated these
findings, demonstrating that cutting volume increased within a power function relatiasgbgmetration
depth escalated. This trend persisted irrespective of the tested rock strength, with penetration ranging up
to 9mm and spacing reaching 48mm. Kim also showed the S/P relationship to volume excavated where at
a particular S/P, volume reachtesmaximum indicating the optimum S/P ratio. In his study ridge
formation is found to be inversely proportionalpnetration

The current publication highlights the potential of advanced imaging methods in enhancing
volume calculation accuracy. However, further insights, such as discerning breakout patterns within
complex cutting processes and estimating breakout angles, ceplerdeur comprehension of cutter
rock interactions. This additional information has the potential to refine surface feature evaluation

accuracy

2.5 Performance Improvement of Bits

Various approachédacludingoptimization ofcutterhed lacing designdy adjustingcutting
geometries through varying spacing, optimizing cutter orientation, and enhancing cutter tip lieagigns
been used to improve drag tool performance in rock c{@g[198], [236] Identify best tooltip
geometries through fulicale lab testing, hybrid system viability by integrating water jet, thermally
assisted, laser beam with cutting tools, various tool lacing patterns, and coating cutting tools with abrasive
resistant material[34], [237], [238], [239]

2.5.1 Rock Cutting with Hybrid Systems

A study involving laser beafassisted granite cutting by Rad et al. has shown a reduction in
specific energy240]. Thermemechanical drilling attempt by Rossie et al. has shown a potential to
reduce the drill bit wear rafé5]. Smart pickk made from wear resistant materialséanprovedbit life
[241], [242] WateFjet assistance in mechanical cutting has been reported to reduce cutter forces by 30%
[87], [88], [173], [243] Althoughthe use of water has implicatismn muck removal systems and cutter

face managemenbesides the restriction to use in soluble geologies

2.5.2 Performance Study of Mechanical Excavators with Drag Tools

Field performance evaluation is very complexaiure and it not only requireanunderstanding

of rock cutting mechanism of excavaut also indepth knowledge afutterrockinteraction and
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geological setting Usually, searchers have correlated the SE and machine adviettt@enetration
index(FPI), andInstantaneous Cutting Rate (IC&) shown ifTable2.3 below[107], [198], [210], [244],

[245], [246], [247], [248], [249]

Table2.3 SE, FPJand ICR equations.
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C= Conversion factor
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into rock

0p: 0.4 (a constant)
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2.6 Summary of Literature Review and Knowledge Gap

This literature review coveus brief overviewof the evolution of rock cutting science, including
theoretical modelgxperimental work, and field performance prediction models for mechanical
excavatos utilizing dragtyperock cutting toolsTheoretical rock cutting models explain fi@damental
principles expected toe involvedduring rock cutting and predict cutting forces. These models
incorporate rock strength parameters like tensile, compressigeshear strengths of rock wihtting
geometryexpected in rock cutting mechanics. Empirical models derived from lab and field data are
widely used for cutting force pdiction in which lab results have been used in statistical correlation
between forcespecific energyand rockproperties With theincrease in computing powers Numerical
techniques like FEM and DEM are currently usedtirdieso simulate rock fragmentation.

Most of the experimental research uses standard linear cutting tests to determine cutting force
matrices for different tool types in rock varieties. Experimental work oftestaivalidate theory and
provide data for empirical models. Rock cutting parameters explored experimentally include cutter
spacing/penetration ratio, bit tip shape, orientation, wear, speed, and tilt angle. Tools with pointed tips are
found more efficientri dragtyperock cutting tools5° to 10° clearance angles minimize friction.
Although limited research on cutter speed identified no major cutting force differamegsast is
established that speed affects bit thermal stresses and wear rates. Researchers tried to incorporate the rock
surface characteristics including rebound values collected using Schmidt hammer and surface topographic
characterization, but research il imited and mostly it covers either disc cutters or conical type drag
bits. Thecornercuttingscenarios have not been tested widely.

Mechanical excavator performance depends on rock properties and cutterhead interactions.
Specific energy correlates with rock strendthe instantaneous cutting rate depends on rpm, geometry,
and geologyThe field penetration index relatésrock mass ratingndadvance rate.

Key knowledge gaps exist imderstandingornercuttingphenomena, bit sequence, tilt angle,
and combined spacing, as well as using surface characterization and modeling to predict progressive
performanceeductionoverthe cutting tool'dife based on changing conditior@@verall, while extensive
research has aimed to optimize mechanical rock excavationsd#taiitterrock interactionan many
cases where special cutting tools are used in a certain rocarglpeking. Furthermore, the phenomenon
of cutting corners which occslin gagearea is not well exploredBridging this gap could enhance cutter

and cutterheadesign, improve machine utilization, and redpoeductioncosts.

2.7 Key Literature and Critical Analysis

Experimental studies on the cutting performance of-tiypg radial tools and their relationship

with rock/stone properties have been largely limited to a specific rock type and a limited dataset, despite

28



numerous studies on conical tofil, [24], [48], [132], [250] The scattered work of researchers like
Copur[251] and Hekimogly60] has provided cutting force data for specific cutting machine

configurations, such as Copui251] investigation of chainsaws and Hekimogl68] attempt to evaluate

the performance of radial bits in the axial boom of a roadheader. However, these studies were focused on
particular cutting machine applications and did not directly address the underlying causes of low
performance and reduced bit lifethe case of gauge cutting scenarios, which is the focus of this study.

Hekimoglu's[60] more comprehensive work using conical bits to evaluate roadheader cutterheads
provided valuable insights. The study found that energy consumption increases with the tilt angle of the
cutting picks, and the optimum tilt angle for corner cutting picks \wpsoximately half the breakout
angle of the rock material. The specific energy for gauge tools increased drastically after the optimum tilt
angle. The study validated the 'effective area method' for calculating tool forces, suggesting that the
geometric fatures of the rock surface and the anticipated area encountered by the bit could be used to
evaluate cutting force variations in complex corner cutting scenarios.

The current study builds on understanding that the radial bit life at the gauge could be evaluated
by incorporating 3D scanning technology. The 3D scanning approach has been successfully used in LCM
tests to assess over/underbreak of the rock, and daoutd volume, which is encouraging to use it for
evaluation of complex cuttepck interaction at the gauge region of the borer miner magd@jg[252].

By analyzing the breakout angles, the study aims to gain a deeper understanding of the complex rock
cutter interactions at the gauge region, which is critical for improving the performance and durability of

cutting tools in corner cutting scenarios.
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CHAPTER 3PARAMETRIC ANALYSIS OF FIELD DATA

To accurately predict machine performance from field data, it is essential to understand both the
geological settings and tlperating parameters ofechanical excavatarThis chapter addresses key
elements, including geological settings, machine specifications, and details about cutting tools.
Additionally, it looks into the findings from data analysis of field trials, providing insights into machine
performance in relan to cutting tool wear. The chapter also presents an analysis of cutting tool
perfamance, allowing for conclusions to be drawn regarding performance variations based on the tool's

position on the cutterhead, travel veloctyoltip geometryandtooltip material

3.1 Geological Settings

The machine operations under discussion are in
intracratonic Williston Basin. The geologic sequence begins with Pleistocene glacial till, followed by
approximately 400 meters of Cretaceous shale. Arb8rthick layer of Devonian carbonates lies
beneath the Cretaceous shale, just above deposits of jiatashraporite formation. The Prairie
Evaporite Formation varies in thickness from 100 to 200 meters. The geologic stratigrRjguré3.1
shows astratigraphic sectionf the area of intere§253], [254], [255]
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Figure3.1 Area of interest with geologic stratigraphytodified from Broughton (2019)253].

The potaskbearing membersontributing to the depositgithin the Prairie Evaporite Formation,
asshownin Figure3.2 [254], include the Patience Lake Member, with a mean thickness of 11m, the Belle
Plain Member with 7m, the White Bear Member with 10m, and the Esterhazy Member with a mean

thickness of 9m. These members exhibit syhiité intervals, each commonly ranging fr@mo 15m in
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thickness, separated by intervals of up to 4Batiteedominatedayerwith lower sylvite contentThe

geological units housing the potash deposits exhibit predominantly flat and undisturbed stratigraphy.

Patience Lake Member %
Belle Plain Member %

White Bear Member %

0
Miles SBH Esterhazy Member %
(mcemcmms) 100
Feet
Figure3.2 Schematic crossection of the potastich members of PrairiEvaporite Formaon.

Modified from Broughton (2019)253].

The field data was acquired specifically from the Patience Lake Member at one location and the
Esterhazy Member of the Prairie Evaporite Formation at the other from elevaboashan
approximately 900 meters.

Thepotashbearing members within the Prairie Evaporite Formation present a range of
mineralogical compositions, transitioning from carnallisdite (carnallite) to sylvitdalite (sylvinite). In
terms of thickness, the halittbominated strata over the opémgtelevations range between 30 meters to
60 meters. The geological features exhibit abrupt changes between these mineralogical groups, with
carnallite often underlying sylvinite beds. The mineralization prevalent in this region is predominantly

sylvinite, characterized by ore grades typically falling between 22 to 2894 266].

3.2 Mining Strategy

The mining strategy for the Prairie Evaporite Formation reliasechanizednethods utilizing
borer mines andcontinuousminers This is due to the flat and tabular nature of the potash beds, with

minimal variations or disturbancg53]. The typical mining processes in this region include

1. Shaft Sinking: Multiple vertical shafts are excavated to access the ore body for material extraction,

crew access, and ventilation.

2. Mining: Borer and continuous miners are commonly used for efficient ore removal.
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3. Ore Transportation: Conveyor belts and skips are used to transport ore from the mining face to the

surface. Once on the surface, the raw material undergoes milling processes.

Data from three mines were collected for analysis. Mineses the longoom and pillar mining
method, MineB utilizes stresselief mining, and MineC uses a combination of stresdief in one
location and the lorgoom and pillar mining method in anoth&he mining panel height eitheonforms
with the cutterhead dimensiam utilizes two lifts to extract the potasich seam with higher thickness
[257]. The mining operation being at a depth of more tham8%dicates the presence of high stresses.
Proper stress redistribution is essential to prevent failure of the main panel pillars, as their failure could
lead to fractures in the impermeable overburden, potentially resulting in water idgtgsal operation
for multiple passes is shown iigure3.3 [253], [256], [258]

Figure3.3 Typical mining operation in the area of interagiThree passes, b) Two pasddedified
from Paul (2017)259].

3.2.1 Long Room and Pillar

Long room and pillar as the nanmelicatemining is done in grids of long rooms keeping the
pillar intact to support the mine roof. The pillars are subject to the concentrated stresses from the roof as
shown inFigure3.4, hence the design sizes are required to be enough to support the expected stress
regime. This method of mining is suitable in areas without large clay seams which cause unstable ground
conditions[256], [257], [260], [261]
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Figure3.4 Schematic crossection of theoom and pillar mining witlanillustration of stress
concentration on the pillar

In the mines that use long room and pillar mining, the block is excavated typically by 4 to 5
entries and continued the same to other adjacent HI26R$ In this method, the ore recovery ratio is
about 35 to 40%. The room size depends upon the
the pillar size. The mining process involved the sequential excavation of [Z6&]ls

The pillar size is decided based on the unconfined compressive strength. To establish a new
equilibrium, the pillars are designed to offer yield and creep to relieve the induced stresses. This is
achieved by pillar widening and confinem&®1]. In regions with moderate depths and good ground
conditions, this method is preferred for its simplicity, butiieas with less favorable conditions,
alternative methods may be more effec{®e6].

3.2.2 Stress Relief Method

Stress relief mining is suitable in areas where the geology is not stable enough to support the long
roomand pillar mining technique. In potash mines, there could be large clay seams that are weak links
which mayinitiate failure. In such locations where potash has massive clay seams, stress relief mining is
relied on to excavate of263]. The pattern shown iRigure3.5 is known as a chevron or herringbone
pattern[256], [259] Contrary to the long room and pillar, the stress relief method requires fewer
development headingl stress relief mining techniques, the outer pillars of the production headings
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within a multiple entry panel are intentionally designed to fail gradually. This failure relieves the stresses
on the inner pillars of the development headings, thereby ensuringelongtability. The stress arch

above the mining location becomes morenmunced, shifting the stress concentration away from the
pillars of the main development headings. The yield pillars varying widths are carefully sized to allow a
gradual failure without causing structural damage to the development headings.
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Figure3.5 Mining patterns typically followed in the area of interest. Modified from Jones and
Prugger (1982)256], [259]

The design of stress relief patterns requinethedepth understanding of stress relief to avoid
rapid failure or simultaneous failure in all adjacent headiige.the vertical stresses, lateral stresses also
need to be caterddr while designing the stress relief mining pattern. The horizontal stress field moves
much higher to the immediate roof strata due to creep and failure of outside[2&66in$262], [264]
Less concentration of horizontal and vertical stress around the development headings makes them more
stable for longterm use. In this method similar to that of the long room and pillar technique the mining

extraction ratio is about 35 to 40% with sonxeaptions up to 50%263].
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3.2.3 Ore Transportation

In all the mines under discussion, the ore is moved to the bottom of the production shaft using
continuous conveyor belts. Mainline conveyors are frequently hung from the entrance roof, and drives,
depending on stability, may lsespendedyr installed on the floor. The mainline conveyor is generally 1
to 1.2 m wide, with belt speeds ranging from 2.54 to 3.3 m/sec. A central control station is typically used
to operate the conveying syst¢257].

Typically, these conveyors deposit ore to storage bins near production shafts from where the
reclaim conveyor is used to drop the ore into a surgaeding an intermediate crusher and scresis
crushed ore is then loaded to skip using the loading conveyor as shown in the skigalei®6. In the
production shaft, the ore is hoisted using Koepe or friction hoists. The hoists are housed in the tower
mounted and originally operated with megenerated control. The numbers and capacity of skips depend
upon thesize of the shafproduction rate, number ekcavatorsand size of cutterheaf256].

i
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| Tripper conveyor |
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[ Crusher and screen |
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Figure3.6 Typical ore transportation mechanism in the area of interest. Courtesy Garrett (1996)
[265].
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3.3 Borer Miner and Variants

The borer miner is a fuflaced excavator equipped wittutterhead consisting of a rotor, trim
chain, or colzutter. Figure3.7 below shows a few old borer miners indicating their evolution to the

present shape.

2BT-2 Twin Borer Continuous Miner (Joy Manufacturing) Xcel 72A (Prairie Machine)

Figure3.7 Borer miner variants retrieved frofp66] and[36].

Current borer miners vary in two main aspects; 1) the number of rotors on the cutterhead, and 2)
the use of either trim chains or cob cutters to facilitate floor, side, and top cledriguce3.8 shows the
front elevation of a twaotor borer miner with a trim chain and cob cutter and affotar borer miner
with a trim chain.

The evolution of the borer miner continues even today, as manufacturers continuously find ways
to optimize these machines. Key goals include increasing boring capacity, speed, efficiency, and
durability to suit the demands of modern mining operations.rBongers are currently used as an

important tool in the mining of potash, trona, salt, and other soft deposits.
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Xcel 42 (Prairie Machine)

Figure3.8 Front elevation of two and four rotor borer miner with cob cutters and trim chains.
Courtesy Prairie Machin@6].

3.4 Description of Radial Rock Cutting Tools and Variants

With thecommonacceptance of mechanical excavation in the underground construction and
mining industry, cutting tools also made a huge market, and initially, those were made with hardened
steel. Drag bits are considered the initial iterations of-oatkng tools (Andeson, 1998; David, 2018).

The radiabit typically has a rectangular shank with a pointy tip that cuts through the rock utilizing less
energy. Different locking mechanisms are being used to secsgebitewith the tool holder during
operationBecause of the lower energy consumption in rock cutting, it is consistent with the historical use
of radial bits inlesspowered rock excavators.

A variety of tooltip geometries and overall bit configurations can be foutiee catalogs of
different manufacturers. A few radial bits used by researchers are givguie3.9 [26], [105], [156],

[219], [267], [268], [269] The pointy tooltip is typical with relieved sides to minimize friction and ease in
plowing through the rock32], [163], [270] This design aims to reduce the cutting force matrix to reduce
power consumption, machine vibration, and dust generatignre2.3 shows the cutting action and

related nomenclature for radial bits.

While numerouit variants are currently employed in rock cutting, a selection of them, as shown
in Figure3.10, were utilized in field operation during the conduct of this study. These chosen variations
were used in fulscale linear rock cutting tests, referred to ad hitnd bit2 in this study. Bitl features a
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flat-faced hardened steel bit tip, while Bihas a chevroghapedarbide tip. The detailed measurements

are shown in the figure.

Figure3.9 Few radial bit variants used in the resedfdb], [156], [219], [267], [268], [269]

Tip Width
12.19mm (Flat-face)

Bit 1

Bit 2
Figure3.10 Radial bit utilized in the field trials
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3.5 Field Data andProcessing

The field data presented in this section pertains to The Prairie Evaporite Formation discussed in
Section3.1 of this chapter, utilizing borer miners. There are two main objectives aimed at collecting and
processing field data including cutter life assessment and machine performance variation with cutting tool
wear levels at the cutterhead.

Machine performance analysis through data recorded by the mashgreasutter life
assessment involves the analysfisool management logs.

3.5.1 Data Description

Two field tests wereonductedn the past few yeayand the collected data wasedto develop
pertinent analysis and calculate proper adjustment factors for correction of the modeling efforts that will
be explained lateiThe first dataset includes two different bit variants. At the beginning of each bit test,
the machine was redressed, and the bit management log was appropriately documented. The data with bit
1 consists of 3089 ft (1030 nof cuttingand bit2 consists of 2731ft (910 nof the machine dvance A
comprehensive data set wagesvelopedincluding the machine advance, and the location at which tool
changesveremade The tool management log was maintained with the number of replaced bits and their
corresponding cutterhead positions. In addittbe,loss of the bit tip at the time of each bit change was
recorded in the bit management logadsss in tip length.

The second field test was designed to understand the machine performance parameters on a two
rotor borer miner at various percentages of cutterhead power consumption in amps. Only machine
parameters were recorded in the test data, which could be usatktstand the correlation of
performance parameters. The assessment of cutter wear in this case is conducted through data acquired
from dayto-day operations with a cumulative operational time of 174.2 hours with a standard bit

management log.

3.5.2 DataProcessing

This section provides an overview of fiiedd data processingssociated with machine

performance prediction and cutter life assessment shoigume3.11.
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Figure3.11 Flowchart of field data processing and machine performance evaluation.

3.5.2.1 Machine Performance Data

The borer miner data typically consists of several mechanical and electric-sgkited
parameters. In this studyine columns out of fourteen including, date, time, machine advance (footage),
rate of machine advance (FPH), rotor Amps, and tram pressures (psfehesierd from the raw machine

data to process based on the steps described in thi®stidn.

3.5.2.1.1Data Screeningand Sorting

Data screening involves identifying the actual start and end of mining operations. During this
process, data pertaining to machine stoppages was excluded from the dataset, aligning with the identified
start and end points of mining operations.

Data sorting primarily entailescreeninglata and correlating it with cutterhead wear conditions.

In the case of the first dataset, cutterhead wear conditions were alsceteossced with machine
parameters. Mining logs were scrutinized to identify shift numbers and shift start and ené&#afes.

dataset was analyzed independently to evaluate machine performance.
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3.5.2.1.2Thrust Force Calculations

Thrust force calculation for mining involved determining machine tractive effort from the start of
the shift, excluding datum levels of thruStatum levelrefers to the effort exerted by the motor connected
with the tram, necessary for tasks other than mining, such as machine idling, startup thrust, and drag from
the miner and mucking systeifhe average tram pressure for mining effort by the machine is calculated
usingthe equatiorelow.

D POE! OQOMIOAOCOAAREDAMAE MOESAOOROAI (3.1

b | OAOCQTCAICACDEDODEROAOOE IAIURRET COOE

The raw data required for calculating the machine's thrust includes pressure measurements
recorded through sensors on the two tram tracks fitted to the crawler. These tram tracks are driven
hydraulically through exclusive motors. The torque providethbynotorto power trams isneasured in
N-m/MPa. The torque increment at the tram sprocket is then calculated based on the gear ratio of the
multi-level gears. To determine the thrust force transferred to the cutterhead is calculated by subtracting
losses frm the recorded machine thrust. These losses include the drive unit efficiency, friction, and the
effort required to push througbck cuttings orthe floor during the mining. Motor efficiency accounts for
the lossof mechanical parts duringower transferThe thrust force was calculated using the derived

equationaccounting fomll aspects includintpsses whiledking an average of pressure from two trams.
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In the above equation, 2 is to include the effect of both the tiSulisequently, the thrust force

utilized in the mining is calculated by subtraction of the datum pressures.

3.5.2.1.3Torque Calculations

As in thrust force calculation, the datum level of torque was established by examining the motor
amps powering the rotors. In the context of torque, the datum level pertains to theonoiected motor,

required for machine idling and startup torque.
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The machine data includes motor current in amps for each motor. To calculate the torque
generated by the motor at the cutterhead, an average amp value is used. Determining inputs into the
following equations requires referencing the motor test reportrencutterhead gearbox drawing
ultimately contributing to theletailedanalysis.
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Subsequently, torque at the cutterhead) (s converted int@available motor power at the

cutterhead with the following equation.
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The motor loadtharacteristic data which indicates motor current Vs the torque or power

consumption can be used in case of motor current change in the field.

3.5.2.1.4Field Penetration and Specific Energy Index

After preprocessingnportantmachine parameters, such as thrust and torque, an effective method
for evaluating machine performance involves the use of field penetration index (FPI) and Specific Energy
Index (SEI). By utilizing these metrics, the machine performance can be interforetes given
operationakcenario FPl and SEI could be amongst many approaches to evaluate machine performance

that offer a holistic view beyond just thrust and torque considerations.
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3.5.2.2 Cutter Life Assessment

The cutter life assessment data is usually captured in a tool management log, maintained at the
start and end of each shift. This log documents essential information, including date, start time, end time,
shift details (operator, hours of mining, produatimining location), tool changes, corresponding
locations and causes of failures, comments, and the total number of tools changed. In the first dataset,
additional parameters were recorded, suapegelength reduction at the time of change, along with

associategictures of cutting tools.

3.5.2.2.1Data Screening and Sorting

Data screening and sorting aim to identify tool management log inconsistencies and prepare the
data for crosseferencing tool positions on the cutterheHge initial dataset was meticulously collected,
usingvarious validation methods, such as capturing labeled tools with their positions on the cutterhead
through pictures. This approach significantly minimized the need for extensive dataqeesing.

Whereas, the second datasetordedduring routine operations using a tnator borer miner, underwen
thorough screening and sorting to minimize inconsistencies and facilitate subsequent dimeydasa

recorded during routine operation contained some concerning inconsistencies. For instance, information
such as machine advance, bit positions, number of bits, and bit variants were either missing or incorrectly
recorded for certain entries. Thadetails are critical for understanding the impact of cutterhead wear
conditions on machine performance parameters. To improve the accuracy of the subsatystsit an

some entries were removed entirely, while others were-cefsienced with the bit management logs or
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pictures to correct the missing or erroneously recorded information where possible. This data cleansing
and consolidation was necessary to ensure the integrity and reliability of the dataset, enabling more
insightful and meaningful analyses to be conducted

3.5.2.2.2Distance Travelled

The consumption of bits can be anticipated by analyzing the distance traveled at a specific
position on the cutterhead. The calculation of bit travel distance can be determined by utilizing
information from the tool management log, specifically bit locatiad hours of mining, along with rotor
rpm. The formula for calculating Bit Travel Distance (d) is as follows:
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3.5.2.2.3Production Per Bit

Production per bit can be analyzed through two distinct approaches. The first method involves
dividing the total production by the number of bits consumed during the production process.
Alternatively, another perspective considers the bit position orutterisead. This calculation takes into
account the distance traveled by the bit throughout its useful life, incorporating cutting geometry. This

alternative approach &ticulatedhrough the equatiogiven below.Consistency in the measuring units is

important while calculating the production per bit using the formula.
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3.5.2.2.4Cutter Velocity

Cutter velocity representscaitical parameter influencing cutter lifeligh cutter velocity can
induce significant thermatresdn the bit tip, thereby affecting the longevity of the bit. The velocity at a

specific bit position on the cutterhead is determined bydtwe rpm The calculation of cutter velocity is
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straightforward, involving the multiplication of the bit travel distance at a particular position by the rotor's
rpm, asshownin the following equation:
600 dQE QW > Na (3.11)
In the above equatio@represents the radius of the pitsitionon the rotor and rpm is rotor

speed.

3.5.2.3 Cutterhead Wear Coefficient

To estimate the wear level of the cutterhead on the machine, this study calculated a wear
coefficient based on the field dataset. The process involvedrafesencing the start and end positions
of the machine to determine the number of bit positiorishiad been changed due to bit wear.

The accumulated data was then used to determine the average distance traveled by the bits before
they were considered worn and changed. Thepuidt of this distance was used to represent a
moderately worn condition, while the distance below the-paitht was considered a new condition.

Using this criterion, a numerical scale was assigned to represent the bit condition: 0 for a new bit,
1 for a moderately worn bit, and 2 for a worn bit. At the end of each mining shift, the cutterhead wear was
guantified by summing the wear numbers forrehit position and dividing it by the total possible wear
(i.e., if all bits were worn, the total would be 2 x the number of bits on the cutterhetd3. way if all
bits on cutterhead are worn the coefficient will be 1 and if all bits are new the coefficient will be 0, hence,
scale from Q1 is used to identify the cutterhead wear level.

The general equation for calculating the wear coefficient is presented in Equation 2, and the
workflow for this estimation process is illustratéigure3.12.
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In the above equation, n represents the tataiber of bits on all rotors of the cutterhead
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Locate the start and end of mining shift

r r

Determine number of bits changed
from tool management log

Calculate bit travel distance

Allocate bit number based on travel
distance to define wear level

4

Calculate bit coefficient

Figure3.12  Workflow of the process of estimation of wear coefficient.

3.6 Resultsof Analyzing Field Data

Field results explain the machiperformance reduction with respect to cutterhead wear condition

for two and four rotor borer miners.

3.6.1 Machine Performance

Machine performance results are based on two data sets as descsildeskitior8.5.10f this
chapter.

36.1.1Four Rotor Borer Mi ner 6s -Performance based

Field trials were conducted using two bit variants, as showigire3.10. Consequently, results
displaying SEI and FPI are presented with respect to bit variants.

Figure3.13 shows SEI for both bit and2, revealing a nominal better in the performance ot bit
over bit2. As the Rate of Advance (ROA) increases, the specific energy index decreases, validating
earlier research findings. The correlation coefficient is stronger farthén for bit2, potentially

influenced by the limited data available for bit
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Field Data Utilizing Four Rotor Borer Miner - Specific Energy Index
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Figure3.13 Plot of SEI Vs. ROA forield data acquired from 4 rotor borer miner

Figure3.14 andFigure3.15 showFPI andCutterhead PowePj vs rate of machine Advance
(ROA), resultsof field trials conducted with bit and2, respectively. In both cases, FPI decreases with an
increase in the ROAyhich may be influenced by factors such as cutterhead wear corditionocal
geology. The discussion on cutterhead wear condition is grivitie next section. Whereas in both cases
the power consumption by cutterhead rises aitincrease irROA, as expected. However, the
correlation coefficients for the data trends arestatisticallysignificant in either case.

Field Data Utilizing Four Rotor Borer Miner - Bit 1
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Figure3.14 Field data acquired from 4 rotor borer miner analysid. to FPland PVs. ROA
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Field Data Utilizing Four Rotor Borer Miner - Bit 2
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Figure3.15 Field data acquired from 2 rotor borer miner analysid. to FPl andP Vs. ROA

36.12Two Rotor Borer Mi ner 6s P&@r formance based

Figure3.16 displays two rotor performance measures observed during field trials with varying

machinelnstantaneous Penetration Rat¢hen the machine advance is lower, both SE| andreRdase.
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Figure3.16 Field data acquired from 2 rotor borer miner analysid. to FP| and SEI Vs. Machine
advance in meters.
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3.6.2 Bit Life Assessmat
3.6.2.1 Machine Performance based on Cutterhead Wear Using Dataseit

From field datathe rate of bit wear and its impact on machine performance parameters were
determined and shown Kigure3.17 andFigure3.18. With theincrease in bit weapowerconsumption

increases impactindpe FPI and SEI of the machine.

Field Data Utilizing Four Rotor Borer Miner - Cutterhead Wear Assessment (Bit 1)
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Figure3.17 Field data acquired utilizing 4 rotor borer miner with bit 1 analysis for FPI and SEI Vs.
ROA w.r.t. to cutterhead wear condition.

Field Data Utilizing Four Rotor Borer Miner - Cutterhead Wear Assessment (Bit 2)
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Figure3.18 Field data acquired utilizing 4 rotor borer miner with bit 2 analysis for FPIl and SEI Vs.
ROA w.r.t. to cutterhead wear condition
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3.6.2.2 Bit Life Assessment Parameters

In addition to assessing machine performance, this study exahiiriée by considering
production per changaf an individual bit bit travel distancavith respect to its positioper change, and
the wear rate of different bit variants relative to bit speed. The primary factor in evaluating bit life
depend onthe machine operator's decision to replace the bit. Bit management is typically determined
during breaksn everyshift, or as necessary due to excessive machine vibration noticed by operators.

Therefore, effective bit management is critical for both production and machine maintenance.

3.6.2.2.1Bit Life Assessment Using Bit Production

Bit production, which refers to the volume of material excavated by the bit before replacement, is
an importanfield measureFigure3.19 presents a comparative study of two bit variants in the same
geological conditionand on the same machine,assess their field performance. As shown in the figure,
bit 2 outperformed bitl. This difference could be attributed to bit tiaterial and geometry, leading to a
faster rate of wearequiringa changeThe bit life is reduced towards tigageof the rotor.

Rock Cutter Velocity & Tonnage Per Bit - Four Rotor Borer Miner
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Figure3.19 Per bit production vs. bit position and velocity

3.6.2.2.2Bit Life Assessment Using BifTravel Distance

Another aspect considered in analyzing bit life is the distance traveled by the bit before
replacement. This provides an additional perspective to assess bit performance in thigtied8.20
shows the resultsupportingthe performance findings determined through the production per bit as

shown inFigure3.19.
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Bit Travel Distance before Change and Rock Cutter Velocity - Four Rotor Borer Miner

120 1 24 125
23 1

—_
(=)
(=)

0.80

0.60

Cutter Velocity (mm/s)

Normalize (Bits Travel Per KM advance)
(=]
=
(=}

Cutter head Radius (m)

--0--Bit1] KM  --@--Bit2 KM  —e—Bit velocity - Four Rotor Borer Miner

Figure3.20 Bit travel before change vs. bit position and velacity

3.6.2.2.3Bit Life Assessment Using BiWear Rate Vs. Bit Speed

Figure3.21 andFigure3.22 show the bit wear rate relative to bit velocity, which is attributed to
causing excessive wear by increasing thermal stresses on the tip materials. This aspect requires further
evaluation with a larger database, as the limitet setloes not identify the bit wear rate in relation to
bit speed. The inconclusive nature is mainly due to the variability in bit management. In this case, gauge
length reduction was used to record wear data, which has a wide ranggajdfegyion of the bit as

shown in these figure®Vhile considering the average gauge reduction a trend line is shdkanfigures
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Field Data - Bit Wear Assessment (Bit 1)
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Figure3.21 Bit 1 wear rate with respect to bit travel velocity

Field Data - Bit Wear Assessment (Bit 2)
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Figure3.22 Bit 2 wear rate with respect to bit travel velocity.

3.6.2.2.4Bit Life asa Function of Geology

This evaluation aimed to understand how bit wear varies with geology and bit speed. As evident
from Table3.1, the compressive strength of the rock in Mine A is half that of Mine B, while Mine C is
comparable to Mine Blhe fourrotor machine in Mine A operates at almost double the rotor rpm

compared to thewo-rotor borer minemachineoperatingn Mine B. Consequently, the cutter speed in
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Mine A, as shown irigure3.23, is around 30% higher than in Mine B at the gage position. The rock
strength directly impacts the cutting force matrix, which ultimately influences the frictional coefficient.
The higher rock strengths in Mine B mean higher frictional coefficients. Howiétiee high strength

rock is less abrasive, as indicated by the lower Cerchar Abrasive Index (CAl) in Mine B, the identification
of the primary cause of wear becomes more complex and cannot be attributed to a single rock property.
The field data suggests that the higher bitesiand slightly higler CAl in Mine A likely contribute to the
higher bit consumption, ahownby the lower production per bit compared to MinenBigure3.23.

Another factor that may cause a difference in wear rate are cutterhead profile and cutter orientations
acrosghe cutterhead, which adifferent for both the machingghese field results highlight the complex
interplay between spegdutterhead profiland gage cutting in the two machines, operating under

different geological conditiong.he wear rate at the gage suggests that factors beyond speed may

contribute, requiring further investigation through experimental work

Table3.1 Rock strength parametersthrearea of interest.

Parameter Mine A Mine B
Compressive Strength (UCS) (psi) 1560 3110
Tensile Strength (BTS) (psi) 175 210
CAl (Index) 0.34 0.30
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Figure3.23 Production per bit assessment in two geologies using two and four rotor borer. miners
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3.7 Discussionand Conclusion

The field data lacks important geomechanical and geotechnical parameters representing varied
geological conditions in the mining araadcould not beepresentedvith the single set of properties
obtained from the samples received to conductsitcdle LCM tests shown ifiable3.1. While the
absencef geotechnical parameters raises concehastelatively uniform nature of ttiargetgeology in
the Prairie Evaporites allows for the analysis presented in this chapter to predict an average expected
value in the area ofterest This uniformity allows for a reasonably confident interpretation of machine
performance, even withoabmprehensive geotechnical details. Howevaes,dtitical to recognize the
limitations.

The data analyzed in this chapter is recorded over a limited time period, and the potential for bias
in the results may be attributed to a cautious approach by the field crew, given the awareness that the
results were intended for analysis. Howevels @ssential to note that the results are derived from a field
setting, and any influence on the data might not significantly diffisionmal operations.

The comparative assessment of different bit variants and their impact on machine performance
has shown inconsistent results when evaluating parameters like field penetration index (FPI) and specific
energy index (SEI), as well as bit performance indicatoch as production per bit. This inconsistency
can be attributed to the lack of standardization in the bit management criteria. For instance, the bit
changes for Bit 1 were done over a wide range of gage reduction lengths, as illustridadeidi21,
whereas the changes for Bit 2 occurred at considerably higher length reductions, as evident from the data
shown inFigure3.22. Another critical aspect also indicated in the preceding paragraph is the size and
representativeness of the field dataset used. In this stiilgughthe dataset is limitefbr both he bit
variants yeBit 1 has more data points than Bit 2. This asymmetry in the data can potentially introduce
biases when drawing conclusions from the analysis. Addressing the lack of standardization in bit
management and ensuring a more comprehensive and balanced datesstatigior such analysis

The machine operat@ subjective judgment in determining when to change the bit based on its
condition presents another potential limitation indhalysis otool management data. Tteol
management data shows the variability in gauge length at the time of chihadild crewtries to
maintain continuous operation with minimal field interventions for tool managetmenighout the shift
Consequently, the consideration of the average tool management data ermptiatacanalysis is an
attempt to reducéne impact of this limitation.

Critical conclusions from the field data evaluations are as below;

1. The geological contrast between the two sites where two borer miners were deployed for data
collection issignificant particularly regarding the compressive strength of the rock. Laboratory

tests reults shown inrable3.1 identifiesthat thecompressive strength afck in Mine A is
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approximately half thadf the rock inMine B. Despite this difference, the indirect tensile strength
measured with BT8f both rock formations remains relatively consistent. Additionétly,
abrasiveness of the rock in Mineiéslightly higher tharthat ofrock in Mine B.

By monitoring a progressive cutterhead wear condition, it is possible to identify the reduction in
the SEI with an increase in ROA. This observation highlights the impact of cutter wear on the
specific energy of excavation, in addition to the geologicatlitmns on the mining face.

The decreasing trend observed in the FPI with an increase in cutterhead power consumption can be
attributed to the cutterhead wear level.

While reducing spacingeducegshe cutting force matrix at thgageposition, these bits have high
velocities. Because of this, researchers may often attribute the high rate of bit wegagethe

positions to the high velocities.

The anticipated high wear in the gage region may be the reason for the extra caution exercised by
operators in bit management at gage positions, resulting in significant variability in the bit

management data presented in the bit life assessment section

The considerable difference in bit wear between two and four rotor machines may be attributed to
geological properties in the respective mining asrabcutterhead diameter, which relates to the

different average spegdf tools on theuttethead.
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CHAPTER 4FULL-SCALE LINEAR ROCK CUTTING TEST TO EVALUATE STANDARDAND
TILTED-BIT METHODOLOGIES

The Linear Cutting Machine test (LCM) is a reliable method for investigating rock cutting
performance of tools and evaluaticgtterrock interaction[23], [26], [49], [115], [126], [153], [172],
[230], [271] This research is based on an analysis of both archived and recently condusteaidull
experimental test matrices on evaporateksat the Earth Mechanics Institute (EMI), Colorado School of
Mines (CSM). The inclusion of both archived and recent data ensures a thorough analysis to provide a
morecomprehensive perspective on the behavior and characteristics of evaporate in the experimental
work conducted at EMI, CSM. Within this chapter, two LCM test methods are discussed, each conducted
with adistincttest philosopi. An innovative approacbf utilizing 3D scanning technology to capture

surface characteristics during fsitale laboratory tests also discussed

4.1 Description

LCM testsallow for direct measurement ofitting forces required to cut the rock with the
specific cutter at predefined cutting geometry. Salle testing eliminates uncertainties associated with
scaling effectassociatedavith laboratoryscale roclkcuttingtests[27], [104], [272] The force data is
recorded by a data acquisition system (DAQ) controlled by customized software, allowing assessment of
cutting force trends for various bit tip geometries, attack angles, and cutting parameters such as spacing,
penetration, and tilt angs. Individual bit performance is subsequently used to predict cutting rates for
specific boring machines. The cutting force is measured through three orthogonal components, which are
used in the calculation of thrust and torque required by the machiing. ftsgressive wear levels of bits
at different depths of cutting helps in determining the machine performance variation with the rate of
machine advance and also with tool wear on the cutteft8&¢ [164], [165], [273] Additionally,
assessing product quality througdirticle size distribution measuremerstgrface profiling, and dust
generation helps understand cutting tool behavior at different depths and wedillézglR01], [205],
[206]. The test matrix using LCM facilitates a thorough investigation of cutting and machine parameters
across diverse geologies, rate of machine advances, and cutterhead wear levels. Performance prediction at
various wear levels contributes to practical tifel Assessment. Specific energy (SE), calculated from
cutting forces and geometry, serves as an indicator of cutting efficiency and borer miner performance
potential. Lower SE values imply highefficiency and higheproductivity at a given power consurigst

level or the potential use of a smaller, eefective machine for material productifi89], [172]
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4.2 LCM Test Equipment

The LCM consists of a large stiff reaction cross frame and the cutter is connected to it using a bit
holder weldd with a saddle. Forces are monitored by a triaxial load cell placed between the saddle and
the crosgrame. The triaxial load cell measures the normal, drag, and side forces during the cut. The rigid
cross frame is attached to a hydraulic cylinder to control vertical movement for defining the penetration
value while testing.

The rock sample is cast in cemgnbutwithin a heavy steel box to provide the necessary
confinement during testing. The rock box is positioned on the sled, which moves the rock against the
cutting tool with the help of a heaxduty hydraulic cylinder. The rock box is also attached on bo#ssid
to hydraulic cylinders, which move the rock box sideways to maintain specific cut spacing during the
rock-cutting tests. A schematic drawing of the crfyasne, rock box, and sled section of LCM is shown

in Figure4.1.
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Figure4.1 Labelled shematic of LCM cros§rame, rock boxand sled section
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A hydraulic actuator that moves the rock is controlled by a servo that pushes the sample against
the cutter with a predetermined penetration depth, spacing width, and constant speed. To track the
movement of the rock sample during cutting, a linear vaidtdplacement transducer (LVDT) is
attached to the sled where the rock sample is positioned. After each cut, the rock box moves sideways by
a set spacing to replicate the action of multiple cutters on a mechanical excavator. A picture labeled with
all major components of LCM is given iigure4.2.
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Figure4.2 Labelled picture of LCM Earth Mechanics Institute (EMI) of Colorado School of
Mines

In field excavation, the cutters on the machine always work on a rock surface damaged from the
previous cutting action. To replicate this in the lab, the rock surface is prepared before testing by making
several passes to condition the surface. The datdlésted after the conditioning passes.

4.3 LCM Test Outcomes

The full-scale LCM test provides four major outcomes inicigdhe cutting force matrix, an
evaluation of cuttings to assess product quality, an evaluation of surface characteristics, and an assessment
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of dust generation. These outcomes are discussed in the following section with an identification of their

subsequent uses for a detailed understarmfiegtterrock interaction

4.3.1 Cutting Force

Thecuttingforce represents the most critical outcome from the LCM test. A triaxial load cell
records three orthogonal components of cutting forces during the test. The force aligned with the bit's
orientation to the rock surface is referred to as the normal fottdke the force along the axis of the bit
movement is referred to as the drag force. Additionally, the side force is the component exerted by the bit
on either side of its movement axisgure2.4 shows all three force components acting on a cutter. The
resultant force representing all orthogonal components can be mathematically calculated from all three
components of the cutting force matrix. To simulate machine advance, bit penetration isditieel, an
force matrix is systematically recorded for various penetrations. This analysis allows for the assessment of
machine performance at different rates of advance. These forces represent the thrust and torque
requirements essential for the machine tcaade intargetgeology at specifioperational parameters

This study focuses on analyzing cutting forces by processing them to ascertain both peak and
average forces, along with the standard deviation of the data. Subsequent processing and analysis
primarily rely on the average cutting forc€aitting force trends through normalizing the values are
included in this studyhich is the result of recent tests and analyste@EMI database on evaporates
cut by radial tools ithe past two decades

The efficiency of different cutting tools across various cutting geometries is evaluated using the
SE. This metric providesdetailedinsight into cutting efficiency, allowing a reliable assessment of the

cutting performance undeariedcutting conditions and geometries.

4.3.2 Particle Size Distribution of Rock Cuttings

The assessment of product quality is done through a thopartble sizeanalysis of rock
cuttings obtained from the LCM tesfining operatorglace a great emphasis on this evaluationeit
serves as an indicator of efficient rock cutting. More fines in collected samples suggest prevalent
inefficient cutting, potentially indicating coring and grinding rather than effective fragmentation during
the cutting procesand ultimately loss of valuable ore and issues with ventilation

Due to the fragile nature of evapes including potash, the disintegration of rock chips during
sieving can change the product size distribution curve. To address this, the standard sieve analysis test
(ASTM D6913) was modified with due diligence by including handpicking for materialrlérga4.75
mm (0.187 inchesmentioned aSieve # 4n Table4.1 and reducing time in the sieving from 10 minutes

to 4 minutes. This modification aims to prevent the breakage of larger pieces during the sieving process.

59



Samples were collected fronDa&61m @ ft) length along the rock, as shownHigure4.3. Larger
pieces were collected manually, rided ones using a broom and dustpan, and smaller grains or fines
using a vacuum. The subsequent sieving process usedl®&RQvith analyses conducted across sieve
sizes ranging from 180 ¥6186060 Hmdedshl6in8DbudbfAg and

Figure4.3 Sample collection window for product quality evaluation

In this study particle size distribution curves were used to determine the coarseness index and
presented the results in the relevant sectionexample oflie procedure adopted to determine the
coarseness index is shown with test data givarabie4.1.

Table4.1 Coarseness Index (CI) analysis.
Sieve Number Sieve Size (mm) Retained Mass (9) Cumulative Mass (%)
1-3/4 +45.3 5025.62 35.9
1 -45.3 +25 1711.13 48.2
7/16 -25 +11.125 2187.72 63.8
4 +11.125 -4.75 2183.39 79.4
8 +4.75 -2.362 1188.05 87.9
16 +2.362 -1.191 771.21 93.4
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Table4.1 Continued

30 +1.191 -0.594 429.40 96.5
50 +0.594 -0.297 259.04 98.3
100 +0.297 -0.150 141.71 99.3
200 -0.074 92.76 100
Totatal Mass = 13990 Cl1=802.7

4.3.3 Rock Surface Characterization

Rock surface characterization serves as a method for assessing cutter efficiency within a specific
cutting geometryparticularly in the context of interactive rock cutting. The large ridges between the
cutline also known as coring can significantly reduce cutting efficigk@8]. This coring phenomenon, if
extensive, can result in adverse consequences such as decreased machine production,qotégnature
wear, and the generation of excessinedi and dusfhe optimal spacing to penetration can be
determined by anabng the rock surfact improve machine performance and reéuoring.

Initially, profilometry was used to create multiple sections, as shoWwigire4.4, to measure
ridge formation and key surface characteristics, including over/underbreak, and breakout angle, to offer
insights into efficientutterrock interaction. Subsequently, 3D scanning technology was introduced to
scan the rock both before and after cutting as showigure4.5. This not only allowed for an evaluation
of surface characteristics but also improved volume calculation for subsequent use in SE calculations.
Detailed information on the collection and analysis of 3D point cloud data is presertgdrav.6,

contributing to a deeper understanding of the rock surface and its implications for cutting efficiency.
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Step-1:
Rock surface cleaned
with vacuum cleaner

Step-5:
Multiple sections

Step-4: Step-2:

Digitization of the trace with open Surface profile is measured

source program (i-e. google sketchup) with profilometer at constant
interval along length

Step-3: X *-«A-
Surface profile is traced on the paper with scale
Figure4.4 Evaluation process of coring through ridge measurement

Surface - 1 (Before cutting)

Surface - 2 (After cutting)

Figure4.5 3D scanned surface before and after rock cutting in the LCM test
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Figure4.6 3D Point cloud dataorkflow chart

4.3.4 Dust Generation

Conducting a fubscale LCM test offers an added advantage in comprehensively assessing the
mine environment to subsequent informed modeling of ventilation technology in particular mining or
tunneling environment. While the focus primarily lies onfthe generation study, the limited dust
related data is merely added to supplement the-felaged study. To facilitate this, a plastic cover and a
dust collection arrangement (showrHigure4.7) were used during linear cutting tests. This innovative
design to isolate the cutting bit, allowing precise collection of dust is credited to Dr. Syd Slouka, which is

comprehensively covered in her Doctoral thesisvell as published articl§32], [170]
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Bit Isolation Envelope
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Air Purging Duct ' Wiseh |
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* Real-time Dust —
concentration Display

Figure4.7 Dust collection mechanism with LCM test appara@surtesy Dr. Slouk§s?2], [170].

4.4 Linear Cutting Machine (LCM) Test

Following prior preparationsf arock samplethe test method is determined based on the specific
objectives of the test. This section provides a detailed overview of the workflow and the test
methodologies chosen and designed for this steidyire4.8 shows the cycle of the LCM test.
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Figure4.8 Work cycle of LCM test

4.4.1 Rock Sample Preparation

Rock samples received from thige were shaped and sized by drilling a line of holes using an
electric/hydraulic drill, followed by splitting with plugs and feathers or +gghtting grout to make rock
samples fit into the rock box. The rock sans@ee ofterthen sprayed with a waterproofing agent (i.e.
polyurethane or flex seal liquid waterproofing) to avabissolution oleaching in concrete mix grout,
where required.

Subsequently, the prepared rock samples were cast in grout with a strebgyitiied (2000
psi), confining them within the rock box. This process ensures the integrity of the rock samples and their
compatibility with the subsequent testing environmeEigure4.9 presents the rock sample preparation
cycle.Preparing rock samples requires several days. When adding the curing time for concrete, the entire
process takes nearly three weeks to complete. This timeline includes the careful preparation needed for

rock samples to move smoothly to the next testing@hahich is rock cutting.
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Figure4.9 Rock sample preparation cycle for LCM test

4.4.2 Test Matrix

Designing a test matriis a critical step in test preparation, involving various inputs such as
testing methods, cutting tool selection, and cutting geometries. Using all inputs an array of tests is formed
to achieve the objectives of the reseatuothis study, a few archived data sets were used in addition to
the test matrix designed for a few potash rock samples.

4.4.2.1 Test Objectives

The test matrix serves as a structured approach, using various tests to systematically achieve the
research objectives. During test matrix design, the main research objectives are segmented into smaller
goals to maintain focus when testing samples. Ferdtiidy, the test matrix comprises three main steps,
each with specific objectives mentioned below;
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1. Determine bit performance over bit life

2. Prepare input data for computer model validation using field data.

3. Identify optimal radial bit tip and cutting geometries.

4. Investigate modified bits as potential options to enhance the longevity of radial bits in
gagepositions.

5. Examinecutterrockinteraction in theornercutting scenarios.

4.4.2.2 Test Methods

This study uses two LCM testing methods, each focusirgpeaificpurposesA) The Standard
LCM test method aligns witthe conventionamethod involving a cutting tool positioned perpendicular
to the rock surfageand B)thetilted-bit LCM test utilizes a cutting tool attached to a retractable cross
beamusinga saddle and bit holdext a predetermined tilt angle.

4.4.2.3 Cutting Geometry

Cutting geometry includes cutter penetration and spaam the typical mining operations in
similar rock typesin Standard LCM tests, spacing variations were introduced to assess the cutting tool's
performance and optimize machine efficiency. Similarly tifted-bit LCM tests, bit spacing oselected
typical cutterhead profiles was used, aligned with corresponding bit poskiiguse4.10 provides a
schematic drawing that explains the nomenclaturélted-bit cutting tests

T =Tilt angle

X = Lateral bit spacing

Z = Longitudinal bit spacing
Rock surface -weeee:

Figure4.10 Schematic ofilted-bit LCM test
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In a Standard LCM test, the cutting bit is positioned normal (perpendicular) to the rock surface,
with a constant bit spacing maintained throughout the test. The penetration is set to a predefined value.
This test setup is repeated three times, with tboesecutive passes made at the same penetration depth.
This repetition serves two purposes: 1) to record consistent readings and check the repeatability of the
results, and 2) to acquire a larger length of cut at the same cutting geometry, providingabosire
dataset for analysis.

Whereas, the Tilted Bit test is designed to simulate the cutterhead profile, where neighboring bits
have varying tilt angles and lateral/longitudinal spacings. In this test setup, the angle of each individual
cutline within a single pass changes, as idsé¢e mimic the tilted configuration of the cutterhead. Similar
to the standard LCM test, each set of cutting lines with the same parameters is recorded three times to
increase the overall cut length and further assess the repeatability of the results.

The key difference between the two test setups is the bit orientation and varying lateral and
longitudinal spacings. While the standard LCM test maintains a constant, normal bit position, the Tilted
Bit test incorporates the variable tilt angles and spglogtween the cutting lines to better represent the

operating conditions of a realorld cutterhead.

4.4.2.4 Cutting Tools

As identified inTable 4.2 four distinct types of radial bits were used in this study, some of which
had three distinct wear levels incorporated in the test matrix. Bits 1, 2, and 5 are standard designs and are
commercially availableTests with various wear levels were conducted to evaluate bit perforimagrce
its lifespan and to ascertain the impact of cutting tool wedn@ma c hi nebés per for mance.
Bits 3 and 4 are modified versions designed to increase the lifespan of cutters in gage positions.
Bit 3 has two versions with different conical tip angles. The irtgpe carbide conical tip makes Bit 3
believed to resist side forces expected at the high tilt angles in the gage region. The use of hardfacing aims
to improve bit life and explore an option to refurbish worn bits collected after bit life ends. Both pptions
hardfacingand conical tip, are expected to be viable options.
A novel design, Bit 6, is introduced in the table, specifically designed for usegagieeegion
with reduced tilt angles, owing to its tip position compared to Bit 2, where the pointed tip is centrally
located. Unfortunately, time constraints prevented the testing 6fiBithis study Figure4.11 shows the

side and front view of all bits.
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Table4.2 Cutting tools and wear levels considered in the test matrix.

Bit Nomenclature Wear Levels Tested Remarks
Bit 1 (Flat face) New, Moderately Wornpand Worn Hardened steel tiiNew bit- 12.19
mm widetip, Moderate bit 13.46mm

tip width, and won bit tip 15.49 mm
wide)

Bit 2 (Chevron) New, Moderately Wormpand Worn Carbide pointed tigNew bit- pointed
tip, Moderate bit 12.7 mm tip width,
and won bit tip- 16 mm wide)

Bit 3 (Conical) New (90 tip angle) Modified radial bit with conical insert
New (60 tip angle) tip
Bit 4 (Hard faced) New Hardfaced with wearesistanmaterial

of Technogenia®

Bit 5 (Round) New Carbide rounded tip
Bit 6 (Tilted) New (Initial designworkis given  New innovative design developed at
in AppendixA.2) EMI of CSM

Pointed tip 90° Cone
Tip Width
122 mm

17.5 mm 17.5 mm

22.1 o - —‘22.1 mm

3a

Figure4.11 Bit variants utilized to conduct LCM tests and performance evaluation

4.4.2.5Tilt Angles

To achieve the desired tilt angle, the bit holder eréantated at a particular predefined tilt angle
andwelded to the base plate. The base plate was provided with holes to secure bolting with the saddle.
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The tilt angles considered in this study were primarily determineldeogirrangement of cutters at the
gagearea of the selectguofiles. Thetilted-bit LCM tests were conducted at five different tilt angles.
Figure4.12 presents a bit fitted in the bit holders at a certain tilt angle.

Figure4.12 Schematic ofilted-bit LCM test

4.4.2.6 Test Matrix

Table4.3 presents the generic test matrix to provide an overview of experimental scope of work
to crossreference to the results and in the relevant section.

Table4.3 Test matrix.
Test Method Mine Bit # Wear Conditions | Purpose
Standard LCM Test| A 1&2 Yes Performance Vs Tigeometry
and Bit life
B 2 Yes Comparative analysis and
3a &4 No Performance of alternatives

Tilted Bit LCM Test 2 No Performance of-3 gauge bits
Standard LCM Test| C 2and5 | No Performance Vs Tip geometry
Tilted C 2and 3b | No Performance of-3 gauge bits
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4.4.3 Calibration of Load Cell

The calibration of the load cell involves applying known forces using the arrangement shown in
Figure4.13, both from the front and side of the radial bit, to convert the recorded voltages ta face.
calibration process involves determining both the normal and drag forces from the front direction and side
force from the side of the cutting tool. The force applied with an arrangement shBigniie4.13, is
resolved into rectangular components using an angle of application of force. The force is applied using
hydraulic piston connected to a manual hydraulic purhp.pump has a pressure gauge attached to it to
facilitate force measuremerithe data acquisition system, operated via LabVIEW, records load cell
output while applying known forces. Multiple readings per force value improve calibration reliability. A
total of 18 data files each for front and side calibration are obtained frdoadix measured three times
during loading. Recalibration is necessary after changing the rock box on the LCM, adjusting the saddle,
or every after two months. New calibrations aaguired to compare with previous ones to ensure
reliability. From these readings, an equation is derived to convert raw machine data into cutting force
measurements for all three orthogonal force compon€hescalibration processdopted in this study
used a 4%angle from the front and®@nd 43 angledoadingfrom the side of the bit, with each tilt angle
arrangement calibrated separately.

Figure4.13 Calibration arrangement of load cell
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4.4.4 Rock Surface Conditioning

Beforecollectingdata, conditioning passes are made across the sample surface, aligning it with
the conditions the bit will encounter during actual field operations. Conditioning facilitates consistent
internal fracture propagation based on the specific penetration ptidaleuts applied and also
addresses the potential impact of damaged zones from previous cuts. The edge cuts on the far left and
right of the sample were omitted during data collection, including force and rock chips during the
Standard LCM tests. Duringpnditioning for the Standard LCM test, a thegart pattern, shown in
Figure4.14a, was consistently maintained. Similarly, for titeed-bit LCM tests, three start patterns were
implemented alongside conditioning passes after conforming the profilegagbas shown irkigure
4.14b.

v .
Penetration Per J Penetration | {
Revolution Penatration Per Pass
On LCM (Cutiing Test)

Figure4.14 Schematic ofilted-bit LCM test

4.5 LCM Test Methods and Philosophies

In this section two LCM test methods are discussed with the underlying test philos@yhiles.
the LCM tests typically use the standard LCM test method with radial bits, this study introduces an
innovative method using thidted-bit to simulate the typical bit orientation observed on the cutterheads of
borer miners. A 3D model afcutterhead with bit arrangements is showRigure4.15. The tests with
varying bit orientations are specifically designed to exploretiterrock interaction in thegageregion
of borer miners, where bits have high tilt angles and experience high wear rates. Typical data acquired
from the LCM tests is shown figure4.16. The experimental scope, outlined in the test array provided in

4.2.2.4 aimsto investigatecutterrock interaction across the entire cutterhead
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Figure4.15

Cutterhead 3D model with bit arrangeme]2{84], courtesy Bit Service.

LCM Test npats
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Spacing | cutterhead design
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Inputs Spacina | cutterhead profile

Lateral Depends upon the Depends upon
Spacin maximum spacing Penetration | machine operating

Pacing | on cutterhead parameters

Depends upon Depends upon

Penetration | machine operating Titangle | . terhead design
parameters

Bit Depends upon

sequence | cutterhead design
|
AN ¥ ______
‘ Standard LCM Test ‘ ‘ Tilted Bit LCM Test '

—

Figure4.16

Rock cuttings

Surface Topography

Force Data

+ =

Specific Energy

LCM tests inputs and outputs
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45.1 Standard LCM Test

In standard LCM tests, a bit is positioned perpendicular to the rock surface, usingsiatiree
pattern to replicate the influence of the three attaringthe active operatiomf borer miner cutterheads.

To determine the sequence of bits, reference is made to the cutterhead drawings, considering the labeled
arm numbers. For instance, the bit located on arm 1 initiates the sequence, and so forth.

In this method, the cutter g@ages the rock vertically, assuming that the tilt angle's impact is not
significant to thecutterrock interaction, with spacingrenetrationand cut sequendming the primary
parameters defining cutter performance. The basic philosophy of this method assumes that the tilt angle
has a negligible effect on cutter performance.

Testing commences with low penetration and progresses to high penetration, simulating the
rotation of all three arms of the machine rotor. Each penetration is preceded by conditioning cuts at the
same depth, ensuring that the recorded test cuts encoansestent face conditions. Testing inputs and

outputs are shown iRigure4.17.

Suredg
erae]

Bit Wear “Tfl‘| Standard LCM Test ‘ Penetration

\J

PSD Graph - 15" Pen
Sieve Nos

L

I
P oot IR

Figure4.17 Standard LCM test inputs and outputs

4.5.2 Tilted-bit LCM Test

The tilt angle test procedure was adopted in LCM tests witted-bit to simulatecutterrock
interaction in theyageregion. This is the first time that fedicale testing afjagepositions has been
performed to measure cutting forces at varied angles and degrees of wear, which is one of the most critical
unquantified concerns affecting the accuracy of excavator performance prediction. Dutilbeokié
testing longitudinal spacing, tilt angle, bit sequence, and arm siag@diect of cutting secgnce and
positionof thecutterswere accounted for. Hence, all the tests conducted using tilt angles are specific to
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cutterhead profiles of machines included in the test matrix. In this study tilted tests were initially
conducted based on the cutterhead profile without the inclusion of the effect of the arm stagger of the
rotors, later few profiles were tested with thelusion of the arm staggeg effectof the rotors. The

sequence of bits was deduced from the cutterhead drawings by considering the arm numbers labeled on
the drawing, i.e. the bits located on arm 1 were first in a sequence, and so on.

In this method, the cutter interacts with the rock at a particular tilt angle, simulatifigmeal
conditions in mining scenarios with an actual borer miner. A basic philosophy underlying this method is
that the tilt angle plays a critical role éntterrock interaction and influencing cutter performance, in
addition to spacing and penetration.

Similar to the Standard LCM test, thiked-bit method initiates with low penetration and then to
high penetration, replicating the rotation of all three arms of the machine rotor. Before each penetration,
profiling is conducted, followed by conditioning cuts at the same depth, ensuring consistigcy in

recorded data and the cutter sees the same face conditions. Testing inputs and outputs ar&igjuogn in

4.18.
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--Normal - with sta <-e--Drag - with sta
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-

Figure4.18  Tilted-bit LCM test inputs and outputs

4.6 LCM Test Results

The LCM results are systematically presented in two subsections, each corresponding to specific
testing methods. This section focuses on the analysis of force trends and SE consumption. To present
particle size distribution, the coarseness index is caénilasing a standard sieve analysis metfibe.
discussion regarding dust data is limited to a few data points analyzed from the data collected during

standard LCM tests, as the primary focus of the study was not dust analysis. The data pertaining to dust
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analysis presented in this study is to highlight the author's contribution to a collaborative research effort
led by Dr. Syd Slouka, whose findings were published in ventilation related journals [129], [230].

The results, with axes titled "Masked," are derived using Equ@tibn This approach ensures an
accurate representation of the underlying trends in the data.

. ® . . (4.1)
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4.6.1 Standard LCM Test Results

Five variants of bits were employed in the standard LCMneshod, while the inclusion of a

sixth bit for testing in future iterations of the test matrix is currently under consideaatioentified in

future research expansichime constraints prevented the author from conducting a thorough analysis of

the newly designed bit identified as bit 6 in

Table4.2. In this sectiorforce, PSD, and dust results gieen

4.6.1.1 Cutting Force Data

Bit 1 was tested across three progressive wear levels using samples received from mine A, and the
normalized cutting force resultant is shown in Figure 4.19.rnbhmal anddragforcecomponents
primarily impact the cutterock interaction in case of standard LCM test, becthusaverage side force
typically ranges between 115% of the average normal force. Since the impact of the side force in the
cutting direction is minimal, the cutting resultant does not factor in the side force comfdreent.

following equation is used to calculate the cutting force resultant.

6YO 00O o0 (4.2)
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Moderately worn and worn bitsexe selected from the bits recovered from the fiEltek results
show that a worn bit requires approximately twice the cutting force resultant compared to its new
condition.

Another aspect included here is the drag coeffi@atdulated from the ratio of drag force to the
normal force components shown in ggeiation(4.3). Results areshown inFigure4.20. This figure
shows a substantial reduction in the drag coefficient with the increase in the wearHes/gldicates the

normal force is increasing with the wear due to an increase in wear flat area.

(4.3)
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Trends in Cufting Force Resultant wrt Bit Wear Levels - Bit 1

080 1

060 1

Normalized cutting force resultant

——New Moderately Worn —e—Wom

Figure4.19 Bit 1 - Cutting resultant forcev.r.t. to bit wear
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Drag Coefficient wrt Bit Wear Levels - Bit 1
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Figure4.20 Bit 1 - Cutting coefficienw.r.t. to bit wear

In the standard LCM test side force is aroundl®%6 of the cutting force resultarithe trend of
data, using masked force values derived from Equédidiy is illustrated inFigure4.21, utilizing a

moderately worn Bit 1.

Cutting Force Resultant - Moderately Worn Bit 1

10 +

Masked Force (kN)
N

T T B L A

2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 8.0 8.5
S/P

Cutting Force Resultant ~—+—Side Force

Figure4.21 Bit 1 (moderately worn} Cutting resultant force and side force
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The results obtained from the standard LCM tests conducted with bit 2 are sHéigyuarayd.22
andFigure4.23. In this case, the moderately worn bit was artificially prepared by grinding the bit tip at
the CSM machine shophe results shown against bit 2 are tested with samples received from mine B.
These figures show the normalized cutting force resuleambined normal and drag forcalculated
using equatiori4.2)) anddrag coefficien{calculated using equati@s.3)), respectivelyFigure4.24
includesmaskedcutting force resultant andaskedside force use by moderately worn bit 2. The
observed trends in forces and coefficient for bit 2 are similar to those observed forhstitisignificant
difference in cutting force resultant of new and moderately worn bit could be attributed to the intact bit tip
shape with minor wear flat area created with artificial grinding at the bit tip.

Trends in Cutting Force Resultant wrt Bit Wear Levels - Bit 2

1.00
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Figure4.22 Bit 2 - Cutting resultant forcev.r.t. to bit wear
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Drag Coefficient wrt Bit Wear Levels - Bit 2
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Figure4.23 Bit 2 - Cutting coefficientw.r.t. to bit wear

Cutting Force Resultant - Moderately Worn Bit 2
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Figure4.24 Bit 2 (moderately wornj Cutting resultant force and side force

To facilitate a comparison betwebit variants theSEis used as a metric for evaluating cutting
efficiency.Figure4.25, Figure4.26, andFigure4.27 present a comparison of different bit variants under
similar geological conditions. The overall results show that bit 2 consumed lower SE compared to all

other bit variants tested in this study.
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Specific Energy - Comparison Bit 1 and 2
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Figure4.26 SE- Bit 2, 3, and 2n mine B
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Specific Energy - Comparison Bit 2 and 5
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Figure4.27  SE-Bit2and5

4.6.1.2 Particle Size Distribution

This study presents the patrticle size distribution using the Coarseness Index (Cl), which is derived
from the sieve analysis data, as detailed in subsection 4 Bi@.Pe4.28 andFigure4.29 show the CI
concerning the wear levels of bits 1 and 2, showcasing a decrease in the Cl index with an increase in wear
levels andS/P. Figure4.30 extends the analysis by showing the CI of the different bit variants tested in
this study. This exploration of Cl trends provides valuable insights into the changing particle size

distribution with varying wear levels and different bit variants, contrilgutd an understanding of the
experimental outcomes.
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Product Quality wrt Bit Wear - Bit 1
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Figure4.28 Cl - Bit 1 in three wear levels
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Figure4.29  CI- Bit 2 in three wear levels



Product Quality wrt Bit Type
870

860 1

=]
Ly
(=]

840

830 +

[£=]
[
o

Coarseness Index (CI)

810 4

800 1

790 } t t } } } t t } |
20 22 24 26 28 3.0 32 34 36 38 4.0
S/P ratio

—e—Bit 2 (New) -8—Bit3 (New) —4—Bit4(New) —o—Bit 3 (New)

Figure4.30  CI- Comparison between different bit variants

4.6.1.3 Dust Concentration

As indicaiedin section 4.1.3.4, the analysis of dust dasa conducted by Dr. SlouKa&2], [170].
In this section, the concentration of dust is presentetideva noticeabldrend with bit wearFigure4.31
andFigure4.32 show the dust generation using bits 1 and 2 across various wear levels, showcasing a
significant increase in dust with higher levels of bit wear. The data presented in these figures describes the
correlation between bit wear and dust generation, offerhgable insights into the impact of wear on the

mining environment during the rock cutting process.
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4.6.2 Tilted-bit LCM Test Results

Thetilted-bit LCM test isusedfor the first time to simulate a cutterhead profile to investigate
cutterrock interaction, particularly at thgageposition. Thediscussions in this secti@im to explore the

impact of tilt angle on cutting force matrices and clarify differences in comparison to standard LCM tests.

4.6.2.1 Cutting Force Data

This dataset revolves around two key aspects: 1) the influence of bit sequencing and 2) the effect
of rock surface conditioning before rock cutting. Both scenarios share unique similarities in terms of
cutter orientation, lateral and longitudinal spacaugy] bit type.

Figure4.33 andFigure4.34 show thedrag coefficient and cutting resultant along with side force
in relation tobit sequencingrespectivelyAs shown in these figurethe drag coefficientarieswith
changes in bit sequencé&3Pratio, and tilt angle for a particular positid@ontrary to standard LCM test

results, side force is significantfifted-bit tests, as shown iRigure4.34.

Tilt Angle (°)

08 410, , 10, .10 20 30

20 +

15 4

f

—_

=
1

Drag coefficient

05 +

0.0-""i""i""i""i'"'i""i""i""i""i""i
1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0 5.5 6.0

Bit position wrt to S/P between adjacent bit

—+—Drag coefficient (Seq -1) —8-Drag coefficient (Seq -2)

Figure4.33  Tilted-bit LCM test- Drag coefficientsas a function obit sequencing
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Similarly, Figure4.35 andFigure4.36 present the drag coefficient antaskectutting resultant
along withmaskedside force in relation to rock surface conditioning, respectively. Similar to the previous
case, the drag coefficient shows variations with respect to tilt angle/Bnatio. Additionally, cutting

resultant and side forces show variation across different cutter positions
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Figure4.35 Tilted-bit LCM test- Drag coefficientsas a function ofock surface conditioning
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4.6.2.2 Patrticle Size Distribution (PSD)

The particle size distribution, as shown by the (Figure4.37, highlights a significant reduction
in Cl at twogagepositions. Given the limited tests conducted wiltkd-bit orientations, caution is
needed in interpreting these results to indicate the impact of tilt angS@MRather, the observed
reduction may be attributed to a combination of factors, including tilt angles, cutting geometry, bit
sequencing, and the condition of the rock surface before cutting.

The influence of cutting geometry, represented bySiiRratio in Figure4.37, is significant in
determining product quality. However, it is critical to acknowledge that if the cutter is exposed in an
unrelieved condition, the product quality is notably impacted. Additionally, longitudinal spacing, which
induces grinding on one sidf the cutter, can also influence product quality. Hence, attributing the
presence of fines solely to tl#Pratio is an oversimplification.

Conversely, the tilt angle introduces another dimension to the analysis. The increased contact area
of the bit due to the tilt angle may widen the pressure bulb at the bit tip, consequently expanding the
crushed zone and leading to an increase in findgiproduct. The results however identify that
unrelieved cutting contributes more to fines, resulting in a lower CI, while relieved cutting with a
reasonabl&/Pratio yields a higher Cl, indicating coarser rock cuttings
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4.7 Discussionand Conclusions

The study employed two distinct methodologies using asfidle LCM test setup to investigate
the performance of various radial cutting bits at varying cutting geometries, and orientations. The design
of two methodologies to capture the impact of the abmwntioned parameters on the cutterhead profiles
of rotors of borer miners.

The standard LCM test, which is commonly used in rock cutting research, was utilized to
understand the performance variations with different bit tip geometries and cutting geometries, as well as
the changes in performance over the bit[2@], [28], [182], [251] The resultshownin Figure4.25that
the flatfaced Bit 1 consumed-2 times higher cutting forces compared to the chegt@mped carbide tip
bit identified as Bit 2 in this study. This can be attributed to the difference in the contact area and tip
geometry, where the pointy Bit 2 hadrmaller contact area than the flat Bit 1, aligning with the findings
of previous studieR275]. Additionally, the data iffigure4.19 andFigure4.22 indicated that bit wear
significantly reduces the cutting performance, supporting the findings of earlier redejr¢a1], [165],

[275]. The drag coefficient varies between bit types and tip geometries and increases with wear, which
supports the findings ¢84]. The side forces recorded in the standard LCM test were as lowsa®fl0
the normal force component, supporting the argument that the side forces have a relatively minor impact
on bit performance and can be reasonably neglected when evaluating the cutting force characteristics as
well as cutter performance. This is truartularly in the core region of the actual cutterhead profile.
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The evaluation of alternative bit designs, such as the conical Bit 3a and the refurbished Bit 4, as
shown inFigure4.26, further confirmed the influence of shape and contact area on the force consumption.
The conical bit with 99cone angle is expected to have a larger contact area exposed to the rock during
cutting and potentially this bit tip design may have better side force resistance compared to the brazed
carbidetipped bits. The refurbished Bit 4 was also included to asseg®ossibility of prolonging the bit
life by restoring the worn geometry. However, more rigorous field testing is required to thoroughly
evaluate the performance and suitability of these alternative bit designs.

The rock cutting performance was found to be dependent on the S/H Inatiesults presented in
sectiond.6.1.2shows that atigher S/P ratios, the coarseness index was observed to be lower, indicating
the generation of fines. Conversely, lower S/P ratios yielded larger rock chips, suggesting more efficient
rock fragmentation, as identified in previous stud&g, [29], [56], [276] The increase in bit wear was
found to correlate with an increase in fines. This can be attributed to the larger contact area of the worn
bit, which increases the crushed zone at the bit tip, leading to a higher proportion of fine particles.
Similarly, the concentration of dugtresented ifrigure4.31 andFigure4.32was found to increase with
higher production ratg4.07], [155], [277] Additionally, increased bit wear also contributed to higher
dust levels, which can be explained by the greater energy consumption in the crushed zone, resulting in
the generation of more dust particles.

The tiltedbit LCM test, which simulated the cutterhead profile with varying tilt angles and
longitudinal spacings, provided valuable insights into the cubigk interaction characteristics. Unlike
the standard LCM test, the side force component inlted-bit test was observed to be equal to or even
higher than the normal force component. This force indicates potential bit tip failures associated with the
carbidebrazed tips. The 3D surface analysis for three different settings of a single prdiilmedrihat
the high wear rate at the gauge region may also be caused by the side grinding, which is higher with high
longitudinal spacing. As the longitudinal spacing increases, the side forces also increase, resulting in
excessive grinding at the gauggion, which contrasts with the core region, where higher penetration
leads to more effective rock fracturing and interactive cutting.

These findings from the two testing methodologies highlight the importance of considering the
cutterhead profile and its influence on the cuttmk interaction, particularly in the gauge region, to
better understand the performance limitations and weahanisms of radial cutting bits. The insights
gained can inform the optimization of bit designs and cutterhead configurations to improve the overall
performance and efficiency of borer miners in mining operatibosddreséimited dataset, EMI
repositoy is used for extrapolation of the available data

Following are thegeneralconclusions from thevaluation oexperimental tesesults.

1. Relying solely on the standard LCM test for the interpretatiaruti€rrock interactionin thegage

areaoversimplifies annherently complex phenomenon.
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The impact of bit tip geometry on the cutting force matrix is shown by the results of standard
LCM tests, which are carried out with different bit variants across varying cutting tool wear levels.
It is important to consider bit face geometry in additoitg tip while interpreting the cutting

force matrix consumed by a specific bit variaihis isespecially true for the high penetration

tests that are typical of cutting coal and evaporitic soft rocks.

As cutters progressively weantting forcesncreases commonly attributed to the expanding
contact area. However, it is essential to recognize that the shape of the bit in its worn condition,
which also plays a significant role in shaping the force matrix

Side forces are typically recorded as low in standard LCM tests, which can be misleading when
dealing with bits oriented at higher tilt angles.

An increase in Cl and a decrease in dust levels at higher penetration can be ascribed to effective
fracture propagation to adjacent cutlines, a phenomenon observed in standard LCM tests.
However, it is essential to consider that the increase in penetnaaipyield different results in
thegageregion, where the increase in penetration of the cutting tool might intensify the grinding

effectat certain tilt angles

Cutting forces are not only influenced by cutting geometries but also by the cut sequence and the
exposure of the bit to the rock during the cutting process. Consequently, simulasequkace
of cutting that representke cutterhead profile in fulkcale rock cutting experiments becomes

imperative for accurately estimating the cutter performamca particular machine
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CHAPTER 5ANALYSIS OF CORNERCUTTING SCENARIOSUSING RADIAL BIT

The performance of a rock excavator is significantly influenced by the configuration of the
cutterhead profile and the arrangements of the cutters, collectively referred to as tool lacingt@gsign
Key factors in theotor tool lacing of dorer miner include laterg@tadial)and longitudinal tool spacing,
the radius of bit position, the number of tracking bits, and tilt angle. Some of the relevant lacing
parameters are shownFhingure4.10.

In general, the cutting performance of tools is expected to be optimum at spacing to depth ratio
(s/d),whereinteractive cutting by neighboring tools is ensured. According to the literature, interactive
cuttingusingdrag ype rock cutting tools can bedbfaghivewednwi

equations.1

Q ¢OAl (5.1)
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In the above equatioh,is only unknown which depends upon the rock properties. It is identified
as 52to 72 per Roxborough et gl49], [153], [230] The relation is inferred from the rock cutting tests
conducted on flat rock surfaces.

The idea of hoveutterrock interadbn changesvith the geometric configuration of rock surfaces
has been discussed for a while, dating back to 1988 when Hurt et al. created a computert@rogram
simulate such processi®], [278]. They used empirical equations to estimate esestionakreas
Since then, researchers have been discussing optimizing cutterheads using point attack tools, and
computer programs have been developed to figure out the best combinations. However, these programs
usually have not considered the geometric feaf@?3], [280], [281], [282], [283], [284], [285]

In 2018, Hekimoglu conducteddetailedinvestigation of the relationship betweitre cutting
area and cutting force. He examined the two most probable unrelieved and relieved cutting actions of
dragtype cutters, using conical and radial bits to understand cutting force consumption. Hekimoglu
acknowledged that the cutting force relationship odfiecive cutting area might vary in different
cutterrockinteraction senariog40]. In addition to exploring rock cutting forces by considering the
effective area in both relieved and unrelieved cutting, Hekimoglu also tried to undestaestutting
He did this by looking at the effective area using a conical bit with the roadheader's[p@jfile

Inspired by the idea of incorporating an effective area for predicting cutting force, this chapter
takes a closer look at a specific aspect of rock cuttingaraercuttingusing geometric features of the

92



rock surface in addition to the effective area of cut. The focus is ajateeegion of the rotor in the

borer miner machine. In tigageregion, the lateral spacing is significantly less but varying longitudinal
spacing along with high tilt angles. The issue arises edthercuttingscenarios due tbigh longitudinal
spacing or bit sequencing, leading to bit overloading despit&IBI his chapter evaluatedrner
cuttingwith thetilted-bit LCM test, whichusesa complicated force prediction apprbabat takes into
account the geometric features of the rock surface.

51 Corner Cutting

This section explainsornercutting, significance, and evaluation through fstlale LCM tests.
The difference irconcept from the usual rock cutter interaction explored in previous resgealisbhussed
here in this sectiarirhe literature on radial bits in rock cuttingviery limited so tests conducted with
conical bits and roadheader cutting profiles are usually relied on, as investigated recently by Hekimoglu
[60].

5.1.1 Definition of Corner-cutting

Cornercuttingoccursat the outer perimeter or sides of the cutterhedush rock breaks on one
side of the cutting tool, but not the other side due to the confining effect. While analyzing the breakout
pattern of potash using the 3D models of rock surface created with a 3D scanner, it was noticed that
significant grinding waoccurringon one side of some bits. The intensity of side grinding correlated with
the longitudinal spacing between neighboring bits or the bit sequencing.

Specifically, when there was greater longitudinal spacing, it createdharcuttingscenario
where one side of the cutter was not able to fracture thgasdk the case with the last cutter on the
cutterhead)This led to a significant side grinding on that side.

Based on this observation, the termorhercutting' is used in this study to describe situations

where uneven longitudinal bit spacing causes uneven breakage and distincgidedngrinding.

5.1.2 Cutter Profile Considered in Full-scale Tilted-Bit LCM Test

To evaluateornercutting, tilted-bit LCM test is used in this study to simulate a cutterhead
profile at gage region with-8 bits. Each bit is associated with two spatial parameters: 1) the longitudinal
spacing (denoted ag) yand 2) the lateral spacing (denoted gsr&lative to the neighboring bishown in
Figure5.1. Based on these two spacings, the position of the cut on the rock can be identified in the
pattern. Additionally, the sequence ofgistdetermined by the position of the bit on the rotorsasuch
that the bit on arm number 1 will be first in the cutting sequence, followed by the bits on the subsequent
arms. The tilt angle is then incorporated into the test plan, which makes the testing more cumbersome and

time-consuming, as the bit holderads to be replaced after each cut to account for the tilt angle.
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Depending on the predefined penetration in the test matrix, the S/P is calculated usitegdhe |
spacing (¥ of the specific bit position in the cutterhead profile being tested. The S/P value will vary, with
lower values at higher penetration and higher values at lower penetration, for a given cutterhead profile.
Themeasuredautting forces werethen evaluated for different combinations of the longitudiygh(d
lateral &) spacingand tilt angle as well as the penetration, to determine the optohnizgterhead profile.

"~

| x; | X
1 |

Figure5.1 A typical autterheadyageprofile with giventilt angles

Where,

Red dashed line represents the regkace.
xi = Lateral spacing

yi = Longitudinal spacing

T = Tilt angle in degrees
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5.1.3 Full-scale LCM Tests and IdentifyingCorner Cutting

Cornercuttingis commonly attributed to the last bit on the cutting profile in many rock
excavators, but this belief is not accurate. Interior cutters, especially when the longitudinal spacing or bit
sequences are not appropriate, can also be invohamriercutting In this scenario, rock fragmentation
occurs on one side of the bit, and the other side of the cutter grinds the rock surface because rock fractures
do not propagate adequately to the free surface.
Each cut waindividually scannedby a3D scanneand analyzed later to determine different
surface features. This approach was critical in recognizingaitmercuttingphenomenon, making the
slickened side of the rock visible on one side of the grdéigeire5.2 shows the 3D profiles of cuts,
showingthe evidence and how it was deduced from the 3D point cloud data.
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206 Cut
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per bit, and different colors : >
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extracted during the sequential

cutting of the labelled bit.

Noindication of

Figure5.2 Tilted-bit LCM testi Signs of sde grinding by bits at thgagewith high tilt angles
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The figure clearly shows that on one side of the ctdt@print, there is a grinding effect, except
in the &' cutas shown irFigure5.3. In the 6" cut, the rock is relieved from both sides by preceding bits,

resulting in no slickenside.

Figure5.3 Tilted-bit LCM testi x-section ofFigure5.2.

5.2 Test Data to EvaluateCorner-cutting Scenarios

The evaluation of cornesutting scenarios was conducted using the cutterhead profile described
in Section5.1.2 with varying cutter spacings, sequencing, and rock surface conditioning, as illustrated in
Figure5.4 andFigure5.5.

Figure5.4 compares the normalized resultant cutting forces, calculated using Eq8at)oio
identify the impact of bit sequence on cutting forces, while maintaining the same surface condition for
both tests. In the case of Sequence 1, the cutting force for the first bit is significantly higher than the other
bits in the profile, indicatingraoverload on this bit during rock cutting and confinement on both sides of
the groove. In contrast, Bit 5 consumes the least force, as the cut is relieved on both sides of this bit
position due to its position in the sequence. For Sequence 2, Bit 1 tsrsdhe maximum cutting force,
similar to the situation observed for Bit 1 in Sequence 1. In Sequence 2, the bits from inner to outer are
cut in sequential order, resulting in higher overall force consumption and a smoother transition of forces
between nighboring bitsParticularly the gage position bits exhibit higher cutting forces in both
sequences
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Figure5.4 Normalized resultant forde Two different bit sequences

Figure5.4 compares the normalized resultant cutting forces to identify the impact of surface
conditioning, while keeping the bit sequence the same for both tests. The first surface conditioning
approach (Conditioning 1) did not account for the staggered arrangehtleatrotor arms. In contrast,
Conditioning 2 incorporated the staggered arm configuration. The results show that for the surface
conditioned to reflect the staggered arm layout (Conditioning 2), the cutting forces are transferred much
more smoothly beteen neighboring bits. Notably, the gage position bits experienced significantly higher
cutting forces in this case. This overloading of the gage position bits is intuitive, given interaction with the
sidewallbut the difference ithetwo comparisons revéathat the immediately adjacent bit position has a
little different for both. e bit immediately adjacent to the gage posiiiothe case ofondition2

scenarids underloaded, whicis becausef the fully relieved situation at the time of cut
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In cornercuttingscenario, the resultant force is obtained by reducing all three components using
the equatiorf5.2). Calculating a resultant from all three components is critical due to the significant Side
force recorded on the bit. The ratio of Normal to Side force is plottEdjure5.6 andFigure5.7. The
interaction of the cutter with the rock at different tilt angles reveals the significasicke dbrce and
potential contribution to bit wear or bit tip damage.

Figure5.6 shows the trend of the Normal and Side force components with respect to the
corresponding bit positions for two different bit sequences (Sequence 1 and Sequence 2). In the case of
Sequence 1, bit 5 exhibits a very low Side force, which can be attritoutieel fully relieved cutting
scenario discussed in the previous paragraph. Overall, the data trend indicates a minimum value of around
0.5 for both cutting sequences, confirming the significance of the Side force component in roclatutting
the gage area

Figureb.7 presents a comparison of the rock cutting forces based on different surface
conditioning scenarios. In the case of Condition 2, the Side forces show a consistent trend, with the ratio
of Normal force to Side force around 1. This indicates that the Side iequal to the Normal force in
most of the bit positions.

The overall trend of the force ratio confirms that the Side force is not negligible when the cutting

tools are oriented differently than the standard normal orientation, which is typical of the standard LCM
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test setup. This suggests that a tiHbédLCM test is required to collect a reliable data set for cutters

oriented at high tilt angles.
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5.3 Modeling Procedure

Thecornercuttingscenario is complex, and relying on a single parameter makes it difficult to
predict cutting forces accurately. Therefore, a cutting force prediction model is assessed using various
geometric parametevaryingwith lateal and longitudinal bit spacing, and bit penetration. Initially, data
from thetilted-bit LCM test was sorted to extract target geometric features and statically analyzed to
comprehend the cutting force relationship with the recorded parameters. The workft@anfxcutting
evaluation is illustrated iRigure5.8. This approach ensures a more thorough understanding of the

complex dynamics involved in predicting cutting forcesannercuttingscenarios
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5.3.1 Identification of Geometric Parameters

The impact of cutter sequence and rock surface conditioning has been addressed and graphically
shown in section 2 of this chapter. From there, it was deduceclitte#rock interaction varies under
different conditions, aligning with the research findings of Hekim@@J. Based ortheanalysismade in
section 2 of this chapter, the evaluation aimed to establish the correlation between cutting force and
multiple geometric parameters. The identification of these geometric parameters was facilitated using 3D
point cloud data, encompassing a conditioned rock surface, along with the surface conditions before and
after the cut. This subsection delves into the exanoinati the identified geometric entities in the context
of cutting force evaluations.

Figure5.7 shows the surface before the cutting as AA' (whi¢hedirst data collection pasafter
conditioningtherock surfaceas per rotor profile and arm stagger) and the surface after as BB' for the
selectectutterhead profileThe areas expected to be removed by each bit based on mathematical
modeling are indicated as well in differes@mitransparenshadesThe surface AA' and BB' are one

penetration per revolution value apart from each other.
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Figure5.9 Schematic of rock cutting profiles and geometric parameters

Figure5.9 shows the area expected mathematically to be removed byshitBingand define
the geometric parametefGable5.1 presents all the identified parameters used for conducting correlation
aralysis.

The list of identified geometric parameters can be divided into two categories. The first seven
parameters are considered primary, meaning they are not directly related to or extracted from any other
parameter. Whereas the last four parameters are démwvadhe total area based on observations from
the 3Dscanningdata analysis.

The observations from 3point clouddata analysis include the esiled fracturing of the rock
and grinding on the outer side of the cut line, indicating a reduction in the anticipated mathematical area.
Another observation from the cutting force trend is that if the cut line is fully egljghe cutting force
consumption is significantly reduced. This suggests that the force consumption is primarily due to the
confined area, which is identified in the list of geometric parameters as the embedded area.

To incorporate the impact ohesidedfracturing of rock the embedded length is added as a
geometric parameter. Besides, the effect of the tilt angle is accounted for by introducing an additional

parameter, the corrected embedment with tilt angle.
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Table5.1 Geometric parameters identified to analgpenercuttingscenario.

Description (Symbol) Identifiers Remarks
Penetration (Pen) eg Penet_ratlon per revolution, simulating
machine advance
Tilt angle (Tilt) NA Bit tilt angle at gparticular position
Inner lateral spacing (LaSi) X1 Bit spacing towards the core of the rott
Inner longitudinal spacing (LoSi) 71 Bit spacing along the machine axis to :

bit located towards the rotor core
Outer lateral spacing (LaSo) X2 Bit spacing towards gageof the rotor
Bit spacing along the machine axis to :

Outer longitudinal spacing (LoSo) z2 bit located towards the rotgage
Total area (TA) defgd Area of //[gm
Area of //[gm minus area bounded by
Area 3Q (A3Q) /ldefgd- cpg h f triangle ght
Area embedded (Aemd) odhf g Area_of lower triangle segregated by
imaginary plan dhf
Embedded length (Eln) hg Length of hg
Corrected embedment with tilt h Based on the tilt angle of the bit, lengtt
angle (CEIn) 9 hg is corrected to h'g

5.3.2 RegressionStudy

This study utilizes the results from tiltdsit LCM Tests to explore the relationship between
various geometric parameters outlinedinpsection5.3.1 The initial approach was to understand the
nature ofrelationshipsandtheir strength to these parameters individually, taking a simplesiaigte
variable appraeh to initiate the process of study. Subsequently, additindapendent variables were
incrementally introduced to examine how they improve the strengtte olationship and wekxplain
the variation irthedependent variable.

The first step is conducting a regression study to idetitédymportangeometric parameters
explaining the variability in the cutting force matrix. Specifically, in areas where the tilt angles are more
aggressive and there is usually greater longitudinal spacing. This scgaaroitical to streamline the
process and make the study reliable to ideimifiyyencesof various parameters on explanatiornhuf

rock and the cutter. This section will outline the process used to carry out the correlagon stud

5.3.2.1 Bi-variate analysis of inputParameters

Thebi-variate analysis of input parametelescribes the association between dependent and
independent variables. The correlation coefficient, ranging from zero to negative 1 and zero to positive 1,
indicates the strength of the negative and positive relationships, respectively. While a vatae of ze
denotes no correlation between the variables being compareableb.2, the correlation coefficient is

shown against each geometric parameter
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Table5.2 Correlation analysis of independent and dependent variables.

Description (Symbol) Norr(r1Na|I:aF)orce Dre(lg II::{;tIJ)rce Slcég II::;)rce
Penetration (Pen) 0.26 0.25 0.23
Tilt angle (Tilt) 0.05 0.01 0.03
Innerlateral spacing (LaSi) 0.01 0.04 0.16
Inner longitudinal spacing (LoSi) 0.06 0.09 0.01
Outer lateral spacing (LaSo) 0.04 0.00 0.12
Outer longitudinal spacing (LoSo’ 0.10 0.07 0.17
Total area (TA) 0.08 0.23 0.01
Area 3Q (A3Q) 0.00 0.03 0.02
Areaembedded (Aemd) 0.51 0.74 0.23
Embedded length (Eln) 0.74 0.75 0.45
Corrected embedment with tilt 0.72 081 035

angle (CEIn)

Table5.2 presents the bivariable correlation strength between the identified independent
geometric parameters and the dependent cutting force matrix. Interestingly, almost all primary parameters
exhibit insignificant correlation strength. Notably, the effectveear whi ch i s i denti fied
embedded (Aemd) o utilized by Hekimoglu to descri
demonstrates a weak correlation with Normal force and an even weaker correlation with Side force
component in the specific scenavibere these cutting forces were colledi&@l.

Conversely, derived parameters still exhibit statistically significant correlations with dependent
variables, except for the Side force component. This finding highlights the necessity of conducting a
multivariable parametric study to gain a more comprsiverunderstanding of cutting force dynamics,

especially in cornecutting scenarios.

5.3.2.2 Callinearity Analysis

Collinearity analysis indicates that certain features are interdependent, showing strong collinearity
as shown in a heat map giverFigure5.10. The purpose of multicollinearity analysis is to comprehend
the mutual dependency of independent variables, ensuring that it doesn't influence regression analysis and
prediction equations. This proactive step was taken to enhance the reliability ardyacftine

subsequent analytical processes.
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Figure5.10 Multicollinearity Analysis of geometric parameters

5.3.2.3 Principal Component Analysis

In this study, Principal Component Analysis (PCA) is used as a technique to reduce
dimensionality, providing insights into the significance of each independent variable as slaguren
5.11. PCA indicates the relevance of a specific dependent variable in determining the variability of an
independent variabl@86]. While correlation coefficients offer the same thing for individual p#iesy
may not capture the combined impact of multiple parameters.
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Figure5.11 Principal Component Analysis of geometric parameters

For Normal and Drag the trend aligns with the correlation coefficient findings. However, in the
case of Side Force, it is evident thantributions from all identified parameters contribute to forecasting
the force value. Therefore, for Normal and Drag force, dimensionality can be effectively reduced to the
most important parameters. However, for Side Force, including all identifiechgt@ns is essential when

modeling the prediction equation to improve the accuracy and reliability of the predictive model.

5.3.3 Identifying RegressionTechnique

As discussed in sectidn3.2.1 a bivariate regression analysis with the sum of least square
residuals showed a good correlation coefficient for two derived geometric parameters in explaining the
variability of the Normal and Drag force components. However, there was no single shiitithrat
could adequately explain the variability in the Side force component.

This limitation of the singlevariable linear regression method restricted its ability to fully capture
the variability of the cutting forces acquired using the tilgd_CM tests. As indicated in secti@n3.2.]
the derived geometric parameters exhibited strong multicollinearity, which posed a significant challenge
for conducting a meaningful simple multivariate regression algorithm.

As an appropriate measure, PCA was conducted to explore the possibility of dimensionality
reduction, as mentioned in secti®r3.2.3 However, the Side force component was found to be difficult
to explain using a limited number of parameters. Therefore, it was decided to ¢éxphmigues of
multivariate linear and nelinear regression that could handle multicollinearity issues and avoid under or

overfitting of the models.

5.3.3.1 Linear Regression Techniques Addressing Multicollinearity

The multicollinearity issues in statistical analysis can be addressed either by reducing the impact

of the least influential parameters or by eliminating the least influential parameters through a penalty
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term. Depending on the understanding of the impact of parameters on the dependent variables, as
described in the PCA, the selection of the appropriate regression technique is made.

In this study, three regularization techniques in multivariate linear regression were considered:
Ridge Regression, Least Absolute Shrinkage and Selection Operator (LASSO), and Elastic Net
Regression. The Ridge Regression technique was not found suaglleeduces the impact of all
collinear parameters on the prediction of the dependent variables, rather than picking the most important
parametef287], [288] The LASSO regression technique, on the other hand, handles multicollinearity by
accounting for the most important parameter in the prediction equation and reducing or even eliminating
the impact of the collinear parameters. The Elastic Net Regressidiykzid method that combines the
effects of Ridge and LASSO regression, which is particularly useful when the set of independent
parameters is very large89]. General equations given as below;

Ridge Regression:

G0t ® Of iQ (5.3)

Where,
OQRQH QE MAE OO Q
OQB OO IO QE RAE OO Q
T QB QO d f'QQ Qv QEEQQOQQE o
_"QBMI 'Q7Q6 & 01 MG K06 8@ @ié ¢ 0 BEIARQO6 (ROE § O DO
T Qf Q¢ waddina
LASSO Regression:
aQE 0 of _s$ % (5.4
Whereall terms areahesame as in Ridge regression equation except
T 0N Qe DI
Elastic Net Regression:

[ET & &f _pf _¢ f (5.9)

Where all terms are the same as in Ridge and LASSO regression equations

The Elastic Net Regression combines the strengths of both Ridge Regression and LASSO
Regression. It can handle multicollinearity by shrinking the coefficients (like Ridge Regression) and
performs feature selection by setting some coefficients to zerd A8&S0 Regression).

The choice of the appropriate regularization technique (Ridge, LASSO, or Elastic Net) depends

on the specific characteristics of the problem, such as the number of independent variables, the degree of
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multicollinearity, and the desired level of interpretability of the model. Due to the limited number of
independent variables identified for the evaluation of the caruiting scenario, and the evident
collinearity amongst the derived and parent pararséss shown ifrigure5.10), the LASSO regression
was found to be the most appropriate technique to conduct multivariable linear regression of identified
parameters to train and later test the model.

5.3.3.2 Non-Linear Regression Technique

It is a common practice in rock cutting data analysis for researchers to use power curves to
represent the trends in cutting forces. This is because most of the experimental data has shown a power
relationship between the cutting forces and the cuttinghgaes.

Considering this typical foreparameter relationship, this study also explored the use ef non
linear power regression techniques for the regression ang98iks In this approach, all the independent
variables were analyzed, and a predictive model was trained using the power regression equation. This
model will be discussed later in the validation part for different combinations of cutting geometries.

The general power regression equation adopted for this purpose is given below:

O O PYOPZ LVOLZ8B WY OE (5.6)

Where,
'oQRan 0t At ROGa Q
cphugfe &1 AQE QQN QRVOE 0b QA O Qi
chiphox e 801 I Q°Q1 QivE QEXEQQDQQE o i
By using this power regression approach, thelimaar relationships between the cutting forces
and the geometric parameters can be effectively captured and modeled. This provides a more

comprehensive and accurate representation of rock cutting mecltanigsgred to the limitations of the

linear regression techniques discussed earlier.

54 Prediction Model and Validation

This study employed cutting force prediction modeling using appropriate techniques, including
LASSO regression for linear modeling and power regression for nonlinear modeling, applied to the tilted
bit LCM test data. The developed models were trainedtardtested to predict a set of geometric
parameters for an envisaged cutting profile. The predicted results were later compared with the
experimental data of the actual envisaged profile, and a strong agreement was found between the

predicted and experimtai results.
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5.4.1 Cutting Force Prediction Equations

The equations provided below can be utilized to predict forcesrirercuttingscenarios using
the geometric parameters derived from the prepared data. These geometric parameters rely not only on the
bit sequence, spacing, and penetration but also necessitate the inclusion of arm stagger when preparing the
input data for force prediions.Two set of equation accounting faeg@metric parameters givenTable

5.1 based on LASSO and power regression

5.4.1.1 LASSO RegressiorEquations

This set ofequationsare used to predict cutting force components of different profiles to
determine the optimized profile

Average Normal Force;

00 puvBDQE Ca@YQuopU¥, A3 010, A3 CCty /€3 (5.7)
VUV /o2 TYW4aisa CPCEND pPPPoO

Average Drag Force;
00 VRO QE CEYQIOowT, A3 oY A3 T Yy, /3 (5.8)
puvay, /13 ¢ 9u4 PCapls; OCA!4s;j4s OTXNY;
XPEX¥ % Cpow

Average Side Force;

YO tmodQE p@YQaooma A3 poex, A3 X190, /3 1cv, I3 (59
©OOoV/s1 TOA/Ais PXYW I 00T
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5.4.1.2 Non-Linear Power RegressionTechniques

This set ofpower regressioaquationsare used to predict cutting force components of diffe
profiles to determine the optimized profile.

Average Normal Force;

070 vpr D'QE =z “YQ80 z ey 8 =z (5.10
DeY® 0ey® *pgy 8 xv8 x5 8 xp 8 g0 8 g60

Average Drag Force;

00 pypd Q& z"YQbo z oty ® = (5.11)
Oay® *0ey® +pgy 8 *7v8 x5 8 +p 8 g0 ® g60°

Average Side Force;

YO otz 0Q8 z YQBoz by & 2 (5.12)
D&y 8 *0pey® »pgy® *vy8 x5 8 x5 8 0 8 508
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5.4.1.3 Comparison of Actual to Predicted Resultant Force Values

The final two selected techniques incorporated in this study include LASSO and Power
regression techniqueBigure5.12 andFigure5.13 are presenting predicted vs actual masked value
provide evidence of significance in explaining variability of orthogonal cutting force componkats

actual and predicted values are masked usiagame constant multiplied with both.
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Figure5.12  Actual vs predictedusing LASSO regressionplues of resultant force component
calculated using equatidh.2) and later masked by multiplying it with a constant value

Masked Resultant Force Component
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Figure5.13  Actual vs predicted (using Power regression) valuessfltant force component
calculated using equatioB.R) and later masked by multiplying it with a constant value
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5.4.2 Validation of the Model

The model revealetl/- 15% error in predictionsf Normal, Drag and Side force components
across various tilt angles aBdPratios.The trend of cutting forces from both model predictions and
observed values confirms the validation of model for prediction of machine operating parameters for tools

oriented at different tilt angles and cutting geometries

5.5 Innovative Bit Design Approach

To ensure adequate side clearance for the rotor of borer miners, a high tilt angle is required at the
gage position. However, analysis of 3D point cloud data presented in this chapter provided evidence that
the current symmetrical bits experience sideding at gage and positions immediately adjacent to that.
This occurs because the confining effect of the rock on the outer side of the cutter does not allow for
effective fracturing. The high side forces experienced with increased tilt angles can atinental,
potentially causing failure of the carbide tips on radial Bitsimprove resistance to these high side
forces and reduce the exposure of the bit area to rock rubbing, innovative bit dasidgpesexplored

Further study of the 3D point cloud data helped generate a real breakout pattern from recorded
surfaces before and after each cutline. The breakout pattern from 3D point cloud data during the tilted
LCM test is shown ifrigure5.14. From the breakout pattern, it is evident that rock removal is dominant
on one side. Keeping that in view, by having an asymmetsitap profile, tilt angles of bits can be
optimized to reduce excessive side forces while maximizing side oé#oh bit The studypresents a
preliminary investigation of alternative bit designs, which will serve as a foundation for further analysis.
This initial evaluation includes a limited test and field results with radial bit modified with conical tip
identified as bit 3a and 3nd theoretical evaluation of tilted tiit identified as bit 6 in this study.
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X-section 1

X-section 3

Figure5.14 Breakout pattern of rockTilted-bit LCM tests using anonymous cutterhead profile

Figure4.11 shows bit 3a (a radial bit modified by Kennametal with a conical tip), 3b (a radial bit
modified by the CSM machine shop with a conical tip), and bit 6 (a new experimental shape fabricated at
the CSM machine shop for EMI). However, time constraints ptedeesting these bits with the tilted
LCM methods to be included in this study.

Bit 3b in Figure5.15 has an insert conical tip, intended to increase side tip resistance compared to
the standard chevregshaped carbide tip. In a single°@@nical tip test at 3Qit consumed 2 times that of
the chevron tip, however as there was only oneptesented in sectioh6.10of chapter 4no definitive
conclusions could be drawAlso, there was no measure for theg-termimpact of the bit design and its
durability which could outperform the chevron pattern of bitF#e carbide chevron tip typically lacks
an embedded stem and is brazed to the bit body as shéwguine5.16, making it weak against side
forces. The same tip could be redesigned with an embedded stem to prevent braising failures.
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Figureb5.15 Radial bit modification with carbide conical insert

Figure5.16 Current and envisaged design of radial bit with chevron shaped carbide tip
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