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ABSTRACT 

Mechanical excavation is the dominant mode of operation in underground mining and tunneling 

in low- to medium-strength rock types. Drag-type cutting tools used on related machines vary from radial 

tools for very soft and non-abrasive rocks to point attack or conical tools, also known as pick cutters, in 

medium-strength 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 machine utilization, 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 data was used to assess the impact of tool wear on 

machine performance and to establish testing criteria for full-scale linear cutting machine (LCM) tests to 

simulate the cutting conditions experienced on the rotors. Beyond a standard LCM test, this study 

introduced a tilted-bit 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 of cutter-rock interaction in 

the gage region. A 3D scanner is utilized to create point 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 influencing cutter-rock 

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 failures and 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 cutting forces and 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 

cutter-rock interaction. These capabilities provide the means to develop proper strategies for optimizing 

operation and cutterhead design. 

A validated corner-cutting evaluation methodology has been introduced to facilitate accounting 

for operational factors in addition to typical cutting geometry. To incorporate operational parameters, 
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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 advance. Various 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 components of 

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 of the cutting forces for a given bit based on 

the measured values through full-scale LCM tests. This allows the model to incorporate full-scale 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 the EMI-CSM modeling 

concept allows performance prediction with progressive wear and its corresponding effects on machine 

performance parameters. This can be seen as a step forward in cutterhead 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 

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

Mechanical rock excavation is the dominant mode of operation in the mining of low to medium-

strength rocks [1], [2] due to its higher performance, continuity, and safer working environment compared 

to conventional techniques [2], [3], [4], [5]. Extensive use of this technology requires research to ensure 

continuous improvement in operation, use of new tools and materials, cutterhead design, and finally 

operational settings to increase machine utilization. Collection and analysis of field data can identify 

bottlenecks in the current cutterhead design and facilitate optimization of the machine performance [6], 

[7], [8]. Field observations provide insights into issues with existing designs and assist in creating a 

focused experimental test matrix, which allows for issues to be isolated and addressed for improved 

machine performance. The focus of the proposed study was to evaluate the working conditions and 

performance of mechanical excavation systems, in particular, borer miners operating in evaporite 

deposits. The main operational parameters measured when using a borer miner are tram pressures, rotor 

amps, production rate, and tool wear/change data. The analysis of these parameters can help in evaluating 

machine performance with existing cutter geometries and cutterhead designs. However, extensive field 

testing is often expensive and not economically feasible to assess various cutterhead designs [9], [10]. 

This leads to the use of full -scale experimental methods that encompass cutterhead design, geology, and 

full -size rock cutting tools as a means to generate data for the assessment of different cutterhead designs 

to improve mining efficiency. The data from full-scale cutting tests is ultimately utilized in conjunction 

with computer modeling techniques for optimization studies [11], [12], [13], [14], [15], [16]. 

Evaluating and optimizing machine performance may not be possible solely by considering 

machine operating parameters. Other critical factors such as tool management data, geology, cutterhead 

design, and cutting tool designs play an important role [17], [18], [19], [20], [21], [22]. A comprehensive 

study of this topic thus requires detailed and accurate field records of all relevant parameters. Borer 

miners (shown in Figure 1.1), which are full -face rock excavators, are primarily utilized in soft rocks like 

salt, trona, gypsum, and potash, employing radial cutting tools [9]. The cutters at the gage region of the 

rotor typically have high tilt angles and experience high linear velocity due to their location. Conducting 

full -scale rock cutting tests is considered the most effective method to examine the cutter-rock interaction 

with different cutter-head designs, aiming to understand the reason behind the high bit consumption at the 

gage region. 

The full-scale linear cutting machine (LCM) test is widely recognized as the most reliable method 

for assessing the performance of rock cutting technologies [23], [24], [25], [26]. This test involves using a 

full -scale cutter on a large rock sample to simulate the cutting geometry of various cutterheads in actual 

face settings. The LCM test allows for a close examination of the impact of rock properties, cutting 

geometry, bit geometry, and wear condition of the cutting tool [27], [28], [29], [30], [31], [32]. Cutting 
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force data is recorded using a 3D load cell during the test and is later used in performance prediction 

models [26], [32], [33]. Additionally, rock cuttings are collected to perform particle size distribution tests. 

When dealing with drag bits, it is common to record the surface profile using a profilometer, which helps 

in understanding the interactive cutting process [11], [34], [35].  

 

 

Figure 1.1  A borer miner considered in this study, featuring 2xRotors with top, bottom, and side cob 

cutter - commercially available as Xcel 42 from Prairie Machine [36].  

Quantitative analysis of surface characteristics including under/overbreak, ridge formation, and 

breakout angle provide additional insights into cutter-rock interactions over the life of a bit and at high tilt 

angles. This data can be critical in evaluating the cutting geometry when the rock exhibits ductile 

behavior, enabling the use of cutting-edge 3D surface scanning technology for data extraction.  

Previous studies of cutter-rock interaction have predominantly utilized the standard LCM test, in 

which a vertically-installed drag-type radial bit is used [37], [38], [39], [40]. Prominent parameters that 

are studied by experimental programs using a drag-type radial bit in the standard LCM test are cutting 

geometries, tool tip geometry, product particle size, and dust generation [24], [41], [42], [43], [44], [45], 

[46], [47], [48], [49], [50], [51], [52], [53]. While relationships between these parameters provide a 

fundamental understanding of rock fragmentation in the context of mechanical excavation, they have 

difficulty explaining cutter-rock interaction at high tilt angles and cutting sequences contributing to what 

is commonly referred to as corner-cutting. Corner-cutting is more pronounced in the gage regions of rock 

excavators in general, and borer miners in particular, which are often used for mining evaporites and 

employ drag-type radial rock cutting tools. 
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Most cutters on borer miners and other rock excavators have some tilt angle at the edge of the 

cutterhead or so-called gage area. Extrapolating standard LCM test data to interpret cutter-rock interaction 

at the gage region requires justification, as bits installed in these sections have higher tilt angles and 

experience corner-cutting scenarios. Moreover, bit life at the gage is far lower than at the cutterhead core, 

indicating an inadequate understanding of cutter-rock interaction during corner-cutting. While optimum 

lateral spacing and penetration ratio have been extensively investigated through full-scale rock cutting 

experiments with various bits including radial tools, analysis of performance variation can be 

accomplished. This includes an examination of the impacts of cutting sequence, axial spacing, tool 

orientation, and wear level. Quantification of cutter-rock interaction over a cutting tool's life in corner-

cutting scenarios is a complex problem that has rarely been studied in detail. 

The proposed study aimed to investigate the performance of radial tools in cutting relatively 

ductile evaporitic rocks, as represented by potash samples, to advance the understanding of cutter-rock 

interaction, including corner-cutting scenarios over bit life. This study makes use of available field data, 

including borer miner machine data, cutter head profiles, and tool management data. With the addition of 

3D scanning technology to full-scale LCM tests, variables missing from existing literature, such as bit 

orientation, axial spacing, cutting sequencing and surface geometry can be considered. Full-scale LCM 

tests have been performed in two configurations: standard LCM tests and tilted-bit LCM tests. The tilted-

bit LCM tests will use cutterhead profiles and related field data to determine the effects of bit wear, tilt 

angle, axial spacing, lateral spacing, and bit sequence on machine performance at the gage region. 

Computer modeling will subsequently make use of the insights gained from experimental tests and field 

data. 

1.1 Knowledge Gap 

While extensive research has been conducted to optimize mechanical rock excavation process, 

there are still gaps in understanding the complex nature of cutter-rock interactions [4], [54], [55]. Most 

experimental research on rock cutting has utilized full-scale LCM tests to determine cutting forces 

matrices and particular size distribution using various cutting geometries with radial 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 models.  However, such 

experiments cannot capture the intricacies of cutter-rock interaction where the cutting tool is not oriented 

normal to the rock surface, as explored by Roxborough (1982), Fu et al. (2015) and Hekimoglu (2018) at 

varying bit orientations and simulating real-world cutterhead profiles using conical bits [58], [59], [60]. 

Additionally, high wear at the gauge region is typically associated with the velocity-induced 

thermal stress [61], [62], [63] ignoring other crucial parameters like bit orientation and high longitudinal 

spacing [64], [65], [66], [67]. The impact of multiple variables on bit performance can be evaluated 
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significantly using cutterhead simulation by considering factors such as bit sequence, tilt angle, and bit 

wear level, in addition to the combined effect of cutting geometry. Analysis of results using force data, 

evaluation of rock cuttings, and surface characterization techniques can aid in identifying the underlying 

reasons for reduced performance and bit life at the gauge region of borer miners in potash. The knowledge 

gap if filled can facilitate the determination of an optimized cutterhead profile. 

1.2 Research Framework 

1.2.1 Problem Statement 

Rock cutting is a fundamental process utilized in various industries, such as mining, civil, 

tunneling, and underground construction. The efficiency and effectiveness of this process heavily depend 

on the specifics of cutter-rock interactions [2]. Specific energy of cutting is the most reliable parameter in 

rock cutting technology to assess cutter-rock interaction and cutting efficiency [48], [68].  

Existing research on rock cutting has primarily focused on evaluating the SE consumption of 

radial bits in a full-scale LCM test setup, where the bit orientation is maintained normal to the rock 

surface [2]. This configuration represents the cutting bits located in the core section of the cutterhead on 

borer miners. Hurt and MacAdrew [69] have showed high rate of wear in the corner cutting scenario. 

However, a major influencing factor to the 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 research using the conical bits has revealed that bits on the gauge region of the cutterhead 

can consume three to four times more cutting force than the face bits and one to two times higher Normal 

force component [58], [70]. Furthermore, Fu et al. [59] investigated the performance of conical picks in 

auger miners and found that a 20o tilt angle is ideal at the attack between 45o and 50o. Using cutterhead 

profile of roadheaders, few researchers have provided some insights into the influence of tilt angle and 

cutting sequence on cutting efficiency [6], [9], [60]. According to them energy consumption increases 

with the tilt angle but it also depends upon the cutting scenario at the particular bit position. Hekimoglu 

(2018) attempted a detailed analysis using a tilt angle using a conical pick to simulate corner-

cutting conditions. He concluded that the optimum tilt angle at the gauge is half the breakout angle, which 

is determined by the rock composition and cutting scenario [60]. 

However, research into the radial bits is lacking. The performance of gauge bits and the resulting 

cutter-rock interaction is unknown. The investigation of corner-cutting scenarios is extremely difficult to 

test and requires taking proper measurements for developing quantified measures of cutter-rock 

interaction in these conditions where tilt angles are high and longitudinal spacings are large. Simulating 

the cutterhead profile in a full-scale LCM test setup could be a viable approach to address this research 
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gap and provide an understanding of the cutting performance and cutter-rock interaction characteristics 

across the entire cutterhead. 

By addressing this problem, the proposed research aims to develop a better understanding of the 

cutting performance and cutter-rock interaction for radial bits, particularly in the gauge region of the 

cutterhead of borer miner, and to explore the potential of utilizing advanced techniques, such as 3D 

scanning, to quantify the surface characteristics and improve the accuracy of SE calculations. 

1.2.2 Research Question 

This study intends to investigate how cutter geometry affects overall 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 and U). To answer this question the scope 

will address the following questions: 

¶ How does the cutterhead wear impact the performance metrics of borer miners (e.g., penetration 

rate, thrust, and torque)? 

¶ What is the relationship between the wear rate of the cutting bits and their velocity across the 

cutterhead of borer miners? 

¶ How can a full-scale LCM test setup be designed to incorporate the cutterhead profile, including 

the tilt angle, cutting sequence, cutter wear level, and cutting geometry? 

¶ What are the impacts of these variables on the performance of cutting tools in the gauge region? 

¶ How can 3D scanning technology be effectively utilized in evaluation rock cutting process in 

conjunction with full -scale LCM tests? 

¶ What insights can be gained from the analysis of the surface characteristics regarding cutter-rock 

interaction particularly in the gage regions of borer miners? 

¶ How modeling can be used to investigate bit wear, to optimize the cutterhead profile and reduce 

wear and ultimately improve machine utilization and production rates? 

1.2.3 Technical Contribution 

This study incorporates simulation of the cutterhead profiles of multiple borer miners in a full-

scale LCM test utilizing radial bits to better understand cutter-rock interaction across the cutting profile, 

with a focus on the gage area. 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, and cut sequencing. To conduct a comprehensive parametric study, in this particular investigation, 
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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 

corner-cutting scenarios, which is the least understood phenomenon in rock cutting technology 

evaluations. This test is a time-consuming and cumbersome procedure, but 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 small-scale laboratory tests. Additionally, the full-scale testing 

setup can incorporate important operational parameters, such as the machine's advance through bit 

penetration and the cutterhead profile accounted through the longitudinal and lateral spacing between cut 

lines. While requiring more time and effort, the test data provides a realistic and insightful evaluation of 

the rock cutting process, which is important to comprehend the complex cutter-rock interaction in corner-

cutting scenarios. The 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 characteristics are identified to conduct inferential analysis through 

quantification of breakout patterns. This approach offers a better understanding of the surface 

characteristics of the rock, which were previously descriptive. 

Understanding the impact of tilt angle on usual performance indicators, i.e. 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 

cutterhead, including the center, face, and gage areas. Geometric details of the post-cutting rock 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 determining the excavated volume from 3D point cloud data. Ridge 

formation is detrimental to the cutting process, where the bit body or cutter blocks hit the rock and cause 

uneven side forces, which may result in cutter failure. Additionally, it indicates non-interactive rock 

cutting, demonstrating inefficient cutting geometry. Groove 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 study was based on limited data sets with radial tools in ductile rock i.e., evaporites, and is 

not intended to be generalized to draw conclusions about cutter-rock interaction in different geologies and 

cutter types. Given the relatively ductile nature of the rock considered, the surface topography analysis 

results may not apply to brittle rocks where overbreak can become very large for high penetration. 

Similarly, the applicability of the findings might be limited when extrapolated to other types of point 
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attack tools or rock types. The bit orientation, axial, and lateral spacing are considered for specific use, 

hence extrapolation of the simple mathematical regression models to other scenarios are not 

recommended. 

While the full-scale LCM testing conducted in this study accounted for the scale effect in a 

controlled laboratory environment, the cutter-rock interaction during actual mining operations may exhibit 

some differences. This is because the real-time 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 real-world mining equipment. These vibrations are typically caused by the multi-point 

impact loading on the cutterhead during operation [71], [72], [73], [74]. However, the rigid cross-frame 

design of the LCM test setup, to which the cutting bits are attached, may not adequately simulate these 

vibration-induced effects. Besides that, the experimental testing included in this study has not accounted 

for the impact of confining stresses on the cutting performance. In the real-world mining environment, the 

rock formation is subjected to various in-situ stresses, which can influence the cutting process (reported 

by some researchers [75], [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 viewed with an understanding that the actual cutter-rock 

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 of drag-type radial 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. However, estimating the cutter-rock 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 bits [28], [58], [59], [60], [78]. 

In real-world 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 efficiency 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 corresponding cutter-rock interactions. 

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 issue requires a better understanding of the cutter-rock 

interaction across the entire cutterhead profile. The following research objectives are addressed in the 
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quest to expand the comprehension of cutter-rock interaction through field data and full -scale LCM test 

simulation of cutterhead profiles: 

¶ 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 borer miners. 

¶ Design a full-scale 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. Subsequently, propose 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 cutter-rock interaction and expand the knowledge of 

corner-cutting scenarios specific to the gage regions of borer miners. 

1.4 Scope of the Study 

The following tasks have been conducted to meet the objectives of the study (also shown in 

Figure 1.2 with short descriptions and outcomes). 

¶ Analysis of Field Data: 

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

performance indicators, such as thrust and torque requirements. 

Å Identify the parameters impacting machine performance through the field data to make an 

informed experimental test design. 

¶ Cutting Geometry Evaluation: 

Å 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. 

Å Conduct tilted tip LCM tests to simulate the gauge region of borer miner rotors and study 

the performance implications. 
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¶ 3D Surface Characterization: 

Å Use 3D scanning technology to quantitatively analyze surface characteristics, including 

breakout pattern, breakout angle, ridge formation, and over/underbreak, as indicators of 

cutter performance. 

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

specific energy calculations. 

¶ Comparative Analysis and Model Improvement: 

Å 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. 

Å Improve the prediction capability of the EMI-CSM model to estimate the cutterhead 

performance over wear condition. 
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Figure 1.2 Descriptions of tasks involved in achieving the objectives of this study. 

1.5 Research Methodology 

This study utilizes field data to identify the problems with cutter life at the gage position by 

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 out full-scale LCM testing, which is currently the most 

reliable method to evaluate cutting tool and rock interaction. An overview of the research workflow is 

presented in Figure 1.3. 
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Figure 1.3  The overview of the research 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 significance of the study of 

cutter-rock interaction and its impact on machine performance. In this chapter, the research significance is 

highlighted, and the main objectives to be accomplished throughout the study are delineated. 

Additionally, the chapter addresses the research question, hypothesis, the scope of work, and the 

methodology employed in this study with highlights of critical limitations. 

Chapter 2 presents a literature review 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 

covers theoretical, experimental, and analytical approaches employed by researchers to date, explaining 

the impact of cutting geometries, rock strength parameters, cutting tool designs and cutting tool wear 

levels on cutting forces, surface characteristics, and cutting tool performance matrix. The chapter 

concludes with a summary of the literature highlighting the knowledge gaps. 

In Chapter 3, an in-depth analysis is conducted on field data obtained from two borer miners 

actively operating in evaporite rocks. The analysis includes a broad overview of the geological settings, 

mining methods employed, 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 performance predictors. 

In Chapter 4, details of the experimental work conducted throughout this study are presented. The 

chapter thoroughly explains the details of the full-scale linear rock cutting tests, providing insights 

regarding typical 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 of corner-cutting scenarios in mechanical rock cutting is presented. 

This chapter entails a statistical evaluation of geometric features pertinent to corner-cutting scenarios, 

aiming to develop a predictive cutting force model through the utilization of LASSO regression. The 

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 existing EMI-CSM model, which was 

originally developed and utilized for predicting machine performance parameters based on full-scale 

linear rock cutting test results. The chapter outlines the methodology employed to enhance the model's 

capacity to predict machine performance, particularly under conditions of progressive wear on the 

cutterhead. Subsequently, the model results are validated against field-recorded data, demonstrating the 

model's effectiveness in real-world scenarios. 

In Chapter 7, the integration of 3D scanning technology with full-scale 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 analysis of 3D point cloud data collected throughout the 

course of the study. The chapter concludes with a discussion of how 3D scanning technology helps in an 

analysis to substantiate the interpretation of results of full-scale linear rock cutting tests. 

Chapter 8 summarizes the critical findings and conclusions of the study. Additionally, the major 

contributions are discussed, along with the identified avenues of future work. 

Appendix A contains supplementary information and permissions. 
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CHAPTER 2 ROCK CUTTING LITERATURE REVIEW 

This section provides a literature 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 investigations of rock fragmentation, cutting tool performance parameters, 

surface characterization techniques, and other pertinent literature. 

The evolution of rock-breaking 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 methods have 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 other 

hand, continues, with technologies such as thermal [79], [80], plasma [79], [81], [82], high voltage 

electric pulse [83], microwave [84], water and the waterless jet [85], [86], [87], [88], [89], and laser [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 innovations [55]. 

Mechanical excavation uses various cutting tools designed for optimal performance in specific 

rock conditions. Drag tools, due to their efficiency, are preferred for use in low to  medium-strength rocks. 

On the other hand, roller cutters are preferred for use in medium to high-strength abrasive rocks. Drag 

tools are more efficient than roller cutters in rock cutting [18], [69], [94], [95], [96]. As shown in Figure 

2.1, there are two types of drag-type rock cutting tools: conical picks and radial bits. 

The arrangement of cutters on the cutterhead, configured in various ways, plays a critical role in 

influencing the cutter-rock interaction, ultimately impacting the performance of excavators. Despite 

extensive research to refine mechanical excavation techniques, a significant limitation is the insufficient 

consideration of the cutter-rock interaction in certain cutting scenarios. This oversight becomes 

particularly apparent in scenarios like corner-cutting, where the orientation of the bit and the cutterhead 

profile introduces unique challenges. 

A more thorough approach, using radial type drag tools utilizing field data, full-scale 

experimental tests, surface characterization techniques, and computer modeling is still missing or very 

limited with limited parameters. The efforts of various researchers who have attempted to address 

excavation-related challenges are reviewed in this chapter. This review aims not only to acknowledge 

their contributions but also to establish a baseline for the current research, emphasizing the need for a 

holistic understanding of the complex rock-cutter interaction phenomenon in excavation processes 

involving radial tools and evaporitic rocks. 
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Figure 2.1  Drag-type rock 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 roller-type cutters create an indentation that eventually 

intersects with the free surface, forming rock fragments [97], [98]. Although indentation is also an initial 

phase in the use of drag-type rock cutting tools to create a crushed zone as explained by Hood et al. 

(2000), the subsequent relative movement of the drag tool causes rock cracks to propagate toward the free 

surface. Researchers have offered different opinions on the stress contributing to crack propagation, with 

some identifying tensile and shear stresses alone while others suggesting a mixed mode of tensile and 

shear stresses [61], [94], [99]. The phases involved in rock chip formation are shown in Figure 2.2. 

 

Figure 2.2  Cutting phases are involved 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 penetrates less 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 the early phase of the crushed zone. The fracture propagates well 

ahead of the cutter tip [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 bit tip. The process involved in 

rock cutting using a radial tool is illustrated in Figure 2.3. 

 

Figure 2.3  Schematic of rock cutting process - phenomenological model. 

2.2 Analysis of Cutting Forces 

The cutting forces measured on the drag tool are resolved into three orthogonal forces, as shown 

in Figure 2.4. 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 tools and cutting geometries to determine cutter performance [17], [33], [57], [102], [103], [104]. 

However, studies involving full-scale 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 observed the opposite [35], [40], [57], [105], [106], [107], 
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[108], [109], [110]. This variability in results could be attributed to differences in bit tip geometry and 

cutting depth. The side force, on the other hand, is the least in magnitude and often gets overlooked when 

examining cutting force. 

 

Figure 2.4  Schematic of orthogonal components of rock cutting force. 

Regardless of the absolute magnitude, it is generally accepted that drag force in radial-type drag 

tools is responsible for rock fracturing. Understanding these force components and their variations is 

essential for an assessment of cutter performance in rock cutting applications. 

2.2.1 Theoretical Models for Rock Cutting 

Theoretical rock cutting analysis is a three-dimensional problem complicated by rock 

heterogeneity and variation in cutter-rock interaction. A point attack drag-type rock cutter is the first rock 

cutting tool for which theoretical models were developed to explain the underlying principles influenced 

by the metal cutting theories by Merchant [111], which were expected to govern drag tools' operation as a 

chisel [41], [111], [112], [113], [114], [115], [116], [117], [118], [119]. Potts and Shuttleworth [120], first 

attempted to modify Merchantôs metal cutting model to use in rock cutting with an assumption of shear 

failure mode in coal [120]. 
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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 equations developed for 

cutting force from literature are given below in Table 2.1; 

Table 2.1 Theoretical models developed for cutting force with drag-type rock cutting tools. 

Proposed by Equation Description 

Potts and 

Shuttleworth [120] 
&#
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Ὂ#: Peak cutting force 

Ὂὅ: Average cutting force 

„: Tensile strength 

Ὠ: penetration 

ύ: Bit width 

—: Half wedge angle 

ὲ: Stress factor 

‰: Friction angle 

„: Shear strength 

Ὧ: Internal friction angle 

‌: Rake angle 

‰ :z Friction of cutting 

ὸ: Shear angle 

„: UCS 

„ : BTS 

Note: Virtually all cutting force 

theories consider rock strength, 

typically under 2D plane strain 

conditions, where linear fracture 

propagation occurs ahead of the 

cutter. 
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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 its complexities. 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 differing extents, offering a spectrum of analytical tools for understanding and 

forecasting the rock-cutting process across diverse applications like mining, construction, and 

geotechnical engineering. Yasar [12] attempted to 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 to accurately estimate cutting forces [12]. 

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 parameter regression [26], [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 techniques [127], [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 momentum in the 1990ôs [133]. The problem encountered using FEM 

is a simulation of discontinuity caused by the rock cutting processes [134]. 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 DEM has been used to investigate different aspects of the rock 

cutting process [14], [130], [135], [136]. A few empirical models are given in Table 2.2; 

Table 2.2 Empirical models developed for cutting force with drag-type rock cutting tools. 

Proposed by Equation Description 

Goktan [123] 
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Ὂὅ: Peak cutting force 

Ὂὅ: Average cutting force 

Ὂὅ: Average normal force 

„: Tensile strength 

Ὠ: penetration 

ύ: Bit width 

—: Half wedge angle 

ὲ: Stress factor 

‰: Friction angle 

Gotkan and Gunes 
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Table 2.2 Continued  

„: Shear strength 

Ὧ: Internal friction angle 

‌: Rake angle 

Ὁ : Dynamic modulus of 

elasticity 

ὔ : Schmidt hammer hardness 

‰ :z Friction of cutting 

ὸ: Shear angle 

Ὣ: geometric factor based on bit tip 

geometry 

ὶ: geometric factor of the bit 

independent of material properties 

Ὃ: Strain energy release rate of 

the rock 

Ὄ: Rock harness from indentation 

test which depends upon pick 

geometry 

„: UCS 

„ : BTS 

Balci and Bilgin 

[125], [127]  and 

Tiryaki et al., [127] 
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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, where even minor property changes can 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 tests conducted directly within the target geological formations, employing full-scale rock cutters 

to gather data. This hands-on approach not only enhances the accuracy of the model but also ensures its 

applicability to real-world scenarios, thereby supporting its credibility and effectiveness in rock cutting 

evaluation and prediction [127], [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 undertaken to provide substantive support to the 
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theoretical predictions and to validate the results [41], [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 energy (SE) a 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 performance [141], [142]. 

ὛὉ
Ὂὅ

ὗ
 

(2.1) 

Where SE is Specific energy in (MJ/m3), Ὂὅ is the average cutting force (kN), and Q is the 

production volume per unit linear length (m3/km). 

As per research conducted by Hughes (1972) and Mellor (1972), specific energy is strongly 

related to compressive strength („) and secant elastic modulus (Ὁ) of the rock [35], [143], [144]; 

ὛὉ
„

ςὉ
 

(2.2) 

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 non-interactive rock cutting (shown in Figure 2.5) is realized for being dependent on 

spacing and penetration ratio (S/P), and since then S/P has been commonly used to conduct optimization 

studies [43], [145], [146], [147]. This optimum condition is characterized by high volume, low specific 

energy, and less dust generation. For drag-type rock cutting tools, the S/P ratio reported by Roepke et al. 

is 2-3, Roxborough et al. reported 2, and Zhang et al. with conical on rotary cutting 3-4 [11], [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 

non-interactive cutting [39], [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 forces [17], [151], [152], [153], [154], [155]. A variety of cutting 

tools were assessed by Plis et al. in 1988. They categorized the performance of conical bits as less than 

that of radial bits among the drag-type rock cutting tools in terms of force consumption but the life 

expectancy of the conical tool is far more than radial bit [156]. 
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Figure 2.5  Schematic of interactive and non-interactive 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 terms of bit-rock contact 

geometry, yielding high performance [147], [157], [158], [159], [160]. A positive rake angle increases the 

cutting forces whereas a clearance angle ranging from 5o to 10o could help to minimize normal forces by 

limiting frictional contact [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 

between -35o to 60o [163]. 

2.3.2 Cutting Forces and Bit Wear 

Cutter life depends upon wear levels, a progressive phenomenon during excavation. Drag tools, 

prone to wear, are not used in highly abrasive and medium to high strength rocks [164]. Numerous 

researchers have explored the cutting efficiency of worn bits, authenticating significant performance 

reduction [164], [165], [166], [167]. Plis et al. examined the relationship between bit wear and cutting 

distance, categorizing the performance of various drag tools [156]. Ongoing research focuses on aspects 

like rock chip size distribution and dust with respect to the bit wear condition [168], [169], [170], [171], 

[172]. 

To improve the life of drag tools, wear-resistant materials are currently used, along with hybrid 

cutting techniques involving water jets. Liu et al. and Xue et al. explored water-jet assisted cutting, 

noticing an improvement in cutter performance and bit life [88], [173]. Bit wear is impacted by the 

thermal stresses which are attributed to the high velocity of cutting tools, hence thermally stabilized wear-
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resistant materials and PDC are being investigated for use in mechanical rock excavation with 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 extends (a typical borer miner rotor cutterhead profile is shown in Figure 

2.6). A scattered work could be found on radial tool rock cutting with tilted bits, but studies just relied on 

the cutting forces acquired through the linear rock cutting tests, [60], [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 angle). Hekimoglu's PhD thesis was reported and referred to 

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 an abnormal increase as the tilt angle ranged from 0o to 

80o degrees, particularly notable during corner-cutting scenarios where the tilt angle escalated from 40o to 

80o degrees. The reported data shows only mean cutting force and specific energy. Another research [184] 

of the same author, underscored the importance of integrating a skew angle for bits positioned at tilt 

angles exceeding 30o. While implementing a skew angle at the gauge of a borer miner may present a 

potential solution, a significant challenge arises in the form of exposing the brazed carbide tip to elevated 

side forces. Hurt 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 lead to the cause of 

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 20o tilt angle is optimized for a bit laced at the attack between 45o and 50o. In this  Using cutterhead 

profile of roadheaders, few researchers have provided some insights into the influence of tilt angle and 

cutting sequence on cutting efficiency [6], [9], [60]. Hekimoglu [60] reported an analysis using a conical 

pick at varying tilt angles to simulate corner-cutting conditions. He found that the optimum tilt angle at 

the gauge is half the breakout angle, which depends on the rock composition and cutting scenario. Sun 

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. 



 

23 

 

Figure 2.6  Schematic of a typical cutterhead profile for borer minerôs 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 interaction [55]. As discussed in sections 2.2.1 and 2.2.2 of 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 properties [17], 

[106], [186], [187]. A cutting tool life depends upon rock abrasivity, brittleness, grain size, and other rock 

properties. The cutting tool performance is evaluated by Jeong et al. to evaluate prediction models of 

cutter forces, SE, and Cherchar Abrasivity Index (CAI) as a function of the rock brittleness [188].  

Limited literature could be found where rock strength parameters and rock bedding orientation are studied 

to investigate the cutting force variation [47], [125], [126], [139], [189]. 

2.3.5 Cutting Speed and Cutting Force Matrix Using LCM Test 

The impact of cutting speed on cutting forces with radial bits has not been separately investigated. 

However, a study by OôDogherty et al. conducted with conical bit tests at speeds ranging from 30.48 to 

248.92 mm/s (1.2 to 9.8 inches/second), revealed that the speed does not significantly 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 wear [46], [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 results [103], [194], [195], [196], [197], [198], [199], 

[200], the majority of the research on radial tools revolves around employing a standard LCM test. In this 

study, the standard LCM test is referred to as an LCM test with a bit normally attached to the rock 

surface. The test results acquired from LCM tests serve as input to the predictive models. Moreover, these 

models assess instantaneous performance using input parameters, wherein force combinations for a worn 

bit can be utilized to determine performance reduction with 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 rock grinding. Sieve analysis is a widely applied method 

for rock cutting evaluation, using a particle size distribution (PSD) curve [25], [26], [172], [201], [202]. 

Researchers commonly extract and evaluate additional parameters such as coarseness index (CI) [153], 

[203], [204], [205], absolute size constant [31], [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 during full-scale LCM tests in the study 

of rock cutting technologies [56], [172], [207]. 

CI represents the sum of cumulative percent retained during sieve analysis of rock chips. 

Particularly, CI's dependency on the number of sieves used is well-established [44], [148], [203]. A higher 

CI indicates coarser fragmentation, and vice versa. The cutting geometry plays a crucial role in 

determining CI values; specifically, rock chips collected at greater depths of penetration and wider 

spacing result in higher CI values [44], [121]. Additionally, it is important to note that CI has an inverse 

relationship with specific energy [26], [31]. Tuncdemir conducted a series of experiments with an array of 

rock cutters and established a relationship between the CI and SE as follows: 

ὛὉ
Ὧ

ὅὍ
 

(2.3) 

Where "k" represents a constant derived from rock strength and cutting tool parameters, and "n" 

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

for constant cross-section type disc cutters [208]. The value of k varies from 0.45 to 0.55 for roadheaders 

and 0.85 to 0.9 for TBM [209], [210], [211]. 

Rosin-Rammler absolute particle size can be calculated from the equation obtained from the 

graph plotted between ÌÏÇÌÏÇρππὅ  and ÌÏÇὲ. Where C is the cumulative mass percent of material 

retained on sieve size n. The mean particle size found through the Rosin Rammler procedure is found to 

be linearly related to rock cutting forces [31], [105], [203], [206]. 

Rock chip shape/size predominantly depends on the cutter-rock interaction, rock properties, grain 

size distribution, and 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 evaluation. Particle shape provides crucial insights 

into rock fragments [212], [213].  Determined by factors like form, roundness, sphericity, and surface 

texture, the shapes of minerals and rock fragments are measured using various indices and ratios [18], 

[56], [172]. 
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2.4 Rock Surface Characterization, Including Surface Hardness 

2.4.1 Rock Surface Hardness 

The Schmidt hammer rebound test is conducted by many researchers to determine the relation of 

surface hardness to different rock properties including UCS, slake durability index, the impact of rock 

bedding, moisture content of the rock, and density [214], [215], [216], [217]. With intensive experimental 

data Aufmuth and Kazi found a strong correlation of rebound values to UCS times density and UCS 

respectively [214], [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 hammer rebound values exhibited 

variation corresponding to an increase in penetration, indicating an increase in the damage zone beneath 

the bit footprint [219]. 

2.4.2 Rock Surface Topography 

The study of 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 algorithms [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 cutlines. Whereas, in recent studies, researchers 

have focused on the use of laser imaging and photogrammetry which provide more accurate 

measurements of surface features [226], [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 surveys [225], [227], [229]. 

Cutting tool interaction predominately depends upon cutting tip geometry, and spacing to 

penetration ratio besides the rock strength parameters [230], [231]. Hence understanding cutting geometry 

and corresponding surface characteristics are critical 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 cutting studies. Few publications have indicated the use of 3D 

photogrammetric measurement to improve the calculation of specific energy for disc cutting using linear 

rock cutting tests [232], [233]. In a recent study conducted by Ayawah [234], laser light sources, and a 

GoPro Hero 4 Black camera were used, to assess the excavated volume of rock in a full-scale 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 estimation of undercut, 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 scanner to evaluate the volume and conducted a comparative 

study with mathematically calculated volume. Kim et al. [30] referenced that Bilgin [235] observed that 

the volume excavated by the disc cutter experienced an exponential increase with the cutter penetration, 

while Yasar and Yilmaz [12] 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 relationship as penetration 

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 reaches to maximum indicating the optimum S/P ratio. In his study ridge 

formation is found to be inversely proportional to penetration. 

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, could deepen our comprehension of cutter-

rock interactions. This additional information has the potential to refine surface feature evaluation 

accuracy. 

2.5 Performance Improvement of Bits 

Various approaches including optimization of cutterhead lacing designs by adjusting cutting 

geometries through varying spacing, optimizing cutter orientation, and enhancing cutter tip designs have 

been used to improve drag tool performance in rock cutting[22], [198], [236]. Identify best tooltip 

geometries through full-scale 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 materials [34], [237], [238], [239]. 

2.5.1 Rock Cutting with Hybrid Systems 

A study involving laser beam-assisted granite cutting by Rad et al. has shown a reduction in 

specific energy [240]. Thermo-mechanical drilling attempt by Rossie et al. has shown a potential to 

reduce the drill bit wear rate [65]. Smart picks made from wear resistant materials have improved bit life 

[241], [242]. Water-jet assistance in mechanical cutting has been reported to reduce cutter forces by 30% 

[87], [88], [173], [243]. Although the use of water has implications on muck removal systems and cutter 

face management, besides the restriction to use in soluble geologies. 

2.5.2 Performance Study of Mechanical Excavators with Drag Tools 

Field performance evaluation is very complex in nature, and it not only requires an understanding 

of rock cutting mechanism of excavators but also in-depth knowledge of cutter-rock interaction and 
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geological settings. Usually, searchers have correlated the SE and machine advance, field penetration 

index (FPI), and Instantaneous Cutting Rate (ICR) as shown in Table 2.3 below [107], [198], [210], [244], 

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

Table 2.3 SE, FPI, and ICR equations. 

Proposed by Equation Description 

McFeat-Smith and 

Fowell [249] 
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ὖ

ὍὅὙ
 

ὛὉ: Specific Energy 

ὖ: Cutterhead power 

„: Compressive strength (UCS) 

ὍὅὙ: Instantaneous Cutting Rate 

ὙὓὅὍ: Rock mass cutability index 

„: Tensile strength 

Ὠ: Penetration 

Ὠ : Nominal penetration 

Ὑὖὓ: Cutterhead rotation per 

minute 

C= Conversion factor 

D=Cutterhead diameter 

Ὢ: Factor to estimation of sump 

into rock 

ὄρ: 0.4 (a constant) 

ὄς: 2 (a constant) 

ὃ: Cross-sectional area of 

excavation 

ὙὖὍ: Rate of machine advance 

ὡ: weight of excavator 

ὐ: Joint Condition 

ὙὗὈ: Rock quality designation 

ὊὖὍ: Field penetration index 

ὙὓὄὍ: Rock mass brittleness 

index 
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2.6 Summary of Literature Review and Knowledge Gap 

This literature review covers a brief overview of the evolution of rock cutting science, including 

theoretical models, experimental work, and field performance prediction models for mechanical 

excavators utilizing drag-type rock cutting tools. Theoretical rock cutting models explain the fundamental 

principles expected to be involved during rock cutting and predict cutting forces. These models 

incorporate rock strength parameters like tensile, compressive, and shear strengths of rock with cutting 

geometry expected in rock cutting mechanics. Empirical models derived from lab and field data are 

widely used for cutting force prediction in which lab results have been used in statistical correlation 

between forces, specific energy, and rock properties. With the increase in computing powers Numerical 

techniques like FEM and DEM are currently used in studies to 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 often aims to validate 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 efficient in drag-type rock cutting tools. 5o to 10o clearance angles minimize friction. 

Although limited research on cutter speed identified no major cutting force differences, whereas it 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 is still limited and mostly it covers either disc cutters or conical type drag 

bits. The corner-cutting scenarios have not been tested widely. 

Mechanical excavator performance depends on rock properties and cutterhead interactions. 

Specific energy correlates with rock strength. The instantaneous cutting rate depends on rpm, geometry, 

and geology. The field penetration index relates to rock mass rating and advance rate. 

Key knowledge gaps exist in understanding corner-cutting phenomena, bit sequence, tilt angle, 

and combined spacing, as well as using surface characterization and modeling to predict progressive 

performance reduction over the cutting tool's life based on changing conditions. Overall, while extensive 

research has aimed to optimize mechanical rock excavation, details of cutter-rock interactions in many 

cases where special cutting tools are used in a certain rock type are lacking. Furthermore, the phenomenon 

of cutting corners which occurs in gage areas is not well explored. Bridging this gap could enhance cutter 

and cutterhead design, improve machine utilization, and reduce production costs. 

2.7 Key Literature and Critical Analysis  

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

with rock/stone properties have been largely limited to a specific rock type and a limited dataset, despite 
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numerous studies on conical tools [1], [24], [48], [132], [250]. The scattered work of researchers like 

Copur [251] and Hekimoglu [60] has provided cutting force data for specific cutting machine 

configurations, such as Copur's [251] investigation of chainsaws and Hekimoglu's [60] 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 life in the 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 was approximately 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 features 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 calculation of volume, which is encouraging to use it for 

evaluation of complex cutter-rock interaction at the gauge region of the borer miner machine [30], [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 3 PARAMETRIC ANALYSIS OF FIELD DATA 

To accurately predict machine performance from field data, it is essential to understand both the 

geological settings and the operating parameters of mechanical excavators. This 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 relation to cutting tool wear. The chapter also presents an analysis of cutting tool 

performance, allowing for conclusions to be drawn regarding performance variations based on the tool's 

position on the cutterhead, travel velocity, tooltip geometry, and tooltip material. 

3.1 Geological Settings 

The machine operations under discussion are in the Evaporite Formation of North Americaôs 

intracratonic Williston Basin. The geologic sequence begins with Pleistocene glacial till, followed by 

approximately 400 meters of Cretaceous shale. A 500-meter-thick layer of Devonian carbonates lies 

beneath the Cretaceous shale, just above deposits of potash-rich evaporite formation. The Prairie 

Evaporite Formation varies in thickness from 100 to 200 meters. The geologic stratigraphy in Figure 3.1 

shows a stratigraphic section of the area of interest [253], [254], [255]. 

 

Figure 3.1  Area of interest with geologic stratigraphy. Modified from Broughton (2019) [253]. 

The potash-bearing members contributing to the deposits within the Prairie Evaporite Formation, 

as shown in Figure 3.2 [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 sylvite-rich intervals, each commonly ranging from 6 to 15m in 
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thickness, separated by intervals of up to 45 m halite-dominated layer with lower sylvite content. The 

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

 

Figure 3.2  Schematic cross-section of the potash-rich members of Prairie Evaporite Formation. 

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 elevations more than 

approximately 900 meters. 

The potash-bearing members within the Prairie Evaporite Formation present a range of 

mineralogical compositions, transitioning from carnallite-halite (carnallite) to sylvite-halite (sylvinite). In 

terms of thickness, the halite-dominated strata over the operating elevations 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 25% K2O [256]. 

3.2 Mining Strategy 

The mining strategy for the Prairie Evaporite Formation relies on mechanized methods utilizing 

borer miners and continuous miners. This is due to the flat and tabular nature of the potash beds, with 

minimal variations or disturbances [253]. 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. Mine-A uses the long-room and pillar mining 

method, Mine-B utilizes stress-relief mining, and Mine-C uses a combination of stress-relief in one 

location and the long-room and pillar mining method in another. The mining panel height either conforms 

with the cutterhead dimension or utilizes two lifts to extract the potash-rich seam with higher thickness 

[257]. The mining operation being at a depth of more than 850 m indicates 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 ingress. A typical operation 

for multiple passes is shown in Figure 3.3 [253], [256], [258]. 

 

Figure 3.3  Typical mining operation in the area of interest a) Three passes, b) Two passes. Modified 

from Paul (2017) [259]. 

3.2.1 Long Room and Pillar 

Long room and pillar as the name indicate mining 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 in Figure 3.4, 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]. 



 

33 

 

Figure 3.4  Schematic cross-section of the room and pillar mining with an illustration 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 blocks [262]. In this method, the ore recovery ratio is 

about 35 to 40%. The room size depends upon the borer minerôs size and the stress conditions that dictate 

the pillar size. The mining process involved the sequential excavation of panels [256]. 

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 confinement [261]. In regions with moderate depths and good ground 

conditions, this method is preferred for its simplicity, but in areas with less favorable conditions, 

alternative methods may be more effective [256]. 

3.2.2 Stress Relief Method 

Stress relief mining is suitable in areas where the geology is not stable enough to support the long 

room and pillar mining technique. In potash mines, there could be large clay seams that are weak links 

which may initiate failure. In such locations where potash has massive clay seams, stress relief mining is 

relied on to excavate ore [263]. The pattern shown in Figure 3.5 is known as a chevron or herringbone 

pattern [256], [259]. Contrary to the long room and pillar, the stress relief method requires fewer 

development headings. In 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 ensuring long-term stability. The stress arch 

above the mining location becomes more pronounced, 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. 

  

Figure 3.5  Mining patterns typically followed in the area of interest. Modified from Jones and 

Prugger (1982) [256], [259].  

The design of stress relief patterns required an in-depth understanding of stress relief to avoid 

rapid failure or simultaneous failure in all adjacent headings. Like the vertical stresses, lateral stresses also 

need to be catered for 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 rooms [256], [262], [264]. 

Less concentration of horizontal and vertical stress around the development headings makes them more 

stable for long-term use. In this method similar to that of the long room and pillar technique the mining 

extraction ratio is about 35 to 40% with some exceptions 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 be suspended, or 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 system [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 surge bin using an intermediate crusher and screens and 

crushed ore is then loaded to skip using the loading conveyor as shown in the sketch in Figure 3.6. 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 motor-generated control. The numbers and capacity of skips depend 

upon the size of the shaft, production rate, number of excavators, and size of cutterheads [256]. 

 

Figure 3.6  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 full-faced excavator equipped with a cutterhead consisting of a rotor, trim 

chain, or cob cutter. Figure 3.7 below shows a few old borer miners indicating their evolution to the 

present shape. 

 

Figure 3.7  Borer miner variants retrieved from [266] 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 clearance. Figure 3.8 shows the 

front elevation of a two-rotor borer miner with a trim chain and cob cutter and a four-rotor 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. Borer miners are currently used as an 

important tool in the mining of potash, trona, salt, and other soft deposits. 
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Figure 3.8  Front elevation of two and four rotor borer miner with cob cutters and trim chains. 

Courtesy Prairie Machine [36]. 

3.4 Description of Radial Rock Cutting Tools and Variants 

With the common acceptance 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 rock-cutting tools (Anderson, 1998; David, 2018). 

The radial bit typically has a rectangular shank with a pointy tip that cuts through the rock utilizing less 

energy. Different locking mechanisms are being used to secure these bits with the tool holder during 

operation. Because of the lower energy consumption in rock cutting, it is consistent with the historical use 

of radial bits in less-powered rock excavators. 

A variety of tooltip geometries and overall bit configurations can be found in the catalogs of 

different manufacturers. A few radial bits used by researchers are given in Figure 3.9 [26], [105], [156], 

[219], [267], [268], [269]. The pointy tooltip is typical with relieved sides to minimize friction and ease in 

plowing through the rock [32], [163], [270]. This design aims to reduce the cutting force matrix to reduce 

power consumption, machine vibration, and dust generation. Figure 2.3 shows the cutting action and 

related nomenclature for radial bits. 

While numerous bit variants are currently employed in rock cutting, a selection of them, as shown 

in Figure 3.10, were utilized in field operation during the conduct of this study. These chosen variations 

were used in full-scale linear rock cutting tests, referred to as bit 1 and bit 2 in this study. Bit 1 features a 
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flat-faced hardened steel bit tip, while bit 2 has a chevron-shaped carbide tip. The detailed measurements 

are shown in the figure. 

 

Figure 3.9  Few radial bit variants used in the research [105], [156], [219], [267], [268], [269]. 

 

Figure 3.10  Radial bit utilized in the field trials. 



 

39 

3.5 Field Data and Processing 

The field data presented in this section pertains to The Prairie Evaporite Formation discussed in 

Section 3.1 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 machine, whereas cutter life 

assessment involves the analysis of tool management logs. 

3.5.1 Data Description 

Two field tests were conducted in the past few years, and the collected data was used to develop 

pertinent analysis and calculate proper adjustment factors for correction of the modeling efforts that will 

be explained later. The 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 m) of cutting and bit 2 consists of 2731ft (910 m) of the machine advance. A 

comprehensive data set was developed, including the machine advance, and the location at which tool 

changes were made. The tool management log was maintained with the number of replaced bits and their 

corresponding cutterhead positions. In addition, the loss of the bit tip at the time of each bit change was 

recorded in the bit management log as a loss 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 used to understand the correlation of 

performance parameters. The assessment of cutter wear in this case is conducted through data acquired 

from day-to-day operations with a cumulative operational time of 174.2 hours with a standard bit 

management log. 

3.5.2 Data Processing 

This section provides an overview of the field data processing associated with machine 

performance prediction and cutter life assessment shown in Figure 3.11. 
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Figure 3.11  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 system-related 

parameters. In this study, nine columns out of fourteen including, date, time, machine advance (footage), 

rate of machine advance (FPH), rotor Amps, and tram pressures (psi) were selected from the raw machine 

data to process based on the steps described in this sub-section. 

3.5.2.1.1 Data Screening and 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 entailed screening data and correlating it with cutterhead wear conditions. 

In the case of the first dataset, cutterhead wear conditions were also cross-referenced with machine 

parameters. Mining logs were scrutinized to identify shift numbers and shift start and end times. Each 

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

Thrust force calculation for mining involved determining machine tractive effort from the start of 

the shift, excluding datum levels of thrust. Datum level refers 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 system. The average tram pressure for mining effort by the machine is calculated 

using the equation below. 

Ð ÐÓÉ!ÖÇ ÔÒÁÍ ÐÒÅÓÓÕÒÅ ÒÅÃÏÒÄÅÄ ÉÎ ÔÈÅ ÆÉÅÌÄ ÐÓÉ$ÁÔÕÍ ÌÅÖÅÌ (3.1) 

  

Ð  !ÖÅÒÁÇÅ ÔÒÁÍ ÐÒÅÓÓÕÒÅ ÏÆ ÂÏÔÈ ÔÈÅ ÔÒÁÍÓ ÕÔÉÌÉÚÅÄ ÆÏÒ ÍÉÎÉÎÇ ÏÎÌÙ ÐÓÉ 

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 provided by the motor to power trams is measured 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 from the recorded machine thrust. These losses include the drive unit efficiency, friction, and the 

effort required to push through rock cuttings on the floor during the mining. Motor efficiency accounts for 

the loss of mechanical parts during power transfer. The thrust force was calculated using the derived 

equation accounting for all aspects including losses while taking an average of pressure from two trams. 

4ÒÁÃÔÉÖÅ ÅÆÆÏÒÔ Ë. ʐ ʂzz Òz
Ä

ς
Ðz ςz 

 (3.2) 

 

ʐ  -ÏÔÏÒ ÔÏÒÑÕÅ ÁÔ ÍÁØÉÍÕÍ ÄÉÓÐÌÁÃÅÍÅÎÔ ὔ ά  

ʂ  -ÏÔÏÒ ÅÆÆÉÃÉÅÎÃÙ É Å ÁÓÓÕÍÅÄ ÔÏ ÂÅ ωυϷ 

Ò 'ÅÁÒ ÒÁÔÉÏ ÂÅÔ×ÅÅÎ ÈÙÄÒÁÕÌÉÃ ÍÏÔÏÒ ÁÎÄ ÔÒÁÍ ÄÒÉÖÅ ÓÐÒÏÃËÅÔ 

Ä  4ÒÁÍ ÄÒÉÖÅ ÓÐÒÏÃËÅÔ ÄÉÁÍÅÔÅÒ Í  

Ð  !ÖÅÒÁÇÅ ÔÒÁÍ ÐÒÅÓÓÕÒÅ ÏÆ ÂÏÔÈ ÔÈÅ ÔÒÁÍÓ ÕÔÉÌÉÚÅÄ ÆÏÒ ÍÉÎÉÎÇ ÏÎÌÙ -0Á 

In the above equation, 2 is to include the effect of both the trams. Subsequently, the thrust force 

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

3.5.2.1.3 Torque 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 the rotor-connected 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 report and the cutterhead gearbox drawings, 

ultimately contributing to the detailed analysis. 

4ÏÒÑÕÅ ÁÔ -ÏÔÏÒ 3ÈÁÆÔ ʐ Ѝσz )z ὠ ὴzὪz‘άz ὶὴά (3.3) 

4ÏÒÑÕÅ ÁÔ #ÕÔÔÅÒÈÅÁÄ ʐ ʐÍ 'z2z‘Ὣὶ (3.4) 

 

)  ὓέὸέὶ ὅόὶὶὩὲὸ ὃάὴί 

ὠ  6ÏÌÔÁÇÅ 

ὴὪ 0Ï×ÅÒ &ÁÃÔÏÒ 

‘ά  ὓέὸέὶ ὉὪὪὭὧὭὩὲὧώ Ϸ  

ὶὴά  ὓέὸέὶ ὶὥὸὩὨ ὶὩὺέὰόὸὭέὲ ὴὩὶ άὭὲόὸὩ 

ὋὙ  ὋὩὥὶ ὙὥὸὭέ 

‘Ὣὶ  ὋὩὥὶ ὙὥὸὭέ ὉὪὪὭὧὭὩὲὧώ 

Subsequently, torque at the cutterhead (ʐ ) is converted into available motor power at the 

cutterhead with the following equation. 

0Ï×ÅÒ ÁÔ #ÕÔÔÅÒÈÅÁÄ 0 Îz ʐ ÒzÏÔÏÒ ÒÐÍ (3.5) 

 

Î  ὔόάὦὩὶ έὪ ὶέὸέὶί 

ʐ  4ÏÒÑÕÅ 

The motor load characteristic data which indicates motor current Vs the torque or power 

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

3.5.2.1.4 Field Penetration and Specific Energy Index 

After preprocessing important machine 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 interpreted for the given 

operational scenario. FPI and SEI could be amongst many approaches to evaluate machine performance 

that offer a holistic view beyond just thrust and torque considerations. 

ὊὭὩὰὨ ὖὩὲὩὸὶὥὸὭέὲ ὍὲὨὩὼ ὊὖὍ  

Ὕ
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(3.6) 
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(3.8) 

 

ὖ  0Ï×ÅÒ ÃÏÎÓÕÍÐÔÉÏÎ ÂÙ Á ÍÏÔÏÒ ÄÒÉÖÉÎÇ ÍÁÃÈÉÎÅ ÒÏÔÏÒÓ ÁÎÄ ÔÒÉÍ ÃÈÁÉÎ Ὤὴ Ὤὶ 

ὠ  0ÒÏÄÕÃÔÉÏÎ ÖÏÌÕÍÅ ὧώὨ 

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, production, mining 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, such as gage length reduction at the time of change, along with 

associated pictures of cutting tools. 

3.5.2.2.1 Data Screening and Sorting 

Data screening and sorting aim to identify tool management log inconsistencies and prepare the 

data for cross-referencing tool positions on the cutterhead. The initial dataset was meticulously collected, 

using various validation methods, such as capturing labeled tools with their positions on the cutterhead 

through pictures. This approach significantly minimized the need for extensive data pre-processing. 

Whereas, the second dataset, recorded during routine operations using a two-rotor borer miner, underwent 

thorough screening and sorting to minimize inconsistencies and facilitate subsequent analysis. The data 

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. These details are critical for understanding the impact of cutterhead wear 

conditions on machine performance parameters. To improve the accuracy of the subsequent analysis, 

some entries were removed entirely, while others were cross-referenced 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. 

3.5.2.2.2 Distance 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 location and hours of mining, along with rotor 

rpm. The formula for calculating Bit Travel Distance (d) is as follows: 

ὄὭὸ ὝὶὥὺὩὰ ὈὭίὸὥὲὧὩ Ὠ Ὤz ὶὴάzς“Ò (3.9) 

 

Ὤ  ὓὭὲὭὲὫ ὝὭάὩ άὭὲ 

ὶὴά Ὑέὸέὶ ὶὩὺέὰόὸὭέὲ ὴὩὶ άὭὲόὸὩ 

Ò   ὄὭὸ ὴέίὭὸὭέὲ Ὥὲ ὸὩὶά έὪ ὶὥὨὭόί έὲ ὸὬὩ ὶέὸέὶ 

3.5.2.2.3 Production 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 on the cutterhead. This calculation takes into 

account the distance traveled by the bit throughout its useful life, incorporating cutting geometry. This 

alternative approach is articulated through the equation given below. Consistency in the measuring units is 

important while calculating the production per bit using the formula. 

ὖὶέὨόὧὸὭέὲ ὴὩὶ ὦὭὸ ὴ Ὠ zz‏ ί ”z (3.10) 

 

Ὠ  ὈὭίὸὥὲὧὩ ὸὶὥὺὩὰὰὩὨ ὦώ ὸὬὩ ὦὭὸ ὥὸ ὸὬὩ ὸὭάὩ έὪ ὧὬὥὲὫὩ ὨόὩ ὸέ ύὩὥὶ ὧέὲὨὭὸὭέὲ 

‏  ὃὺὩὶὥὫὩ άὥὧὬὭὲὩ ὥὨὺὥὲὧὩ ὴὩὶ ὶὩὺέὰόὸὭέὲ 

ί Ὕέέὰ ίὴὥὧὭὲὫ 

”  ὓὥὸὩὶὭὥὰ ὨὩὲίὭὸώ 

3.5.2.2.4 Cutter Velocity 

Cutter velocity represents a critical parameter influencing cutter life. High cutter velocity can 

induce significant thermal stress in the bit tip, thereby affecting the longevity of the bit. The velocity at a 

specific bit position on the cutterhead is determined by the rotor 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, as shown in the following equation: 

ὅόὸὸὩὶ ὺὩὰέὧὭώ ὺ  ς“Òz ὶὴά (3.11) 

In the above equation, Ò represents the radius of the bit position on 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 involved cross-referencing the start and end positions 

of the machine to determine the number of bit positions that had 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. The mid-point of this distance was used to represent a 

moderately worn condition, while the distance below the mid-point 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 

quantified by summing the wear numbers for each bit position and dividing it by the total possible wear 

(i.e., if all bits were worn, the total would be 2 × the number of bits on the cutterhead). In this 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 0 -1 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 illustrated Figure 3.12. 

ὡὩὥὶ ὅέὩὪὪὭὧὭὩὲὸ
В ὄὭὸ ὲόάὦὩὶ ὶὩὴὶὩίὲὸὭὲὫ ὧόὶὶὩὲὸ ὦὭὸ ύὩὥὶ ὰὩὺὰ

В ὥὰὰ ὦὭὸί έὲ ὸὬὩ ὧόὸὸὩὶὬὩὥὨ ὥὶὩ ὧέὲίὭὨὩὶὩὨ ύέὶὲ
 

 

(3.12) 

In the above equation, n represents the total number of bits on all rotors of the cutterhead. 
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Figure 3.12  Workflow of the process of estimation of wear coefficient. 

3.6 Results of Analyzing Field Data 

Field results explain the machine performance 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 described in subsection 3.5.1 of this 

chapter. 

3.6.1.1 Four Rotor Borer Minerôs Performance based on Dataset -1 

Field trials were conducted using two bit variants, as shown in Figure 3.10. Consequently, results 

displaying SEI and FPI are presented with respect to bit variants. 

Figure 3.13 shows SEI for both bit 1 and 2, revealing a nominal better in the performance of bit 1 

over bit 2. As the Rate of Advance (ROA) increases, the specific energy index decreases, validating 

earlier research findings. The correlation coefficient is stronger for bit 1 than for bit 2, potentially 

influenced by the limited data available for bit 2. 
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Figure 3.13  Plot of SEI Vs. ROA for field data acquired from 4 rotor borer miner. 

Figure 3.14 and Figure 3.15 show FPI and Cutterhead Power (P) vs rate of machine Advance 

(ROA), results of field trials conducted with bit 1 and 2, respectively. In both cases, FPI decreases with an 

increase in the ROA, which may be influenced by factors such as cutterhead wear conditions and local 

geology. The discussion on cutterhead wear condition is given in the next section. Whereas in both cases 

the power consumption by cutterhead rises with an increase in ROA, as expected. However, the 

correlation coefficients for the data trends are not statistically significant in either case. 

 

Figure 3.14  Field data acquired from 4 rotor borer miner analysis w.r.t. to FPI and P Vs. ROA. 
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Figure 3.15  Field data acquired from 2 rotor borer miner analysis w.r.t. to FPI and P Vs. ROA. 

3.6.1.2 Two Rotor Borer Minerôs Performance based on Dataset - 2 

Figure 3.16 displays two rotor performance measures observed during field trials with varying 

machine Instantaneous Penetration Rate. When the machine advance is lower, both SEI and FPI increase. 

 

Figure 3.16  Field data acquired from 2 rotor borer miner analysis w.r.t. to FPI, and SEI Vs. Machine 

advance in meters. 
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3.6.2 Bit Life Assessment 

3.6.2.1 Machine Performance based on Cutterhead Wear Using Dataset -1 

From field data, the rate of bit wear and its impact on machine performance parameters were 

determined and shown in Figure 3.17 and Figure 3.18. With the increase in bit wear, power consumption 

increases impacting the FPI and SEI of the machine. 

 

Figure 3.17  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. 

 

Figure 3.18  Field data acquired utilizing 4 rotor borer miner with bit 2 analysis for FPI 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 examined bit life by considering 

production per change of an individual bit, bit travel distance with respect to its position per change, and 

the wear rate of different bit variants relative to bit speed. The primary factor in evaluating bit life 

depends on the machine operator's decision to replace the bit. Bit management is typically determined 

during breaks in every shift, or as necessary due to excessive machine vibration noticed by operators. 

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

3.6.2.2.1 Bit Life Assessment Using Bit Production 

Bit production, which refers to the volume of material excavated by the bit before replacement, is 

an important field measure. Figure 3.19 presents a comparative study of two bit variants in the same 

geological conditions and on the same machine, to assess their field performance. As shown in the figure, 

bit 2 outperformed bit 1. This difference could be attributed to bit tip material and geometry, leading to a 

faster rate of wear, requiring a change. The bit life is reduced towards the gage of the rotor. 

 

Figure 3.19  Per bit production vs. bit position and velocity. 

3.6.2.2.2 Bit Life Assessment Using Bit Travel 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 the field. Figure 3.20 

shows the results, supporting the performance findings determined through the production per bit as 

shown in Figure 3.19. 
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Figure 3.20  Bit travel before change vs. bit position and velocity. 

3.6.2.2.3 Bit Life Assessment Using Bit Wear Rate Vs. Bit Speed 

Figure 3.21 and Figure 3.22 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 limited data set does 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 range at the gage region of the bit as 

shown in these figures. While considering the average gauge reduction a trend line is shown in the figures. 
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Figure 3.21  Bit 1 wear rate with respect to bit travel velocity. 

 

Figure 3.22  Bit 2 wear rate with respect to bit travel velocity. 

3.6.2.2.4 Bit Life as a Function of Geology  

This evaluation aimed to understand how bit wear varies with geology and bit speed. As evident 

from Table 3.1, the compressive strength of the rock in Mine A is half that of Mine B, while Mine C is 

comparable to Mine B. The four-rotor machine in Mine A operates at almost double the rotor rpm 

compared to the two-rotor borer miner machine operating in Mine B. Consequently, the cutter speed in 
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Mine A, as shown in Figure 3.23, 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. However, if the high strength 

rock is less abrasive, as indicated by the lower Cerchar Abrasive Index (CAI) 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 bit speed and slightly higher CAI in Mine A likely contribute to the 

higher bit consumption, as shown by the lower production per bit compared to Mine B in Figure 3.23. 

Another factor that may cause a difference in wear rate are cutterhead profile and cutter orientations 

across the cutterhead, which are different for both the machines. These field results highlight the complex 

interplay between speed, cutterhead profile and gage cutting in the two machines, operating under 

different geological conditions. The wear rate at the gage suggests that factors beyond speed may 

contribute, requiring further investigation through experimental work. 

Table 3.1 Rock strength parameters in the area of interest. 

Parameter Mine A Mine B 

Compressive Strength (UCS) (psi) 1560 3110 

Tensile Strength (BTS) (psi) 175 210 

CAI (Index) 0.34 0.30 

 

 

  

 

Figure 3.23  Production per bit assessment in two geologies using two and four rotor borer miners. 
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3.7 Discussion and Conclusion 

The field data lacks important geomechanical and geotechnical parameters representing varied 

geological conditions in the mining area and could not be represented with the single set of properties 

obtained from the samples received to conduct full-scale LCM tests shown in Table 3.1. While the 

absence of geotechnical parameters raises concerns, the relatively uniform nature of the target geology in 

the Prairie Evaporites allows for the analysis presented in this chapter to predict an average expected 

value in the area of interest. This uniformity allows for a reasonably confident interpretation of machine 

performance, even without comprehensive geotechnical details. However, it is critical 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. However, it is essential to note that the results are derived from a field 

setting, and any influence on the data might not significantly differ in Normal 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 indicators such 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 illustrated in Figure 3.21, 

whereas the changes for Bit 2 occurred at considerably higher length reductions, as evident from the data 

shown in Figure 3.22. Another critical aspect also indicated in the preceding paragraph is the size and 

representativeness of the field dataset used. In this study, although the dataset is limited for both the bit 

variants yet Bit 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 dataset are essential for such analysis. 

The machine operatorôs subjective judgment in determining when to change the bit based on its 

condition presents another potential limitation in the analysis of tool management data. The tool 

management data shows the variability in gauge length at the time of change. The field crew tries to 

maintain continuous operation with minimal field interventions for tool management throughout the shift. 

Consequently, the consideration of the average tool management data employed in data analysis is an 

attempt to reduce the 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 is significant, particularly regarding the compressive strength of the rock. Laboratory 

tests results shown in Table 3.1 identifies that the compressive strength of rock in Mine A is 
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approximately half that of the rock in Mine B. Despite this difference, the indirect tensile strength 

measured with BTS of both rock formations remains relatively consistent. Additionally, the 

abrasiveness of the rock in Mine A is slightly higher than that of rock in Mine B. 

2. 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 geological conditions on the mining face. 

3. The decreasing trend observed in the FPI with an increase in cutterhead power consumption can be 

attributed to the cutterhead wear level. 

4. While reducing spacing, reduces the cutting force matrix at the gage position, these bits have high 

velocities. Because of this, researchers may often attribute the high rate of bit wear at the gage 

positions to the high velocities.  

5. 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. 

6. The considerable difference in bit wear between two and four rotor machines may be attributed to 

geological properties in the respective mining areas and cutterhead diameter, which relates to the 

different average speeds of tools on the cutterhead. 
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CHAPTER 4 FULL-SCALE LINEAR ROCK CUTTING TEST TO EVALUATE STANDARD AND 

TILTED-BIT METHODOLOGIES 

The Linear Cutting Machine test (LCM) is a reliable method for investigating rock cutting 

performance of tools and evaluating cutter-rock interaction [23], [26], [49], [115], [126], [153], [172], 

[230], [271]. This research is based on an analysis of both archived and recently conducted full-scale 

experimental test matrices on evaporate rocks at 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 

more comprehensive 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 a distinct test philosophy. An innovative approach of utili zing 3D scanning technology to capture 

surface characteristics during full-scale laboratory tests is also discussed. 

4.1 Description 

LCM tests allow for direct measurement of cutting forces required to cut the rock with the 

specific cutter at predefined cutting geometry. Full-scale testing eliminates uncertainties associated with 

scaling effects associated with laboratory-scale rock cutting tests [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 angles. 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 machine. Using progressive 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 cutterhead [156], [164], [165], [273].  Additionally, 

assessing product quality through particle size distribution measurements, surface profiling, and dust 

generation helps understand cutting tool behavior at different depths and wear levels [172], [201], [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 tool life 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 higher efficiency and higher productivity at a given power consumption 

level or the potential use of a smaller, cost-effective machine for material production [139], [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 welded with a saddle. Forces are monitored by a triaxial load cell placed between the saddle and 

the cross frame. 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 cement grout within 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 heavy-duty hydraulic cylinder. The rock box is also attached on both sides 

to hydraulic cylinders, which move the rock box sideways to maintain specific cut spacing during the 

rock-cutting tests. A schematic drawing of the cross-frame, rock box, and sled section of LCM is shown 

in Figure 4.1. 

 

Figure 4.1  Labelled schematic of LCM cross-frame, rock box, and 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 variable displacement 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 in Figure 4.2. 

 

Figure 4.2  Labelled picture of LCM ï 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 data is collected after the conditioning passes. 

4.3 LCM Test Outcomes 

The full-scale LCM test provides four major outcomes including the 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 understanding of cutter-rock interaction. 

4.3.1 Cutting Force  

The cutting force 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 force, while 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 axis. Figure 2.4 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 is used, and the 

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 to advance in target geology at specific operational 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 forces. Cutting force trends through normalizing the values are 

included in this study which is the result of recent tests and analysis of the EMI database on evaporates 

cut by radial tools in the past two decades. 

The efficiency of different cutting tools across various cutting geometries is evaluated using the 

SE. This metric provides a detailed insight into cutting efficiency, allowing a reliable assessment of the 

cutting performance under varied cutting conditions and geometries. 

4.3.2 Particle Size Distribution of Rock Cuttings 

The assessment of product quality is done through a thorough particle size analysis of rock 

cuttings obtained from the LCM test. Mining operators place a great emphasis on this evaluation since it 

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 process, and ultimately loss of valuable ore and issues with ventilation. 

Due to the fragile nature of evaporites 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 material larger than 4.75 

mm (0.187 inches) mentioned as Sieve # 4 in Table 4.1 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. 
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Samples were collected from a 0.61m (2 ft) length along the rock, as shown in Figure 4.3. Larger 

pieces were collected manually, mid-sized ones using a broom and dustpan, and smaller grains or fines 

using a vacuum. The subsequent sieving process used a RO-TAP, with analyses conducted across sieve 

sizes ranging from 1Ĳò to 200 mesh, including 1ò, 7/16ò, #4, 16, 30, 50, and 100 mesh. 

 

Figure 4.3  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 section. An example of the procedure adopted to determine the 

coarseness index is shown with test data given in Table 4.1. 

Table 4.1 Coarseness Index (CI) analysis. 

Sieve Number Sieve Size (mm) Retained Mass (g) 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 



 

61 

Table 4.1 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 CI =802.7 

 

4.3.3 Rock Surface Characterization 

Rock surface characterization serves as a method for assessing cutter efficiency within a specific 

cutting geometry, particularly in the context of interactive rock cutting. The large ridges between the 

cutline also known as coring can significantly reduce cutting efficiency [108]. This coring phenomenon, if 

extensive, can result in adverse consequences such as decreased machine production, premature cutter 

wear, and the generation of excessive fines and dust. The optimal spacing to penetration can be 

determined by analyzing the rock surface to improve machine performance and reduce coring. 

Initially, profilometry was used to create multiple sections, as shown in Figure 4.4, to measure 

ridge formation and key surface characteristics, including over/underbreak, and breakout angle, to offer 

insights into efficient cutter-rock interaction. Subsequently, 3D scanning technology was introduced to 

scan the rock both before and after cutting as shown in Figure 4.5. 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 presented in Figure 4.6, 

contributing to a deeper understanding of the rock surface and its implications for cutting efficiency. 
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Figure 4.4  Evaluation process of coring through ridge measurement. 

 

Figure 4.5  3D scanned surface before and after rock cutting in the LCM test. 
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Figure 4.6  3D Point cloud data workflow chart. 

4.3.4 Dust Generation 

Conducting a full-scale 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 on the fine generation study, the limited dust-

related data is merely added to supplement the fines-related study. To facilitate this, a plastic cover and a 

dust collection arrangement (shown in Figure 4.7) 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 thesis as well as published articles [32], [170]. 
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Figure 4.7  Dust collection mechanism with LCM test apparatus. Courtesy Dr. Slouka [32], [170]. 

4.4 Linear Cutting Machine (LCM) Test  

Following prior preparations of a rock sample, the 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 study. Figure 4.8 shows the cycle of the LCM test. 
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Figure 4.8  Work cycle of LCM test. 

4.4.1 Rock Sample Preparation 

Rock samples received from the site were shaped and sized by drilling a line of holes using an 

electric/hydraulic drill, followed by splitting with plugs and feathers or rock-splitting grout to make rock 

samples fit into the rock box. The rock samples are often then sprayed with a waterproofing agent (i.e. 

polyurethane or flex seal liquid waterproofing) to avoid dissolution or leaching in concrete mix grout, 

where required. 

 Subsequently, the prepared rock samples were cast in grout with a strength of 14 MPa (~2000 

psi), confining them within the rock box. This process ensures the integrity of the rock samples and their 

compatibility with the subsequent testing environment. Figure 4.9 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 phase, which is rock cutting. 
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Figure 4.9  Rock sample preparation cycle for LCM test. 

4.4.2 Test Matrix  

Designing a test matrix is 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 research. In this 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. For this study, 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 

gage positions. 

5. Examine cutter-rock interaction in the corner-cutting scenarios. 

4.4.2.2 Test Methods 

This study uses two LCM testing methods, each focusing on specific purposes. A) The Standard 

LCM test method aligns with the conventional method, involving a cutting tool positioned perpendicular 

to the rock surface, and B) the tilted-bit LCM test utilizes a cutting tool attached to a retractable cross 

beam using a saddle and bit holder at a predetermined tilt angle. 

4.4.2.3 Cutting Geometry 

Cutting geometry includes cutter penetration and spacing, as in the typical mining operations in 

similar rock types. In Standard LCM tests, spacing variations were introduced to assess the cutting tool's 

performance and optimize machine efficiency. Similarly, for tilted-bit LCM tests, bit spacing on selected 

typical cutterhead profiles was used, aligned with corresponding bit positions. Figure 4.10 provides a 

schematic drawing that explains the nomenclature for tilted-bit cutting tests. 

 

Figure 4.10  Schematic of tilted-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 three consecutive 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, providing a more robust 

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 it needs to 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 spacing between the cutting lines to better represent the 

operating conditions of a real-world cutterhead. 

4.4.2.4 Cutting Tools 

As identified in Table 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 available. Tests with various wear levels were conducted to evaluate bit performance over 

its lifespan and to ascertain the impact of cutting tool wear on the machineôs performance. 

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 insert-type 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 options, 

hardfacing, and conical tip, are expected to be viable options. 

A novel design, Bit 6, is introduced in the table, specifically designed for use in the gage region 

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 of Bit 6 in this study. Figure 4.11 shows the 

side and front view of all bits. 
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Table 4.2 Cutting tools and wear levels considered in the test matrix. 

Bit Nomenclature Wear Levels Tested Remarks 

Bit 1 (Flat face) New, Moderately Worn, and Worn Hardened steel tip (New bit - 12.19 

mm wide tip, Moderate bit - 13.46 mm 

tip width, and won bit tip - 15.49 mm 

wide) 

Bit 2 (Chevron) New, Moderately Worn, and Worn Carbide pointed tip (New bit - pointed 

tip, Moderate bit - 12.7 mm tip width, 

and won bit tip - 16 mm wide) 

Bit 3 (Conical) New (90o tip angle) 

New (60o tip angle) 

Modified radial bit with conical insert 

tip 

Bit 4 (Hard faced) New Hardfaced with wear-resistant material 

of Technogenia® 

Bit 5 (Round) New Carbide rounded tip 

Bit 6 (Tilted) New (Initial design work is given 

in Appendix A.2) 

New innovative design developed at 

EMI of CSM 

 

 

Figure 4.11  Bit variants utilized to conduct LCM tests and performance evaluation. 

4.4.2.5 Tilt Angles 

To achieve the desired tilt angle, the bit holder was orientated at a particular predefined tilt angle 

and welded 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 determined by the arrangement of cutters at the 

gage area of the selected profiles. The tilted-bit LCM tests were conducted at five different tilt angles. 

Figure 4.12 presents a bit fitted in the bit holders at a certain tilt angle. 

 

Figure 4.12  Schematic of tilted-bit LCM test. 

4.4.2.6 Test Matrix 

Table 4.3 presents the generic test matrix to provide an overview of experimental scope of work 

to cross-reference to the results and in the relevant section. 

Table 4.3 Test matrix. 

Test Method Mine Bit # Wear Conditions Purpose 

Standard LCM Test A 1 & 2 Yes Performance Vs Tip geometry 

and Bit life 

B 2 Yes Comparative analysis and 

Performance of alternatives 3a &4 No 

Tilted Bit LCM Test 2 No Performance of 3-4 gauge bits 

Standard LCM Test C 2 and 5 No Performance Vs Tip geometry 

Tilted  C 2 and 3b No Performance of 3-4 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 

Figure 4.13, both from the front and side of the radial bit, to convert the recorded voltages to force. The 

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 shown in Figure 4.13, is 

resolved into rectangular components using an angle of application of force. The force is applied using 

hydraulic piston connected to a manual hydraulic pump. The pump has a pressure gauge attached to it to 

facilitate force measurement. The 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 from six loads 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 are required 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 components. The calibration process adopted in this study 

used a 45o angle from the front and 9o and 45o angles loading from the side of the bit, with each tilt angle 

arrangement calibrated separately. 

 

Figure 4.13  Calibration arrangement of load cell. 
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4.4.4 Rock Surface Conditioning 

Before collecting data, 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 and depth of cuts 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. During conditioning for the Standard LCM test, a three-start pattern, shown in 

Figure 4.14a, was consistently maintained. Similarly, for the tilted-bit LCM tests, three start patterns were 

implemented alongside conditioning passes after conforming the profile at the gage as shown in Figure 

4.14b. 

 

Figure 4.14  Schematic of tilted-bit LCM test. 

4.5 LCM Test Methods and Philosophies 

In this section two LCM test methods are discussed with the underlying test philosophies. While 

the LCM tests typically use the standard LCM test method with radial bits, this study introduces an 

innovative method using the tilted-bit to simulate the typical bit orientation observed on the cutterheads of 

borer miners.  A 3D model of a cutterhead with bit arrangements is shown in Figure 4.15. The tests with 

varying bit orientations are specifically designed to explore the cutter-rock interaction in the gage region 

of borer miners, where bits have high tilt angles and experience high wear rates. Typical data acquired 

from the LCM tests is shown in Figure 4.16. The experimental scope, outlined in the test array provided in 

4.2.2.4, aims to investigate cutter-rock interaction across the entire cutterhead. 
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Figure 4.15  Cutterhead 3D model with bit arrangements [274], courtesy Bit Service®. 

 

Figure 4.16  LCM tests inputs and outputs. 
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4.5.1 Standard LCM Test  

In standard LCM tests, a bit is positioned perpendicular to the rock surface, using a three-start 

pattern to replicate the influence of the three arms during the active operation of 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 engages the rock vertically, assuming that the tilt angle's impact is not 

significant to the cutter-rock interaction, with spacing, penetration, and cut sequence being 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 encounter consistent face conditions. Testing inputs and 

outputs are shown in Figure 4.17. 

 

Figure 4.17  Standard LCM test inputs and outputs. 

4.5.2 Tilted-bit  LCM Test  

The tilt angle test procedure was adopted in LCM tests with a tilted-bit to simulate cutter-rock 

interaction in the gage region. This is the first time that full-scale testing of gage positions 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. During the tilted-bit 

testing longitudinal spacing, tilt angle, bit sequence, and arm staggering effect of cutting sequence and 

position of the cutters were 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 the inclusion of the arm staggering effect of 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, simulating real-time 

conditions in mining scenarios with an actual borer miner. A basic philosophy underlying this method is 

that the tilt angle plays a critical role in cutter-rock interaction and influencing cutter performance, in 

addition to spacing and penetration. 

Similar to the Standard LCM test, the tilted-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 consistency in the 

recorded data and the cutter sees the same face conditions. Testing inputs and outputs are shown in Figure 

4.18. 

 

Figure 4.18  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 calculated using a standard sieve analysis method. The 

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 Equation (4.1). This approach ensures an 

accurate representation of the underlying trends in the data. 

ὗ
ὢ

ὅέὲ
  ὅέὲ 

(4.1) 

Where, 

ὗ ὅέὶὶὩίὴέὲὨὭὲὫ ὴὥὶὥάὩὸὩὶ ίὬέύὲ Ὥὲ ὸὬὩ ὫὭὺὩὲ ὪὭὫόὶὩ 

ὢ ὙὩὥὰ ὺὥὰόὩ 

ὅέὲ ὅέὲίὸὥὲὸρ 

ὅέὲ ὅέὲίὸὥὲὸς 

4.6.1 Standard LCM Test Results 

Five variants of bits were employed in the standard LCM test method, while the inclusion of a 

sixth bit for testing in future iterations of the test matrix is currently under consideration and identified in 

future research expansion. Time constraints prevented the author from conducting a thorough analysis of 

the newly designed bit identified as bit 6 in  

 

 

 

Table 4.2. In this section force, PSD, and dust results are given. 

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. The normal and drag force components 

primarily impact the cutter-rock interaction in case of standard LCM test, because the average side force 

typically ranges between 10-15% 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 component. The 

following equation is used to calculate the cutting force resultant.  

ὅὙὊ ὔὊ   ὈὊ  (4.2) 

 

ὅὙὊ  #ÕÔÔÉÎÇ ÆÏÒÃÅ ÒÅÓÕÌÔÁÎÔ ὥὺὩὶὥὫὩ 

ὔὊ  ὔέὶάὥὰ ὪέὶὧὩ ὧέάὴέὲὩὲὸ ὥὺὩὶὥὫὩ 

ὈὊ  ὈὶὥὫ ὪέὶὧὩ ὧέάὴέὲὩὲὸ ὥὺὩὶὥὫὩ 
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 Moderately worn and worn bits were selected from the bits recovered from the field. The 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 coefficient calculated from the ratio of drag force to the 

normal force components shown in the equation (4.3). Results are shown in Figure 4.20. This figure 

shows a substantial reduction in the drag coefficient with the increase in the wear level. This indicates the 

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

 

Ὀ
ὈὊ

ὔὊ
 

(4.3) 

 

Ὀ  $ÒÁÇ ÃÏÅÆÆÉÃÉÅÎÔ 

ὔὊ  ὔέὶάὥὰ ὪέὶὧὩ ὧέάὴέὲὩὲὸ ὥὺὩὶὥὫὩ 

ὈὊ  ὈὶὥὫ ὪέὶὧὩ ὧέάὴέὲὩὲὸ ὥὺὩὶὥὫὩ 

 

 

Figure 4.19  Bit 1 - Cutting resultant force w.r.t. to bit wear. 
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Figure 4.20  Bit 1 - Cutting coefficient w.r.t. to bit wear. 

In the standard LCM test side force is around 12-15% of the cutting force resultant. The trend of 

data, using masked force values derived from Equation (4.1), is illustrated in Figure 4.21, utilizing a 

moderately worn Bit 1. 

 

Figure 4.21  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 shown in Figure 4.22 

and Figure 4.23. In this case, the moderately worn bit was artificially prepared by grinding the bit tip at 

the CSM machine shop. The results shown against bit 2 are tested with samples received from mine B. 

These figures show the normalized cutting force resultant (combined normal and drag force calculated 

using equation (4.2)) and drag coefficient (calculated using equation (4.3)), respectively. Figure 4.24 

includes masked cutting force resultant and masked side force use by moderately worn bit 2. The 

observed trends in forces and coefficient for bit 2 are similar to those observed for bit 1. The insignificant 

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. 

 

Figure 4.22  Bit 2 - Cutting resultant force w.r.t. to bit wear. 
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Figure 4.23  Bit 2 - Cutting coefficient w.r.t. to bit wear. 

 

Figure 4.24  Bit 2 (moderately worn) - Cutting resultant force and side force. 

To facilitate a comparison between bit variants, the SE is used as a metric for evaluating cutting 

efficiency. Figure 4.25, Figure 4.26, and Figure 4.27 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. 



 

81 

 

Figure 4.25  SE - Bit 1 and 2 in mine A. 

 

Figure 4.26  SE - Bit 2, 3, and 2 in mine B. 
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Figure 4.27  SE - Bit 2 and 5. 

4.6.1.2 Particle Size Distribution 

This study presents the particle size distribution using the Coarseness Index (CI), which is derived 

from the sieve analysis data, as detailed in subsection 4.1.3.2. Figure 4.28 and Figure 4.29 show the CI 

concerning the wear levels of bits 1 and 2, showcasing a decrease in the CI index with an increase in wear 

levels and S/P. Figure 4.30 extends the analysis by showing the CI of the different bit variants tested in 

this study. This exploration of CI trends provides valuable insights into the changing particle size 

distribution with varying wear levels and different bit variants, contributing to an understanding of the 

experimental outcomes. 
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Figure 4.28  CI - Bit 1 in three wear levels. 

 

Figure 4.29  CI - Bit 2 in three wear levels. 
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Figure 4.30  CI - Comparison between different bit variants. 

4.6.1.3 Dust Concentration 

As indicated in section 4.1.3.4, the analysis of dust data was conducted by Dr. Slouka [32], [170]. 

In this section, the concentration of dust is presented to show a noticeable trend with bit wear. Figure 4.31 

and Figure 4.32 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, offering valuable insights into the impact of wear on the 

mining environment during the rock cutting process. 
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Figure 4.31  Bit 1 - Dust generation as a function of bit wear levels and S/P. 

 

Figure 4.32  Bit 2 - Dust generation as a function of bit wear levels and S/P. 
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4.6.2 Tilted-bit  LCM Test Results 

The tilted-bit LCM test is used for the first time to simulate a cutterhead profile to investigate 

cutter-rock interaction, particularly at the gage position. The discussions in this section aim 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 spacing, and bit type. 

Figure 4.33 and Figure 4.34 show the drag coefficient and cutting resultant along with side force 

in relation to bit sequencing, respectively. As shown in these figures, the drag coefficient varies with 

changes in bit sequences, S/P ratio, and tilt angle for a particular position. Contrary to standard LCM test 

results, side force is significant in tilted-bit tests, as shown in Figure 4.34.  

 

Figure 4.33  Tilted-bit LCM test - Drag coefficients as a function of bit sequencing. 
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Figure 4.34  Tilted-bit LCM test ï Masked cutting resultant and side force as a function of bit 

sequencing. 

Similarly, Figure 4.35 and Figure 4.36 present the drag coefficient and masked cutting resultant 

along with masked side force in relation to rock surface conditioning, respectively. Similar to the previous 

case, the drag coefficient shows variations with respect to tilt angle and S/P ratio. Additionally, cutting 

resultant and side forces show variation across different cutter positions. 

 

Figure 4.35  Tilted-bit LCM test - Drag coefficients as a function of rock surface conditioning. 
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Figure 4.36  Tilted-bit LCM test ï Masked cutting resultant and side force as a function of rock 

surface conditioning. 

4.6.2.2 Particle Size Distribution (PSD) 

The particle size distribution, as shown by the CI in Figure 4.37, highlights a significant reduction 

in CI at two gage positions. Given the limited tests conducted with tilted-bit orientations, caution is 

needed in interpreting these results to indicate the impact of tilt angles on PSD. Rather, 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 by the S/P ratio in Figure 4.37, 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 side of the cutter, can also influence product quality. Hence, attributing the 

presence of fines solely to the S/P ratio 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 fines in the product. The results however identify that 

unrelieved cutting contributes more to fines, resulting in a lower CI, while relieved cutting with a 

reasonable S/P ratio yields a higher CI, indicating coarser rock cuttings. 
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Figure 4.37  Tilted-bit LCM test ï Cutting resultant and side force as a function of rock surface 

conditioning. 

4.7 Discussion and Conclusions 

The study employed two distinct methodologies using a full-scale 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 abovementioned 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 life [26], [28], [182], [251]. The results shown in Figure 4.25 that 

the flat-faced Bit 1 consumed 2-3 times higher cutting forces compared to the chevron-shaped 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 had a smaller contact area than the flat Bit 1, aligning with the findings 

of previous studies [275]. Additionally, the data in Figure 4.19 and Figure 4.22 indicated that bit wear 

significantly reduces the cutting performance, supporting the findings of earlier research [18], [21], [165], 

[275]. The drag coefficient varies between bit types and tip geometries and increases with wear, which 

supports the findings of [34]. The side forces recorded in the standard LCM test were as low as 10 % of 

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 true, particularly 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 in Figure 4.26, further confirmed the influence of shape and contact area on the force consumption. 

The conical bit with 90o cone 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 

carbide-tipped bits. The refurbished Bit 4 was also included to assess the possibility 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/P ratio. The results presented in 

section 4.6.1.2 shows that at higher 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 studies [26], [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 dust presented in Figure 4.31 and Figure 4.32 was found to increase with 

higher production rates [107], [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 tilted-bit LCM test, which simulated the cutterhead profile with varying tilt angles and 

longitudinal spacings, provided valuable insights into the cutter-rock interaction characteristics. Unlike 

the standard LCM test, the side force component in the tilted-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 

carbide-brazed tips. The 3D surface analysis for three different settings of a single profile confirmed that 

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 gauge region, 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 cutter-rock interaction, particularly in the gauge region, to 

better understand the performance limitations and wear mechanisms 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 operations. To address limited dataset, EMI 

repository is used for extrapolation of the available data. 

Following are the general conclusions from the evaluation of experimental test results. 

1. Relying solely on the standard LCM test for the interpretation of cutter-rock interaction in the gage 

areas oversimplifies an inherently complex phenomenon. 
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2. 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 addition to its tip while interpreting the cutting 

force matrix consumed by a specific bit variant.  This is especially true for the high penetration 

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

3. As cutters progressively wear, cutting forces increase is 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. 

4. Side forces are typically recorded as low in standard LCM tests, which can be misleading when 

dealing with bits oriented at higher tilt angles. 

5. An increase in CI 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 penetration may yield different results in 

the gage region, where the increase in penetration of the cutting tool might intensify the grinding 

effect at certain tilt angles. 

6. 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, simulating the sequence 

of cutting that represents the cutterhead profile in full-scale rock cutting experiments becomes 

imperative for accurately estimating the cutter performance on a particular machine. 
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CHAPTER 5 ANALYSIS OF CORNER-CUTTING SCENARIOS USING 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 lacing design [40]. 

Key factors in the rotor tool lacing of a borer miner include lateral (radial) and longitudinal tool spacing, 

the radius of bit position, the number of tracking bits, and tilt angle. Some of the relevant lacing 

parameters are shown in Figure 4.10. 

In general, the cutting performance of tools is expected to be optimum at spacing to depth ratio 

(s/d), where interactive cutting by neighboring tools is ensured. According to the literature, interactive 

cutting using drag-type rock cutting tools can be achieved with bit lateral spacing less than ódoô given in 

equation 5.1. 

Ὠ ςÔÁÎ‎ (5.1) 

 

Ὠ  ὒὭάὭὸ ὸέ ὩὲίόὶὩ ὧόὸ ὭὲὸὩὶὥὧὸὭέὲ ὦὩὸύὩὩὲ ὲὩὭὫὬὦέὶὭὲὫ ὸέέὰί 

‎  
ρ

ς
ὄzὶὩὥὯέόὸ ὥὲὫὰὩ 

 

In the above equation, ‎ is only unknown which depends upon the rock properties. It is identified 

as 52o to 72o per Roxborough et al. [49], [153], [230]. The relation is inferred from the rock cutting tests 

conducted on flat rock surfaces. 

The idea of how cutter-rock interaction changes with the geometric configuration of rock surfaces 

has been discussed for a while, dating back to 1988 when Hurt et al. created a computer program to 

simulate such processes [69], [278]. They used empirical equations to estimate cross-sectional areas. 

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 features [279], [280], [281], [282], [283], [284], [285]. 

In 2018, Hekimoglu conducted a detailed investigation of the relationship between the cutting 

area and cutting force. He examined the two most probable unrelieved and relieved cutting actions of 

drag-type cutters, using conical and radial bits to understand cutting force consumption. Hekimoglu 

acknowledged that the cutting force relationship to the effective cutting area might vary in different 

cutter-rock interaction scenarios [40]. In addition to exploring rock cutting forces by considering the 

effective area in both relieved and unrelieved cutting, Hekimoglu also tried to understand corner-cutting. 

He did this by looking at the effective area using a conical bit with the roadheader's profile [60]. 

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 cutting i.e. corner-cutting using geometric features of the 
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rock surface in addition to the effective area of cut. The focus is on the gage region of the rotor in the 

borer miner machine. In the gage region, the lateral spacing is significantly less but varying longitudinal 

spacing along with high tilt angles. The issue arises with corner-cutting scenarios due to high longitudinal 

spacing or bit sequencing, leading to bit overloading despite low S/P. This chapter evaluates corner-

cutting with the tilted-bit LCM test, which uses a complicated force prediction approach that takes into 

account the geometric features of the rock surface. 

5.1 Corner Cutting 

This section explains corner-cutting, significance, and evaluation through full-scale LCM tests. 

The difference in concept from the usual rock cutter interaction explored in previous research is discussed 

here in this section. The literature on radial bits in rock cutting is very 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 

Corner-cutting occurs at the outer perimeter or sides of the cutterheads when 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 was occurring on 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 created a corner-cutting scenario 

where one side of the cutter was not able to fracture the rock (as is the case with the last cutter on the 

cutterhead). This led to a significant side grinding on that side. 

Based on this observation, the term "corner-cutting" is used in this study to describe situations 

where uneven longitudinal bit spacing causes uneven breakage and distinctive one-sided grinding. 

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

To evaluate corner-cutting, tilted-bit LCM test is used in this study to simulate a cutterhead 

profile at gage region with 4-5 bits. Each bit is associated with two spatial parameters: 1) the longitudinal 

spacing (denoted as yi) and 2) the lateral spacing (denoted as xi), relative to the neighboring bits shown in 

Figure 5.1. Based on these two spacings, the position of the cut on the rock can be identified in the 

pattern. Additionally, the sequence of cuts is determined by the position of the bit on the rotor arms, such 

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 holder needs 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 using the lateral 

spacing (xi) 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. 

The measured cutting forces were then evaluated for different combinations of the longitudinal (y) and 

lateral (x) spacings and tilt angle, as well as the penetration, to determine the optimized cutterhead profile. 

 

Figure 5.1  A typical cutterhead gage profile with given tilt angles. 

Where, 

Red dashed line represents the rock surface. 

xi = Lateral spacing  

yi = Longitudinal spacing 

Ti = Tilt angle in degrees 

 



 

95 

5.1.3 Full -scale LCM Tests and Identifying Corner Cutting 

Corner-cutting is 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 involved in corner-cutting. 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 was individually scanned by a 3D scanner and analyzed later to determine different 

surface features. This approach was critical in recognizing the corner-cutting phenomenon, making the 

slickened side of the rock visible on one side of the groove. Figure 5.2 shows the 3D profiles of cuts, 

showing the evidence and how it was deduced from the 3D point cloud data. 

 

Figure 5.2  Tilted-bit LCM test ï Signs of side grinding by bits at the gage with high tilt angles. 
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The figure clearly shows that on one side of the cutter footprint, there is a grinding effect, except 

in the 6th cut as shown in Figure 5.3. In the 6th cut, the rock is relieved from both sides by preceding bits, 

resulting in no slickenside. 

 

Figure 5.3  Tilted-bit LCM test ï x-section of Figure 5.2. 

5.2 Test Data to Evaluate Corner-cutting Scenarios 

The evaluation of corner-cutting scenarios was conducted using the cutterhead profile described 

in Section 5.1.2, with varying cutter spacings, sequencing, and rock surface conditioning, as illustrated in 

Figure 5.4 and Figure 5.5. 

Figure 5.4 compares the normalized resultant cutting forces, calculated using Equation (5.2), to 

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, indicating an overload 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 encounters the 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 neighboring bits. Particularly, the gage position bits exhibit higher cutting forces in both 

sequences. 
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Figure 5.4  Normalized resultant force ï Two different bit sequences. 

Figure 5.4 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 arrangement of the rotor 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 between 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 

sidewall but the difference in the two comparisons reveals that the immediately adjacent bit position has a 

little different for both. The bit immediately adjacent to the gage position in the case of condition 2 

scenario is underloaded, which is because of the fully relieved situation at the time of cut. 
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Figure 5.5  Normalized resultant force ï Two different rock surface conditioning. 

In corner-cutting scenario, the resultant force is obtained by reducing all three components using 

the equation (5.2). 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 plotted in Figure 5.6 and Figure 5.7.  The 

interaction of the cutter with the rock at different tilt angles reveals the significance of side force and 

potential contribution to bit wear or bit tip damage. 

Figure 5.6 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 attributed to the 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 rock cutting at 

the gage area. 

Figure 5.7 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 force is equal 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 tilted-bit LCM test is required to collect a reliable data set for cutters 

oriented at high tilt angles.    

 

Figure 5.6  Normal to Side Force ratio ï Two different bit sequences. 
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Figure 5.7  Normal to Side Force ratio ï Two different rock surface conditioning. 

ὙὊ ὔὊ ὈὊ ὛὊ  
(5.2) 

Where, 

ὙὊ ὃὺὩὶὥὫὩ ὙὩίόὰὸὥὲ ὊέὶὧὩ έὪ ὥὰὰ ὸὬὶὩὩ ὧέάὴέὲὩὲὸί 

ὔὊ ὃὺὩὶὥὫὩ ὔέὶάὥὰ ὊέὶὧὩ ὧέάὴέὲὩὲὸ 

ὈὊ ὃὺὩὶὥὫὩ ὈὶὥὫ ὊέὶὧὩ ὧέάὴέὲὩὲὸ 

ὛὊ ὃὺὩὶὥὫὩ ὛὭὨὩ ὊέὶὧὩ ὧέάὴέὲὩὲὸ 

5.3 Modeling Procedure 

The corner-cutting scenario 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 parameters varying with lateral and longitudinal bit spacing, and bit penetration. Initially, data 

from the tilted-bit LCM test was sorted to extract target geometric features and statically analyzed to 

comprehend the cutting force relationship with the recorded parameters. The workflow for corner-cutting 

evaluation is illustrated in Figure 5.8. This approach ensures a more thorough understanding of the 

complex dynamics involved in predicting cutting forces in corner-cutting scenarios. 
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Figure 5.8  Workflow - Corner-cutting evaluation. 

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 deduced that cutter-rock interaction varies under 

different conditions, aligning with the research findings of Hekimoglu [60]. Based on the analysis made 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 examination of the identified geometric entities in the context 

of cutting force evaluations. 

Figure 5.7 shows the surface before the cutting as AA' (which is the first data collection pass after 

conditioning the rock surface as per rotor profile and arm stagger) and the surface after as BB' for the 

selected cutterhead profile. The areas expected to be removed by each bit based on mathematical 

modeling are indicated as well in different semi-transparent shades. The surface AA' and BB' are one 

penetration per revolution value apart from each other. 
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Figure 5.9  Schematic of rock cutting profiles and geometric parameters. 

Figure 5.9 shows the area expected mathematically to be removed by bit 3, showing and define 

the geometric parameters. Table 5.1 presents all the identified parameters used for conducting correlation 

analysis.  

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 derived from the total area based on observations from 

the 3D scanning data analysis. 

The observations from 3D point cloud data analysis include the one-sided 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 relieved, the 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 of one-sided fracturing 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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Table 5.1 Geometric parameters identified to analyze corner-cutting scenario. 

Description (Symbol) Identifiers Remarks 

Penetration (Pen) eg 
Penetration per revolution, simulating 

machine advance 

Tilt angle (Tilt) NA Bit tilt angle at a particular position 

Inner lateral spacing (LaSi) X1 Bit spacing towards the core of the rotor 

Inner longitudinal spacing (LoSi) Z1 
Bit spacing along the machine axis to a 

bit located towards the rotor core 

Outer lateral spacing (LaSo) X2 Bit spacing towards a gage of the rotor 

Outer longitudinal spacing (LoSo) Z2 
Bit spacing along the machine axis to a 

bit located towards the rotor gage 

Total area (TA) defgd Area of //gm 

Area 3Q (A3Q) //defgd - ȹghf 
Area of //gm minus area bounded by 

triangle ghf 

Area embedded (Aemd) ȹdhfg 
Area of lower triangle segregated by 

imaginary plan dhf 

Embedded length (Eln) hg Length of hg 

Corrected embedment with tilt 

angle (CEln) 
h`g 

Based on the tilt angle of the bit, length 

hg is corrected to h`g 

 

5.3.2 Regression Study 

This study utilizes the results from tilted-bit LCM Tests to explore the relationship between 

various geometric parameters outlined in sub-section 5.3.1. The initial approach was to understand the 

nature of relationships and their strength to these parameters individually, taking a simple and single 

variable approach to initiate the process of study. Subsequently, additional independent variables were 

incrementally introduced to examine how they improve the strength of the relationship and well explain 

the variation in the dependent variable. 

The first step is conducting a regression study to identify the important geometric 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 scenario was critical to streamline the 

process and make the study reliable to identify influences of various parameters on explanation of the 

rock and the cutter. This section will outline the process used to carry out the correlation study. 

5.3.2.1 Bi-variate analysis of input Parameters 

The bi-variate analysis of input parameters describes 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 value of zero 

denotes no correlation between the variables being compared. In Table 5.2, the correlation coefficient is 

shown against each geometric parameter. 
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Table 5.2 Correlation analysis of independent and dependent variables. 

Description (Symbol) 
Normal Force 

(NFa) 

Drag Force 

(DFa) 

Side Force 

(SFa) 

Penetration (Pen) 0.26 0.25 0.23 

Tilt angle (Tilt) 0.05 0.01 0.03 

Inner lateral 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 

Area embedded (Aemd) 0.51 0.74 0.23 

Embedded length (Eln) 0.74 0.75 0.45 

Corrected embedment with tilt 

angle (CEln) 
0.72 0.81 0.35 

 

Table 5.2 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 effective area which is identified as ñArea 

embedded (Aemd)ò utilized by Hekimoglu to describe cutting force parameters in his research 

demonstrates a weak correlation with Normal force and an even weaker correlation with Side force 

component in the specific scenario where these cutting forces were collected [60]. 

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 comprehensive understanding of cutting force dynamics, 

especially in corner-cutting scenarios. 

5.3.2.2 Collinearity Analysis 

Collinearity analysis indicates that certain features are interdependent, showing strong collinearity 

as shown in a heat map given in Figure 5.10. 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 and accuracy of the 

subsequent analytical processes. 
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Figure 5.10  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 shown in Figure 

5.11. PCA indicates the relevance of a specific dependent variable in determining the variability of an 

independent variable [286]. While correlation coefficients offer the same thing for individual pairs, they 

may not capture the combined impact of multiple parameters. 
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Figure 5.11  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 that contributions 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 identified parameters is essential when 

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

5.3.3 Identifying Regression Technique 

As discussed in section 5.3.2.1, 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 relationship that 

could adequately explain the variability in the Side force component. 

This limitation of the single-variable linear regression method restricted its ability to fully capture 

the variability of the cutting forces acquired using the tilted-bit LCM tests. As indicated in section 5.3.2.1, 

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 section 5.3.2.3. However, the Side force component was found to be difficult 

to explain using a limited number of parameters. Therefore, it was decided to explore techniques of 

multivariate linear and non-linear 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 suitable, as it reduces the impact of all 

collinear parameters on the prediction of the dependent variables, rather than picking the most important 

parameter [287], [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 Regression is a hybrid method that combines the 

effects of Ridge and LASSO regression, which is particularly useful when the set of independent 

parameters is very large [289]. General equations given as below; 

Ridge Regression: 

άὭὲ ώ  ὢ‭  ‗  ‭Ὦ  (5.3) 

Where, 

ώ Ὥί ὨὩὴὩὲὨὩὲὸ ὺὥὶὭὥὦὰὩ 

ὢ Ὥί άὥὸὶὭὼ έὪ ὨὩὴὩὲὨὩὲὸ ὺὥὶὭὥὦὰὩ 

‭ Ὥί ὸὬὩ ὺὩὧὸέὶ έὪ ὶὩὫὶὩίίὭέὲ ὧέὩὪὪὭὧὭὩὲὸ 

‗ Ὥί ὸὬὩ ὶὩὫόὰὥὶὭᾀὥὸὭέὲ ὴὥὶὥάὩὸὩὶ ὸὬὥὸ ὧέὲὸὶέὰί ὸὬὩ ὶὩὨόὧὸὭέὲ έὪ Ὥάὴὥὧὸ 

‭  Ὥί ὴὩὲὥὰὸώ ὸὩὶά 

LASSO Regression: 

άὭὲ  ώ  ὢ‭  ‗  ȿ‭Ὦ ȿ (5.4) 

Where all terms are the same as in Ridge regression equation except, 

‭Ὦ Ὥί ὴὩὲὥὰὸώ ὸὩὶά 

Elastic Net Regression: 

ÍÉÎ ώ  ὢ‭  ‗ρ  ‭  ‗ς  ‭  

 

(5.5) 

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 zero (like LASSO 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 corner-cutting scenario, and the evident 

collinearity amongst the derived and parent parameters (as shown in Figure 5.10), 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 cutting geometries. 

Considering this typical force-parameter relationship, this study also explored the use of non-

linear power regression techniques for the regression analysis [290]. 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: 

Ὂ  ὥ z ὼρ ὦͮρ z ὼς ὦͮς z ȢȢȢz ὼὲͮὦὲ 

 

(5.6) 

Where, 

Ὂ Ὥί ὨὩὴὩὲὨὩὲὸ ὺὥὶὭὥὦὰὩ 

ὼρȟὼςȟȢȢȢȟὼὲ ὥὶὩ ὸὬὩ ὭὲὨὩὴὩὲὨὩὲὸ ὫὩέάὩὸὶὭὧ ὺὥὶὭὥὦὰὩί 

ὥȟὦρȟὦςȟȢȢȢȟὦὲ ὥὶὩ ὸὬὩ ὶὩὫὶὩίίὭέὲ ὧέὩὪὪὭὧὭὩὲὸί 

By using this power regression approach, the non-linear 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 mechanics, compared to the limitations of the 

linear regression techniques discussed earlier. 

5.4 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 trained and then tested 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 experimental results. 
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5.4.1 Cutting Force Prediction Equations 

The equations provided below can be utilized to predict forces in corner-cutting scenarios 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 predictions. Two set of equation accounting for geometric parameters given in Table 

5.1 based on LASSO and power regression. 

5.4.1.1 LASSO Regression Equations 

This set of equations are used to predict cutting force components of different profiles to 

determine the optimized profile. 

Average Normal Force; 

ὔὊ ρυσzὖὩὲ ςςzὝὭὰὸρυz,Á3É στσz,Á3Ï ςςωz,Ï3έ
υυz!σ1 τψωz!ÅÍÄ ςρςφz#%ÌÎ ρρρφ 

 

(5.7) 

Average Drag Force; 

ὈὊ υπzὖὩὲ ςφzὝὭὰὸωτz,Á3É φψωz,Á3Ï τψφz,Ï3É
ρυυz,Ï3Ï ςφσz4! ρςφɕ!σ1 σςτz!ÅÍÄ σπχτz%ÌÎ
χρςχz#%ÌÎ ςρφω 

(5.8) 

 

Average Side Force; 

ὛὊ τπσzὖὩὲ ρφzὝὭὰὸσππz,Á3É ρφτz,Á3Ï χτσz,Ï3É τςυz,Ï3Ï
φσυz!σ1 τστz!ÅÍÄ ρχψz#%ÌÎ  σστ 

(5.9) 
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5.4.1.2 Non-Linear Power Regression Techniques 

This set of power regression equations are used to predict cutting force components of different 

profiles to determine the optimized profile. 

Average Normal Force; 

ὔὊ υρςzὖὩὲȢ ᶻὝὭὰὸȢ ᶻὒὥὛ Ȣ ᶻ

ὒὥὛ Ȣ * ὒέὛ Ȣ * ὒέὛ Ȣ * Ὕ Ȣ * ὃ Ȣ * ὃ Ȣ ɕὉ Ȣ ɕὅὉ  

(5.10) 

Average Drag Force; 

ὈὊ ρψρzὖὩὲȢ ᶻὝὭὰὸȢ ᶻὒὥὛ Ȣ ᶻ

ὒὥὛ Ȣ * ὒέὛ Ȣ * ὒέὛ Ȣ * Ὕ Ȣ * ὃ Ȣ * ὃ Ȣ ɕὉ Ȣ ɕὅὉ Ȣ  

(5.11) 

 

Average Side Force; 

ὛὊ σττzὖὩὲȢ ᶻὝὭὰὸȢ ᶻὒὥὛ Ȣ ᶻ

ὒὥὛ Ȣ * ὒέὛ Ȣ * ὒέὛ Ȣ * Ὕ Ȣ * ὃ Ȣ * ὃ Ȣ ɕὉ Ȣ ɕὅὉ Ȣ  

(5.12) 
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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 techniques. Figure 5.12  and Figure 5.13 are presenting predicted vs actual masked values to 

provide evidence of significance in explaining variability of orthogonal cutting force components. The 

actual and predicted values are masked using the same constant multiplied with both. 

 

Figure 5.12  Actual vs predicted (using LASSO regression) values of resultant force component 

calculated using equation (5.2) and later masked by multiplying it with a constant value. 

 

Figure 5.13  Actual vs predicted (using Power regression) values of resultant force component 

calculated using equation (5.2) and later masked by multiplying it with a constant value. 
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5.4.2 Validation of the Model 

The model revealed +/- 15% error in predictions of Normal, Drag and Side force components 

across various tilt angles and S/P ratios. 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 side grinding 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 also be detrimental, 

potentially causing failure of the carbide tips on radial bits. To improve resistance to these high side 

forces and reduce the exposure of the bit area to rock rubbing, innovative bit designs can be explored. 

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 in Figure 5.14. From the breakout pattern, it is evident that rock removal is dominant 

on one side. Keeping that in view, by having an asymmetrical bit tip profile, tilt angles of bits can be 

optimized to reduce excessive side forces while maximizing side reach of the bit. The study presents 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 3b and theoretical evaluation of tilted tip bit identified as bit 6 in this study. 
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Figure 5.14  Breakout pattern of rock - Tilted-bit LCM tests using anonymous cutterhead profile. 

Figure 4.11 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 prevented testing these bits with the tilted 

LCM methods to be included in this study. 

Bit 3b in Figure 5.15 has an insert conical tip, intended to increase side tip resistance compared to 

the standard chevron-shaped carbide tip. In a single 60o conical tip test at 30o, it consumed 2 times that of 

the chevron tip, however as there was only one test presented in section 4.6.1 of chapter 4, no definitive 

conclusions could be drawn. Also, there was no measure for the long-term impact of the bit design and its 

durability which could outperform the chevron pattern of bit #2. The carbide chevron tip typically lacks 

an embedded stem and is brazed to the bit body as shown in Figure 5.16, making it weak against side 

forces. The same tip could be redesigned with an embedded stem to prevent braising failures. 
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Figure 5.15  Radial bit modification with carbide conical insert. 

 

Figure 5.16  Current and envisaged design of radial bit with chevron shaped carbide tip. 




















































































































































