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ABSTRACT 

 

 

 

EFFECT OF PICK BLUNTING ON CUTTING PERFORMANCE 

FOR WEAK-MODERATE ROCKS 
 

 

 

 

DOĞRUÖZ, Cihan 

Ph.D., Department of Mining Engineering 

Supervisor: Prof. Dr. Naci BÖLÜKBAġI 

 

September 2010, 144 pages 

 

 

 

The laboratory cutting specific energy is widely used to estimate the cuttability of 

rocks by a roadheader fitted with sharp picks. Sharp picks on the other hand become 

blunt due to wear in time and require replacement. Although it is known that the 

pick blunting affects adversely the rock cuttability, no study exists to show the 

relationships between the degree of pick wear and the cutting specific energy 

obtained by standard cutting tests. In this study, standard cutting tests were carried 

out on different rock types, with picks having varying degrees of blunting. The 

relationships between wear flats and the cutting forces, specific energies and size 

distribution for various rock properties such as uniaxial compressive strength, 

tensile strength, cone indenter number, shore hardness, schmidth hammer hardness, 

density and grain size were established. The mean cutting force and the cutting 

specific energy have been found to increase 2-3 times and 4-5 times respectively 

with 4 mm wear flat as compared to sharp picks as the strength and density of rocks 

increase. No relation exists between mineral grain size and the cutting performance. 

A definite relation could not be established between the wear land and the size 

distribution of the product. Charts have been produced to predict critical wear flats 

for different rock property values considering 25 MJ/m³ as the limiting specific 
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energy above which poor cutting performance occurs. Nine prediction models have 

been developed by statistical analysis to estimate the laboratory cutting specific 

energy from various rock properties and wear rates.  

 

Keywords: Laboratory Cutting Specific Energy, Wear Flat, Roadheader Cutting 

Tool, Standard Cutting Test 
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ÖZ 

 
 

 

ZAYIF VE ORTA SERTLĠKTEKĠ KAYAÇLAR ĠÇĠN KESĠCĠ 

UÇLARDAKĠ KÖRLENMENĠN KESME PERFORMANSINA 

ETKĠSĠ 
 

 

 

 

DOĞRUÖZ, Cihan 

                               Doktora, Maden Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. Naci BÖLÜKBAġI 

 

Eylül 2010, 144 sayfa 

 

 

 

Kayaçların keskin uçlarla donatılmıĢ galeri açma makinaları ile kesilebilirliğini 

tahmin etmek için laboratuvar kesme enerjisi yaygın bir Ģekilde kullanılmaktadır. 

Keskin uçlar ise aĢınmaya bağlı olarak zamanla körleĢmekte ve değiĢtirilmeleri 

gerekmektedir. Kesici uçlardaki körleĢmenin kayaçların kesilebilirliğini olumsuz 

etkilediği bilinmekle birlikte, körleĢme derecesi ile standart kesme deneyleri sonucu 

elde edilen kesme özgül enerjisi arasındaki iliĢki üzerine bir çalıĢma henüz 

bulunmamaktadır. Bu çalıĢmada, değiĢik körleĢme derecelerindeki kesici uçlar 

kullanılarak değiĢik kayaçlar üzerinde standart kesme deneyleri yapılmıĢtır. AĢınma 

yüzeyi geniĢliği ile kesme özgül enerjisi, kesme kuvveti ve parça tane büyüklüğü 

dağılımı arasındaki iliĢkiler, tek eksenli basma dayanımı, çekme dayanımı, koni 

delici sertliği, shore sertliği, schmidth çekici sertliği, birim hacim ağırlığı ve mineral 

tane büyüklüğü gibi kayaç özellikleri için saptanmıĢtır. Ortalama kesme kuvveti ve 

kesme enerjisinin, kaya dayanımı ve yoğunluğu arttıkça, keskin uçlara göre sırasıyla 

2-3 kat ve 4-5 kat arttığı saptanmıĢtır. Mineral tane büyüklüğü ile kesme 

performansı arasında bir iliĢki bulunmamaktadır. AĢınma yüzeyi ile malzeme tane 

büyüklüğü arasında belirli bir iliĢki saptanamamıĢtır. Kötü kesme performansını 

belirleyen sınır özgül enerji değeri 25 MJ/m³ kabul edilerek, değiĢik kaya özelliği 
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değerlerinde kritik aĢınma yüzey geniĢliklerinin tahmini için grafikler 

oluĢturulmuĢtur. Laboratuvar kesme özgül enerjisini, çeĢitli kaya özellikleri ve 

aĢınma derecelerinden tahmin etmek üzere istatistiksel analiz yöntemi ile dokuz 

model geliĢtirilmiĢtir.  

 

Anahtar Kelimeler: Laboratuvar Kesme Özgül Enerjisi, AĢınma Yüzeyi GeniĢliği, 

Galeri Açma Makinesi Kesme Ucu, Standart Kesme Deneyi 
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M  :  model 

MJ/m³  :  megajoule/cubicmeter 

MPa  :  megapascal 

MRDE  :  Mining Research and Development Establishment 

P  :  power 

RMCI  :  rock mass cuttability index 

RPI  : roadheader penetration index 

RQD  :  rock quality designation 

SCH  :  schmidth hammer hardness 

SH  :  shore hardness 

UCS  :  uniaxial compressive strength 

W  :  roadheader weight 

WF  :  wear flat 

WZ  :  specific destruction work 
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                                                     CHAPTER 1 

 

      INTRODUCTION 

 

1.1. General 

 

Roadheaders have been applied in a wide range of rock types and structures in 

addition to coal measures strata since the early 1960‟s. The major improvements 

achieved in the last 50 years consist of steadily increased machine weight, size and 

cutterhead power, improved design of boom, muck pick-up and loading system, 

more efficient cutterhead design and metallurgical developments of cutting picks. 

 

The maximum drivage rates from roadheaders can and will only be obtained if these 

machines are matched to the geological characteristics and rock properties of the 

rocks to be excavated. An essential prerequisite of any mechanical excavation 

programme is the need to know the mechanical cutting or excavation characteristics 

of the coal or rocks to be cut. Failure to determine these characteristics may result in 

failure to reach production objectives and in breakdown of machines which will 

require expensive replacements. Therefore, before installing costly roadway driving 

machines, it is essential to determine the machinability characteristics of rock 

materials. These characteristics can be studied in the laboratory and at the field to 

determine the specifications of machines and the type of cutting tools best suited to 

the type of rock. 

 

The performance of mine excavation machinery depends upon a variety of factors, 

including strength properties of rocks, shape, size and geometry of cutting tools, 

type and configuration of cutting picks on the excavating heads, the cutting specific 

energies (MJ/m³) and the mean cutting forces (kN) available in the excavation 

machinery, rock mechanics parameters, abrasiveness and wearness of the rocks and 

the cutting materials. The abrasive wear of cutting tools due to rock pick interaction 

is important as the cost and delays incurred for the replacement of the worn out 

parts reflects upon overall machine performance. 
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Studies have been mainly carried out to establish the relationships between the 

cutting performance and the rock properties (McFeat-Smith and Fowell, 1977; 

Gehring, 1989; Bilgin et.al, 1996; Çopur et.al, 1998; Thuro and Plinninger, 1999; 

Göktan and GüneĢ, 2005 and KeleĢ, 2005). 

 

McFeat Smith and Fowell developed standard cutting tests and established a good 

relationship between the laboratory cutting specific energy and the in-situ cutting 

performance of rocks by roadheaders (Fowell and McFeat Smith,1976; McFeat 

Smith and Fowell,1977; Fowell and Pycroft,1980; Fowell and Johnson,1982). 

Similar relationships have also been found by other researchers for different size 

roadheaders (KeleĢ, 2005; Balcı and Bilgin, 2005). 

 

In case where laboratory facilities for rock cutting tests are not available, some 

empirical models regarding some intact rock properties are used to predict the 

specific energy. McFeat Smith studied the relationships and established a 

correlation between the laboratory cutting specific energy (SE) and some rock 

properties (McFeat Smith,1975). 

 

 

1.2. Objective and Scope of the Thesis 

 

Sharp cutting picks on a roadheader cutting head become blunt in time and require 

replacement. It is important to replace the picks at the critical degree of blunting at 

which considerable increase in cutting forces and specific energies start. All 

researchers consider that the cutting picks are sharp whereas in practice blunting 

develops due to several causes when rock cutting starts. On the other hand, the 

degree of variation in cutting forces and specific energies with the increase in pick 

blunting is unknown. 
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Up to now, no investigation has been carried out to establish the effects of degree of 

blunting on laboratory cutting forces and specific energies. In this study, standard 

rock cutting tests have been carried out on different types of rocks with sharp and 

artificially blunted picks and variation in cutting forces and specific energies were 

determined at different wear flats for different rock types. 

 

The main objectives of this thesis are as follows: 

 

a) To determine the relationships between laboratory cutting specific energies, 

cutting forces and: 

- Wear flats 

- Rock Properties; Uniaxial Compressive Strength (UCS), Brazilian 

Tensile Strength (BTS), Cone Indenter Hardness (Is), Shore Hardness, 

Schmidth Hammer Hardness, Rock Density, Mineral Grain Size. 

b) To establish the effect of pick blunting on size distribution and coarseness 

index. 

c) To determine critical wear flats at different rock properties above which 

poor cutting performance is expected. 

d) To develop models by statistical analysis to predict the laboratory cutting 

specific energy for different rock properties and wear flats. 

 

Figure 1.1 shows the flowsheet of the testing methodology. 
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Figure 1.1. The Flowsheet of the Testing Methodology 
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This thesis is divided into six chapters including the Introduction Chapter 1. 

Literature Review is presented in Chapter 2. Experimental Procedure is given in 

Chapter 3. Experimental Results and Discussions are given in Chapter 4. Evaluation 

of Results and Establishing Models by Statistical Analyses are given in Chapter 5. 

Conclusions and Recommendations are given in Chapter 6. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1. Boom Type Roadheaders 

2.1.1. Introduction 

Boom type roadheaders are mechanical excavation machines that break rock by 

utilizing tungsten carbide tipped cutting tools faced in a specific geometry on a 

rotating cutting head. The cutter head is driven by an electric motor through a heavy 

duty gearbox for either milling or ripping cutting actions. Boom movement is 

controlled by hydraulic cylinders sized to provide sufficient force to maintain the 

cutting head in contact with the face, and the machine is track mounted to allow 

tramming from one work face to another. Roadheaders have traditionally operated 

in sedimentary rock with an unconfined compressive strength of less than 100 MPa 

(Neil et.al,1994). Occasionally harder rocks can be excavated where joints, bedding 

planes, fractures or other planes of weakness are present. 

2.1.2. Classification 

The roadheaders can be classified according to their times of production, their rock-

cutting abilities and their weights (BölükbaĢı, 1986). 

2.1.2.1. Classification According to Times of Production 

a) First Generation 

First generation machines were introduced in Western Europe in the 1960's. The 

lighter models of these early boom miners weighed about 9 tons and could cut soft 

rocks having compressive strength up to about 40 MPa. 

b) Second Generation 

Second generation machines were developed around 1970. These machines 

generally weigh between 22-37 tons. Some of these machines can cut competent 

rock with compressive strength as high as 85 MPa if the silica content of the rock is 

low. 
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c) Third Generation 

The third generation, heavy-weight machines became available in 1976. These 

machines weigh between 45-70 tons and can cut competent rock with compressive 

strength of 100 MPa. 

d) Fourth Generation 

Machine weights have reached up to 120 tons about 2000 which can be considered 

as fourth generation machines. Such machines can cut economically most rock 

formations up to 100 MPa uniaxial compressive strength (UCS) and rocks up to 160 

MPa UCS if favorable jointing or bedding is present with low RQD numbers 

(Çopur et. al, 1998; Thuro and Plinninger, 1999; Neil et. al, 1994). 

2.1.2.2. Classification According to Weight 

Tucker (1985) classified roadheaders according to weight as: 

- Light Duty; weight up to 30 t, cutting capabilities up to 70 MPa 

- Medium Duty; weight between 34-45 t, cutting capabilities up to 100 MPa 

- Heavy Duty; weight over 45 t, cutting capabilities up to 120 MPa 

 

Table 2.1. Classification According to Weight by Atlas Copco – Eickhoff 

(Schneider, 1988); 

Class   Weight 

0   <20 t 

I   20-30 t 

II   30-50 t 

III   50-75 t 

IV   >75 t 

 

Neil et. al (1994) refer roadheaders as small size up to 30 t, midsize between 30-70 t 

and large size between 70-120 t. 

Table 2.1 shows the main types of roadheaders and Figure 2.1 shows Mk-2A, Mk-

2B and Mk-3 machines which are the typical light, medium and heavy weight 

machines, respectively. 
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Table 2.2. Properties of Typical Roadheaders (Pearse, 1987) 

Machine Type Weight (t) Head Drive (kW) Total Power (kW) 

ANDERSON STRATCLYDE (UK) 

Boom Miner 22.0 60 120 

RH25 25.4 82 157 

RH22 35.0 112 187 

RH1/3 50.0 90 190 

RH1/4 66.0 112 234 

RH90 90.0 150 300 

DOSCO (UK) 

D.R.C.L. 17.0 37 75 

MK2A 23.0-26.0 67 149 

SL120 35.0 82 164 

MK.2B 38.0 82-112 194-224 

LH 1300 43.0 140 286 

TB600 81.6 2x190 604 

MK3 85.2 140 293 

ATLAS COPCO-EICKHOFF (GERMANY) 

ET-100 Series 27.0-34.0 110-132 190/212 

ET-200 Series 52.0 200 360 

ET-300 Series 78.0-95.0 200/250 380/430 

ET-400 Series 97.0-110.0 300 460/480 

MACHINE EXPORT (USSR) 

Pk-3 10.8 32 78 

Pk-9r 32.0 90 173 

MANNESMAN-DEMAG (GERMANY) 

VS3 63.0 160/200 265 

VS3/2 75.0 160/200 300 

VS4 95.0 132/200 300 

MITSUI-MIIKE (JAPAN) 

MRH-S50 13 18.5 50 80 

MRH-S100 40 25.0 60/100 145 

MRH-S125 23 30.0 75/125 170 

VOEST-ALPINE (GERMANY) 

F6-A 12.0 30 60 

AM 30 14.5 45 75 

AM 45 20.0 75 135 

AM 50 22.0 100 155 

AM 95 80.0 300 445 

AM 100 79.8 235 450 

PAURAT (GERMANY) 

E169 44.0 100 185 

El 95 46.0 170 263 

E134 70.0 115/230 353 

E200 115.0 350 512 

SALZGITTER (GERMANY) 

STM 100 25.0 100 200 

STM 160 45.0 160 257 

STM 200 65.0 200 330 

WESTFALIA (GERMANY) 

Furchs 6.0 45 52 

Luchs 24.0 90 150 

WA300 Bison 73.0 300 437 
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Dosco Mk-2A 

 

Dosco Mk-2B 

 

Dosco Mk-3 

Figure 2.1. Typical Light (Mk-2A), Medium (Mk-2B) and Heavy Weight (Mk-3) 

Roadheading Machines 
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2.1.3. Basic Components 

Boom type roadheaders consist mainly of the following units: 

2.1.3.1. Boom, Cutting Head and Cutting Picks 

a) Boom 

Roadheaders can have either fixed or telescopic booms. Telescopic boom is 

advantageous especially on soft floors since sumping can be achieved without 

moving the machine forward. 

b) Types of Cutting Heads 

All boom miners utilize cutter bits fixed on a rotary cutterhead that is powered by 

an electric motor. Sumping of the boom-miner cutterhead into the face usually 

utilizes a forward thrust on its crawlers. This initial cut is then enlarged using 

vertical, horizontal, or spiral cuts. The two significantly different cutting actions are 

milling and ripping. 

i) Milling: For milling type cutting, the cutterhead rotates in line with the axis 

of the cutter boom; the primary cutting force is exerted sideways. The milling action 

rips the rock from the face and throws the rock across the floor parallel to the front 

of the loader head (in comparison, a ripping action throws the rock onto the loader 

head). However, due to the relatively simple in-line gearing between the milling 

cutterhead and the drive motor, milling heads can have smaller diameters than 

comparable ripper-head machines. This, milling miners are better suited for 

selective mining. 

 

ii) Ripping Type Roadheader: cutterhead rotates at an axis which is parallel to 

the face. The ripper head utilize three forces to break the rock. The principle cutting 

torque is provided by the rotary motion of the cutterhead, and downward vertical 

thrust is provided by the boom. Horizontal force is provided by the slewing of the 

cutter boom. If the rock is soft, a ripping miner takes a deep cut so that several bit 

spirals are cutting simultaneously and the machine produces at its maximum rate. If 

the rock is very hard, only one bit spiral is utilized. In such a case, when the cutting 
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becomes tough, approximately the full power developed by the cutter motor can be 

applied to a single bit. That is the reason these boom miners can cut far harder rock 

at a given power than can standard continuous miners. Figure 2.2 shows the milling 

and ripping type cutting heads. 

 

 

 

Figure 2.2. Ripping (a) and Milling (b) Type Cutting Heads (Hekimoğlu, 1984) 
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c) Cutting Picks 

There are three styles of pick in general use: radial, forward attack and point attack 

(Figure 2.3). Radial picks have their shanks positioned normal to their cutting 

direction. The shanks of forward attack picks, on the other hand, are angled 

backwards from the cutting direction, usually at about 45º. Both of these picks use 

wedge tips. These picks are used for cutting coal and soft-medium hard rock. Point 

attack picks are essentially forward attack picks with conical tips. They usually 

have circular cross-section shanks and are free to rotate within their holders. They 

are generally used for cutting hard coal, medium, hard and abrasive rocks 

(Eyyuboğlu, 2000). 

 

 

Figure 2.3. Radial, Forward-Attack and Point-Attack Picks 

 

2.1.3.2. Loading Unit 

The loading unit of a roadheader should have sufficient capacity to carry the 

amount of material cut by the cutting head. Roadheaders may have gathering arm, 

loading discs or encircling flight conveyor types of loading units. 
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2.1.3.3. Haulage Unit 

Roadheaders move on crawler trucks. Provisions must be made to remove 

continuously the cut rock discharged by the boom miner. Numerous haulage 

systems are available, but the most successful have been bridge conveyors, shuttle 

cars, and other mobile equipment such as load-haul-dump vehicles, wheeled belt 

conveyors tower by the miner and discharging into the trucks, and belt loaders 

discharging into rail cars. 

2.2. Roadheader Performance Prediction 

The compressive strength of the rock to be excavated is often quoted as a measure 

of cuttability but compressive strength alone has been found to be a poor predictor 

of machine performance (Speight and Fowell, 1984). Factors that need to be 

considered when assessing roadheader performance and tool consumption rates are 

given in Table 2.2. 

Table 2.3. Factors Influencing Roadheader Performance and Tool Consumption 

rates (Speight and Fowell, 1984) 

Rock Material Properties Strength, Toughness 

Rock Degradation Properties Hard Mineral Content, Grain size, 

Angularity, Cementation 

Rock Mass Properties Discontinuity frequency, Thickness and 

Position of Beds 

Machine Characteristics Slewing Forces, Cutting Torque, Stability, 

Cutting Speed, Head Geometry 

Cutting Tool Properties Type, Tip Geometry,  

Tungsten Carbide, Composition 

Operational Characteristics Made of Cutting Slewing Speed 

Advance/rev. 

Tunnel Characteristics Gradient, Size and Shape  

Presence of Water 
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The machine performance and rock cuttability can be estimated by various rock 

properties and methods.  

2.2.1. Uniaxial Compressive Strength 

Unconfined compressive strength is often used as the main predictor of cutting 

machine performance for rocks associated with coal seams or the weaker 

sedimentary rocks such as sandstone, siltstone and mudstone. On the other hand, 

when the range of application has to be extended into other rock materials, 

compressive strength alone is not always a good predictor of performance. 

Evaporate rocks, breccias and chalk containing flints are materials that do not 

follow the established relationships for compressive strength and excavation rate 

(Fowell et al., 1994). Figure 2.4 shows the relationship established between 

compressive strength and excavation rate. 

 

 

Figure 2.4. Typical ICR Curves for Axial Roadheaders (Fowell et.al., 1994) 
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Gehring (1989) studied the relationship between ICR and UCS for a milling type 

roadheader with 230 kW cutterhead power and an Alpine Miner AM 100 ripping 

type roadheader with 250 kW cutterhead power. Figure 2.5 shows the relationships 

obtained. 

 

 

       uniaxial compressive strength (MPa) 

 

Figure 2.5. Comparison of Cutting Performance (Gehring, 1989) 

 

 

Bilgin et. al (1996) studied the correlation between ICR, UCS and RQD. Figure 2.6 

and Figure 2.7 show the relationship between ICR and UCS for rocks having RQD 

greater than 50 and less than 50, respectively. No correlation exists for rocks with 

RQD less than 50. 
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Figure 2.6. The Variation of Instantaneous Cutting Rate with Uniaxial Compressive 

Strength of Rock, RQD > 50 (Bilgin et. al, 1996) 

 

 

Figure 2.7. The Variation of Instantaneous Cutting Rate with Uniaxial Compressive 

Strength of Rock, RQD < 50 (Bilgin et. al, 1996) 

 

Figure 2.8 shows the relationship between ICR and RQD. Results show better 

correlation as compared to UCS. Correlation has been improved by developing a 

prediction equation as: 
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0.28 0.974
RMCI

ICR P  

where: 

P Motor power, HP 

RMCI Rock mass cuttability index, MPA 

2 3
100c RQD  

where: 

c Uniaxial Compressive Strength, MPa 

RQD Rock quality designation, % (Bilgin et. al, 1996; Bilgin et. al, 1997; 

Eskikaya et. al, 1998) 

 

Figure 2.8. The Variation of Instantaneous Cutting Rate with RQD, c 90-100 

MPa (Bilgin et. al, 1996) 

 

Çopur et. al, (1998) studied the variation of cutting rate with UCS based on 

available field performance data. Figure 2.9 shows the relationship obtained using 

different types of roadheaders at the geological conditions encountered. The data 

shows significant scatter with very low coefficient of determination (R
2
 = 0.29).  
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Figure 2.9. Plot of ICR (Instantaneous cutting rate) vs. UCS at Different Geological 

Conditions Encountered and All Types of Roadheaders (Çopur et. al, 1998) 

 

Çopur et.al. (1998) obtained higher correlations by developing prediction equations 

which consider the roadheader weight and cutterhead power for transverse (ripping 

type) roadheaders. Figure 2.10 and Figure 2.11 show the relationships obtained for 

sedimentary rocks and evaporitic rocks respectively where; 

 

RPI P W UCS  

 

RPI = Roadheader penetration index 

W = Roadheader weight (t) 

P = Cutterhead power (kW) 
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Figure 2.10. Plot of ICR vs. RPI for Sedimentary Rocks and Transverse 

Roadheaders (Çopur et. al, 1998) 

 

 

Figure 2.11. Plot of ICR vs. RPI for Evaporitic Rocks and Transverse Roadheaders 

(Çopur et. al, 1998) 

 

Thuro & Plinninger (1999) determined the relationship between the cutting rate and 

the uniaxial compressive strength for 132 kW roadheader as shown in Figure 2.12. 

They have found that the correlation between UCS and cutting performance is not 

sufficient (Thuro and Plinninger, 1999). 
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Figure 2.12. Cutting Performance Correlated with Compressive Strength of 26 

Rock Samples (Thuro and Plinninger, 1999) 

 

They obtained higher correlation by putting cutting performance against specific 

destruction work WZ (kJ/m
3
) which has been introduced by Spaun and Thuro 

(1996). Figure 2.13 shows the correlation curve. 

 

Figure 2.13. Cutting Performance Correlated with Destruction Work of 26 Rock 

Samples (Thuro and Plinninger, 1999) 

 

R
2
 = 0.62 

y = 75.7 – 14.3lnx 
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As a result, although the uniaxial compressive strength of the rock to be excavated 

is often quoted as a measure of cuttability, the compressive strength alone is a poor 

predictor of machine performance if other effective factors such as machine weight, 

cutterhead power and other effective rock properties such as discontinuity spacing 

in the rock mass, brittleness of the material and abrasivity are not considered 

(McFeat-Smith, 1975; Fowell and Pycroft, 1980; Speight and Fowell, 1984; Thuro 

and Plinninger, 1999). 

2.2.2. Tensile Strength and Shear Strength 

Although models of rock failure under attack by drag tools using the shear strength 

of the rock have been purposed by Merchant (1945) and Nishimatsu (1972), the 

model used by Evans (1962) for coal, taking the tensile strength as the main criteria 

has found wider acceptance for predicting cutting forces in brittle rock materials. 

Roxborough (1973) has shown that a modification to Evans theory can be 

acceptable to apply successfully to a number of rock materials to predict cutting 

forces. This approach does not yield the complete cuttability characteristics of a 

rock as it is based solely on the tensile strength property of the rock and cutting tool 

geometrical considerations. 

2.2.3. Cone Indenter Hardness 

The NCB cone indenter, which was developed by Mining Research and 

Development Establishment (MRDE) in U.K., is a portable instrument capable of 

giving a measure of rock strength without requiring the preparation of accurately 

shaped and finished specimens. The cutting action of drag-pick tools has been 

shown to be primarily an indentation action and rather good relationship exists 

between the cone indenter hardness and performance of selective roadheading 

machines employing drag (pick) type cutting tools (McFeat-Smith, 1975; MRDE, 

1977). Table 2.3 gives the relationship between standard cone indenter hardness and 

the cutting performance. 
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Although the cone indenter gives some indication of cuttability, it is not applicable 

for all rocks since deviations have also been observed where rocks with low 

indenter numbers required high cutting energies (Fowell and Pycroft, 1980). 

Table 2.4. Correlations Between Cone Indenter Number and Machine Performance 

(McFeat-Smith, 1975) 

 

Standard      

Hardness 

Cutting  

Performance 

Cutting Pick  

Performance   

  

 

Only selective cutting of 

  

  

  

 

these rocks is possible if 

  

  

  

 

in bands less than 0.30 m 

  

  

6.0 6.0 thick   Severe wear   

  

 

Roadheaders are not suited (Greater than 0.5 picks/m³)   

  

 

to these rocks. Some progress     5.3 

5.0 

 

possible if softer bands present 

  

  

  

 

in face.Blasting will probably Rapid wear of picks.Shattering   

  

 

be required to assist excavation. of pick inserts and shanks common.   

4.0 4.0 Roadheader may cut satisfactorily 

  

  

  

 

if picks are changed regularly. High     3.8 

  

 

cutting energies (8-11 MJ/m³) and Wear rates of 0.32 picks/m³ or less   

  

 

vibrations will severely reduce life likely. Cutting performance will be    

3.0 3.0 span of machine components. reduced if picks are not changed    

  

 

Moderate drivage rates. May be as regularly.Shattered inserts not uncommon 2.8 

  2.5 low as 10 m³/h in hardest rocks. Moderate wear rates (May be as low as    

2.0 

 

Satisfactory progress can be made. 0.15 picks/m³)Regular changing of sligthly   

  1.8 Cutting rates of 12.15 m³/h likely. worn picks will assist cutting performance. 1.8 

  

   

Low wear rates although regular   

1.0 

 

Roadheaders excellently suited to  inspection of picks is necessary. 1.0 

  

 

these rocks. Good drivage rates  Wear rates likely to be less than    

  

 

can be expected (Up to 20 m³/h). 0.08 picks/m³. Regular inspection of picks   

  

 

    still advantageous   

              

 

 

2.2.4. Shore Hardness 

This method is suggested for the hardness determination of rock minerals using the 

shore scleroscope in laboratory or in situ (ISRM, 1981). Shore rock hardness may 

be obtained as an average of readings taken at random on individual mineral grains. 

Since the area of rock tested is very small a large number of tests are required to 

give good measure of the average hardness, individual tests are more directly 

influenced by the variation of mineralogical content of the rock. 
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The shore scleroscope has proved to be a valuable laboratory tool for the 

determination of rock hardness with good correlation with uniaxial compressive 

strength (Atkinson, et al., 1986). 

But where samples have large number of hard crystals, the relationship is 

unreliable. Although the shore hardness indicates the cuttability to a certain extend, 

it may give unreliable results for some rocks. For example, although the shore 

hardness of the coal is generally high, it can be cut by the roadheaders easily 

(BölükbaĢı, 1986). 

2.2.5. Schmidth Rebound Hardness 

Schmidt hammer is suggested for the hardness determination of rocks in laboratory 

or in-situ. Schmidt hammer rebound values have been correlated with compressive 

strength by a number of workers (Atkinson et. al, 1986), but this method is of 

limited use on very soft or very hard rocks (ISRM, 1981).  

Goktan and Gunes, 2005 determined Schmidt hammer rebound number by applying 

15-20 continuous impacts at each test point and calculated the mean excluding 

suspected low values. Correlation of Schmidt rebound numbers determined as 

explained above against net cutting rates for a roadheader with cuttinghead power 

of 90 kW provided relatively high coefficient of determination(R
2
 = 0.73) as shown 

in Figure 2.14. 

 

Figure 2.14. Relationship Between Schmidt Hammer Rebound Values and Net 

Cutting Rate (Göktan and GüneĢ, 2005) 
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Although a close correlation between Schmidt hammer rebound number and the 

advance rate of roadheaders was obtained for some rocks, rebound number was 

found to be insufficient to define the cuttability of rocks in general (Poole and 

Farmer, 1978). 

2.2.6. Laboratory Cutting Specific Energy 

Prediction of cuttability from a single rock property may be misleading and may 

give unreliable results. Instrumented standard cutting test was developed by the 

University of Newcastle upon Tyne and a good correlation has been found to exist 

between insitu machine performance and laboratory cutting specific energy 

(McFeat-Smith and Fowell, 1977; Fowell and Johnson, 1982). 

Specific energy can be defined as the work done to excavate unit volume of rock 

and quoted in megajoules per cubic meter (MJ/m
3
). It has been found that this 

laboratory measure of specific energy provides a good indication of likely machine 

performance. Figure 2.15 and Table 2.4 show the relationship obtained between the 

laboratory cutting specific energy (SEL) and field instantaneous cutting rate (ICR) 

for Dosco Mk-2A and Dosco Mk-3 type roadheaders (McFeat-Smith and Fowell, 

1977; Fowell and Pycroft, 1980). Although Mk-2A machine was considered as a 

medium-weight machine earlier, it is classified under the light-weight machines 

nowadays. 
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Figure 2.15. Prediction of Cutting Rate From Laboratory Specific Energy (Fowell 

and Johnson, 1982) 
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Table 2.5. Roadheader Performance Relative to Laboratory Specific Energy 

(Fowell and Pycroft, 1982) 

 

Lab. spec. 

energy (MJ/m
3
) 

Cutting 

Performance  

(Dosco Mk-2A) 

 Lab. spec. 

energy (MJ/m
3
) 

Cutting 

Performance  

(Dosco Mk-3) 

20 Machines can only cut these rocks at 

economic rates if they occur in thin 

bands (less than 0.3 m). Short term 

replacement of machine components 

may be required due to substantial 

cutting vibrations 

 32 Machines can cut only thin 

bands of these rocks and tool 

wear will be exceptionally high. 

Short-term damage to machine 

can be expected. 

15 Poor cutting performance. 

Excavation may have to be assisted 

by blasting for rock at top end of 

scale. Shattered inserts should be 

expected. Regular replacement of 

slightly worn picks will improve 

energy requirements and reduce 

component wear. Point attack tools 

may be more beneficial. 

 25 Poor cutting performance 

particularly in massive rocks. 

Pick wear critical and cutting 

will improve by frequent 

inspection. Point attack picks 

essential. 

12 Moderate-poor cutting performance. 

Shattered pick inserts can still be 

expected although less common. For 

abrasive rocks picks must be 

inspected frequently. 

 17 Moderate cutting performance 

to good at bottom of category. 

Picks should be inspected and 

changed regularly particularly 

when excavating abrasive 

rocks. 

8 Moderate to good cutting 

performance with very low wear of 

machine components. Picks must be 

inspected and changed regularly 

particularly when excavating 

abrasive rocks. 

 8 Machine well suited to these 

rocks and rapid advance rates 

can be anticipated. Regular 

inspection and replacement of 

tools still advantageous. 

5 Machine well suited to these rocks. 

Good advance rates can be 

anticipated. Regular inspection and 

replacement of worn picks still 

advantageous. 
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BölükbaĢı (1989) carried out laboratory cutting tests and compared the predicted 

and actual machine performance for Dosco MK-2A machines at Çayırhan coal 

mine. 

KeleĢ (2005) studied the relationships between the laboratory cutting specific 

energy and the insitu cutting rates for Dosco MK-2B medium-weight roadheader 

(38t) for the rocks encountered in Çayırhan and has found meaningful results. 

Figure 2.16 compares the location of the performance prediction curve obtained for 

the medium-weight Dosco Mk-2B with those determined earlier for the light-weight 

(Dosco Mk-2A) and heavy-weight (Dosco Mk-3) roadheaders by McFeat-Smith 

and Fowell (1977); and Fowell and Johnson (1982). 

 

 

Figure 2.16. Comparison of the Performance Prediction Curve for the Medium-

Weight Machines with Those of Light-Weight and Heavy Weight Machines (KeleĢ, 

2005) 
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2.3. Wear Mechanisms in Rock Cutting 

There are four mechanisms of tool degradation most likely to be observed when 

cutting rock: 

i-Abrasive wear 

ii-Micro chipping 

iii-Gross Failure 

iv-Thermal Cracking 

It is important to recognize the main forms of wear in order to reduce their effect. 

Unfortunately it is found in practice that reducing one form of wear usually results 

in the occurrence of another, so a compromise must be sought. A common example 

of this is in optimization of the cobalt content in tungsten carbide alloys. Ideally the 

tool material should be as hard as possible to reduce the influence of abrasive wear. 

This is often achieved by reducing cobalt content and grain size. This however 

results in reduced toughness of the carbide and there is an increased likelihood of 

gross failure of the tool with the formation of large chips (Osburn, 1969; Hurt and 

Macandrew, 1985). 

 

2.3.1. Abrasive Wear 

Rock abrasiveness and the types of tool materials and manufacturing techniques are 

the main factors affecting abrasive wear.  

2.3.2. Rock Abrasiveness 

Abrasive wear is the most important of all mechanisms and it is a function of 

distance travelled in contact with the rock. Various factors affect the abrasiveness of 

rock, particularly important are: 

i-Mineral Composition 

ii-The hardness of mineral constituent 
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iii-Grain shape and size 

iv-The type of matrix material 

v-Physical properties of the rock, including strength, hardness and toughness. 

Free and combined silica content is often regarded as a measure of the abrasiveness 

of a rock but other hard minerals also cause abrasiveness such as orthoclase, 

fluorspar, apatite and hornblends which range in hardness from 5 to 7.5 on the 

Mohs scale. In addition to determining the minerals present in a rock and their 

hardness, it is also necessary to determine the grain size, angularity and 

spheroidicity of the sharp minerals. The bonding strength of the matrix material will 

also directly affect cuttability and abrasive wear of cutting tools. 

In rocks such as sandstones, the manner in which the quartz grains are integrated 

into the structure, and the strength of the matrix holding them in, are likely to be of 

prime importance in determining the mechanism of the wear. In practice, 

observations are such that the strongest sandstones are not necessarily the most 

abrasive. The stronger sandstones have a stronger matrix material, the quartz grains 

being much more rigidly cemented by silica than by calcite or iron oxide. When 

cutting the stronger sandstones with picks the whole rock chip is broken off before 

appreciable sliding over the surface of the tool has taken place. Where the tool is 

scraping against the rock, the grains of quartz by being held rigidly are more likely 

to be fractured off. The scratch marks on the tool, although deeper, are therefore 

possibly shorter and less damaging than cutting the softer rocks, where the 

individual grains of quartz are ripped out of the rock structure and ground along the 

surface of the tool before being able to escape.  

Sandstones are bedded and so are generally fairly easy to cut, while granite, by 

virtue of its hardness and lack of bedding, is usually very difficult. Granite consists 

mainly of potash feldspar (approx.60%) and quartz (approx.20%) with the 

intergrown mineral crystals all about the same size. The potash feldspar often 

occurs as orthoclase (Mohs Hardness no.6 as opposed to quartz at hardness no.7), so 

that granite (in the general sense) may be rather less severe to cut than quartzites. 
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It can be observed that the inter-relations between rock competency, hardness and 

abrasivity are all of importance, however, even very weak rocks can cause 

excessive wear. 

2.3.3. Tool Material and Manufacturing Techniques 

The raw materials and manufacturing techniques that are used to produce tungsten 

carbide-cobalt alloys have a considerable influence on the ultimate life of the 

finished composite. As it is impossible to obtain the required product by melting 

due to decomposition of the monocarbide, WC, a powder metallurgy sintering 

technique is used. The main steps in the production of tungsten carbide-cobalt 

alloys are: 

i-Tungsten ore concentrate (wolframite) is processed to ammonium paratungstate, 

tungstic acid, or tungstic oxide powder; 

ii-This is reduced under hydrogen to tungsten metal powder; 

iii-The tungsten is carburised by heating with carbon in non-oxidising conditions; 

iv-The tungsten carbide powder is milled with cobalt powder to give the mixed 

powder; 

v-The pressed compacts are sintered. 

 

a) Effect of Carbide Additions on Properties 

The two most common additions to tungsten carbide-cobalt alloys are titanium 

carbide and tantalum carbide.  

A titanium carbide-tungsten carbide solid solution added to tungsten carbide-cobalt 

alloys increases the hardness while reducing the thermal conductivity. Although the  

hardness is improved by additions of titanium carbide the transverse rupture 

strength is decreased. An addition of tantalum carbide results in a higher transverse 

rupture strength at cutting temperatures, as the tantalum carbide forms a pure solid 

solution and inhibits the grain growth of the carbide phase (Montgomery, 1968a). 
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The alloys have been shown to have a beneficial effect on the resistance to edge 

wear in metal cutting (Suzuki and Hayashi, 1966). 

The addition of titanium carbide to a tungsten carbide-cobalt alloy, it has been 

claimed (Jackson and Hartman, 1962), to increase the abrasive wear resistance as 

would be expected from the increased hot hardness of this alloy and the increased 

resistance to plastic deformation (Dawihl and Mal, 1965, Ekemar, Iggstrom and 

Heden,1970), plastic flow occurring readily above 800ºC. 

b) The Effect of Tungsten Carbide Grain Size on Deformation 

 

The smaller grains provide less opportunity for sufficient dislocations to pile up at 

grain boundaries and act as stress raisers to produce microcracks in adjacent grains 

(Osburn, 1968). It is possible that dislocation pile ups are not large enough to 

produce cracks in that particular grain. Although resistance to crack propagation has 

been increased, there is a greater probability of material failure as there is a 

reduction in the ability of the material to relieve stresses by plastic flow in the 

cobalt. The material will thus fail in brittle fashion at some higher stress level 

(Osburn, 1968). 

 

Gurland (1954) has shown that a very wide distribution of carbide grain sizes exists 

with a preponderance of smaller sized grains. Osburn (1968) was of the opinion that 

blending of grain sizes would prove beneficial. A narrow particle size distribution 

has shown a marked improvement of transverse rupture strength for any given 

particle size (Exner and Gurland, 1970). 

 

Latin concluded, from his studies of the cracking mode for carbide samples, that 

there was some indication of an increased resistance to cracking for the larger grain 

size (Latin, 1961). 

 

Ivensen and others (Ivensen, Chistyakova and Eiduk, 1973) assumed that the 

excellent performance of coarse grained alloys in operations involving impact 

loading was attributable not only to their better deformability but also to the smaller 

strength loss suffered by them during deformation. 
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Generally the fracture path has been observed outside the tungsten carbide grains if 

these are small, less than 2 to 3 microns, but fracture has been observed to initiate in 

the larger carbide particles, of the order 5 microns (Parikh, 1957). No fractures have 

been observed to pass along the grain boundaries of the cobalt (Doeg, 1960). 

 

For systems such as WC-Co, fracture generally occurs at the binder cobalt-carbide 

interface (Parikh, 1957) which is probably due to the fact that the cobalt-carbide 

interface has the lowest surface energy in the system. 

 

While the addition of titanium carbide reduces the strength at room temperature, the 

addition of tantalum carbide has little or no adverse effect (Lardner, 1970). 

However, at elevated temperatures the addition of tantalum carbide improves the 

strength. 

 

c) The Effect of Cobalt Content 

The cobalt content is mostly used in the production of mining picks which is the 

variable to control the wear resistance of a cutting tool, due to its considerable 

effect on the hardness and fracture strength of tungsten carbide composites. 

For tungsten carbide-cobalt alloys having a cobalt content greater than 10%, 

appreciable amounts of plastic deformation are shown before fracture. In general a 

cobalt content of greater than approximately 13% is needed for appreciable 

deformation, although the actual cobalt content will depend on the grain size (Hara 

and Yazu, 1968). 

 

2.3.4. Micro Chipping 

Micro chipping may result from two causes, impact or impact fatique. Impact 

fatique is the mechanism proposed by Montgomery (1968b) as the major wear 

mechanism operating during percussive drilling. Thus the occurrence of this type of 

wear is related to the number of stress reversals the tool experiences and is not so 

dependent to the maximum stress that the tip is exposed to. 
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Montgomery found that the chips vary in diameter from between 25 and 200Mm 

depending on the carbide composition and had a thickness of 10-14 Mm. The spalls 

start from crack in the worn surface and follow the WC/WC or WC/Co interfaces at 

a depth of a few grains. 

Micro chipping can also result from the impact on the micro scale where with an 

increased rate of impact the surface of the carbide is not given the opportunity to 

deform and there is a tendency for micro chipping or flaking of the surface (Osburn, 

1968). 

 

2.3.5. Gross Failure 

Gross failure may result from impact causing shattering of the carbide tip. On 

impacting against the rock, compressive stress waves are generated which on 

meeting an interface are only partially transmitted, the remainder being reflected as 

a highly destructive tensile stress wave, which is of high enough intensity, will 

cause tensile cracking of the insert. The complex geometry of the insert may cause 

reflection from several faces, the reflected stress waves may combine to produce 

failure of the insert. This type of failure may occur due to poor carbide i.e. low 

transverse and tensile strength, pores in the carbide acting to reflect stresses, or a 

thick braze. With a thin braze the material will not deform, allowing the waves to be 

transmitted to the insert carrier where they will be attenuated without damage other 

than possible fatique failure (Osburn, 1968). 

To some extent higher cobalt content carbides are used to overcome this type of 

failure, the cobalt acting as a crack stopper and absorbing the energy by plastic 

deformation, though it is also essential that the carbide is free from pores and the 

machine is operated in such a way that tool impact is reduced to a minimum. The 

introduction of iso-statically hot pressed carbide (Lardner, 1974) may prove of 

benefit in these situations. 
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2.3.6. Thermal Cracking 

Carbide tip may be lost due to high temperature and consequent failure of the weld. 

Although tungsten carbide is considered to have good thermal fatique and shock 

resistance (Osburn, 1968), there are many examples in practice where carbides have 

failed by thermal fatique and shock. Thermal fatique is most noticeable in non-

abrasive rocks, by the formation of a snake-skin crazing on the surface of the 

carbide. 

The application of water to cutting tools is an area requiring further research. 

Generally the application of water is beneficial, provided adequate quantities are 

applied to cool the tool and promote efficient debris clearance. 

From preliminary Lathe studies (Maher,1973) it would appear that if insufficient 

water is used, a slurry is formed which acts as a grinding medium accelerating the 

wear process. 

Operating conditions should avoid situations where the tools are alternatively 

cooled with cold water, this leads to thermal cracking. 

 

2.4. Effect of Pick Blunting on Cutting Performance 

Picks and cutting tools play an important part in the winning of coal and driving 

roadways with cutting machines. The need to design efficient cutting tools is self 

evident, but like all tools which are used in continuous chipping and breaking down 

of hard materials, they are constantly subjected to wear and blunting. For this 

reason, it is important to know what effect blunting has for, if it is large, good 

performance characteristics associated with a particular design could easily be lost 

if the tool blunts easily. Sharp picks are inevitably blunted to a greater or lesser 

extend by use, even where hard materials such as tungsten carbide are employed at 

the tip, and material is in effect worn with blunted tools. It is highly important to see 

to what extent the elimination of a sharp edge will result in an increase of the forces 

acting and in a decrease in cutting performance.  
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Some studies of the influence of pick wear on cutting performance have been made 

by Dalziel and Davies (1964) but the experiments are not sufficiently advanced to 

enable generally applicable conclusions to be reported. 

Dalziel and Davies (1964) carried out cutting experiments with asymmetric wedge 

tool. Five degrees of blunting were tested with flats of width 20, 48, 96 and 122 by 

10
-3

 inches. The sharp and final condition of the tool is shown in figure 2.17. 

 

(a)                                                       (b) 

 

Figure 2.17. Sharp (a) and Blunt (b) Cutting Tools (Dalziel and Davies, 1964) 

 

The forces acting on a blunt tool were measured while cutting linear grooves in flat 

coal surfaces at a constant depth of cut of 0.25 inch. Two components of force were 

measured, the cutting force acting on the tool parallel to the direction of cut and the 

normal force acting perpendicular to the coal surface. The peak cutting and normal 

forces associated with chip formation were evaluated and resolved in a direction 

perpendicular to the wear flat to obtain a new parameter which was designated as 

fracture force. Dalziel and Davies (1964) found that the fracture force appears to be 

related to the width of the blunt flat by a half-power law and the increase reaches to 

about 7 times with the highest wear flat as compared to sharp tool. 
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Evans and Pomeroy (1966) carried out coal cutting tests to study the cutting forces 

on picks blunted by grinding known lengths of flat parallel to the tool path and 

perpendicular to the rake face (Figure 2.18). Table 2.5 shows the results obtained. 

 

 

Figure 2.18. Systematic Blunting of Wedges Used to Groove Coal (Evans and 

Pomeroy, 1966) 

 

 

Table 2.6. The Effect of Systematic Blunting on the Forces Required to Cut 

Grooves in Cwmtillery, Graw Coal (Evans and Pomeroy, 1966) 

Tool Condition Cutting Force 

(lbf) 

Normal Force 

(lbf) 

Sharp  

1/16 in.flat perpendicular to rake face 

1/8 in. flat parallel to tool path 

1/16 in. flat perpendicular to rake face  

and 1/16 in.flat parallel to tool path 

38 ± 3 

88 ± 6 

35 ± 1 

 

81 ± 5 

7 ± 1 

66 ± 6 

6 ± 1 

 

58 ± 4 

 

 

Results with wedge type drag tools showed that blunting perpendicular to the rake 

face has a much larger effect on cutting force than blunting parallel to the tool path. 
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Evans and Pomeroy (1966) carried out experiments to study the effect of variation 

in the widths of the wear flats either perpendicular to the rake face or parallel to the 

direction of cutting. Variation in the length parallel to the direction of cutting did 

not produce any consistent effect with blunting perpendicular to the rake face a 

definite relationship has been established. The width of the wear flat perpendicular 

to the rake face was varied from 2 x 10
-3

 to 122 x 10
-3

 inch. From the mean cutting 

force (Fc) and normal forces (Fn), the forces acting perpendicular to the wear flat 

(Fp) were calculated and the following relationship was obtained for wedge type 

tools; 

                                                         Fp = 1540 b
0,52

lbf                                          (2.1) 

 

Where b is the semi-width of the wear flat in inches (Evans and Pomeroy, 1966). 

The relationship between force parameters and the wear flat was studied by Johnson 

and Morgans (1969), and the relationship has been shown to be a power law. 

 

BölükbaĢı (1973) studied the effects of blunting of blades of a model coal plough, 

on haulage force and specific energy in cutting and loading. Four degrees of 

blunting, perpendicular to rake face were tested with flats of width 0.25, 0.50, 1.00 

and 1.50 mm. The mean haulage force was increased from 1.89 kN to 2.75 kN and 

the specific energy was increased from 1.34 kJ/kg to 1.77 kJ/kg when the sharp 

blades were replaced by blunt ones having a land of width 1.50 mm. 

 

Kenny and Johnson (1976) studied the effect of pick wear on cutting performance 

for Bunter sandstone using picks with positive rake angle. Figures 2.19 and 2.20 

show the relationships between the wear flat, specific energy and mean cutting 

force. 
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Figure 2.19. Relationship Between Specific Energy and Wear Flat (Kenny and 

Johnson, 1976) 

 

 

 

 

Figure 2.20. Relationship Between Mean Cutting Force and Wear Flat (Kenny and 

Johnson, 1976) 
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CHAPTER 3 

 

EXPERIMENTAL PROCEDURE 

 

Rock property tests and laboratory cutting tests were carried out on rock samples 

obtained from various coal fields such as Çayırhan, Tınaz, Seyitömer and Elbistan. 

 

3.1. Rock Property Tests 

3.1.1. Uniaxial Compressive and Tensile Strength Tests 

Uniaxial compressive and tensile strength (Brazilian) tests were carried out 

according to ISRM Suggested Methods (ISRM,2007). 

3.1.2. Cone Indenter Test 

Cone indenter tests were carried out using the NCB Cone Indenter. 

3.1.2.1. Apparatus 

Figure 3.1 shows the NCB Cone Indenter designed to determine the hardness of 

rock by measuring its resistance to indentation by a hardened tungsten carbide cone. 

The instrument comprises a portal steel frame 175 mm long in which a steel strip is 

clamped along a longitudinal axis. In the middle of one longitudinal side of the 

frame a dial gauge is inserted in such a way that its probe is in contact with one side 

of the steel strip. In the middle of the opposite longitudinal side of the frame is 

fitted a micrometer with a hollow spindle into which is inserted a tungsten carbide 

cylinder with a conical tip having a 40° cone angle. The flat base of the cylinder is 

in contact with a steel ball so that the cylinder is free to rotate in its mounting. The 

micrometer is used to measure the amount of indentation and the gauge indicates 

the distance the spring is deflected. 
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Figure 3.1. NCB Cone Indenter 

 

3.1.2.2. Procedure 

Testing procedure is described in the apparatus manual (MRDE, 1977). The main 

steps are; 

 Test specimens with approximate dimensions of 12 mm x 12 mm x 6 mm 

should be prepared with sound and clean test surface. 

 Dial gauge is set to 0.0 and micrometer reading is taken (M0). 

 The micrometer is to be turned until the dial gauge shows 0.635 (D1) and the 

micrometer is read again (M1). 

 

3.1.2.3. Calculation 

 

The penetration of the cone into the specimen is calculated from the formula: 

 

                                                      P = (M1-M0)-D1                                               (3.1) 

 

The standard cone indenter number is calculated from the formula: 

 

                                                         IS = 0.635/P                                                   (3.2) 
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3.1.3. Shore Hardness Test  

 

Shore hardness is suggested for the hardness determination of rocks, using the shore 

scleroscope in the laboratory or in-situ (ISRM, 2007). Figure 3.2 shows the shore 

scleroscope used in the tests.  

 

 

 

Figure 3.2. Model C-2 Type Shore Scleroscope 

 

The shore scleroscope consists of a diamond or tungsten carbide tipped mass which 

is fitted into a vertical guide tube and set at a predetermined height. Practically, the 

mass is raised by suction about 300 mm. The specimen is mounted on the anvil 

situated below the tube and the mass is allowed to fall freely onto the surface of the 

specimen by squeezing the rubber bulb of the equipment. After striking the surface 

the mass rebounds and the height of rebound which is indicated on a graduated 

tube, is a measure of the samples resilience. The test requires smooth flat surfaces 

and the specimen should have a minimum test surface of 10 cm
2
 and a minimum 

thickness of 1 cm. At least 20 hardness determinations should be made (ISRM, 

2007). 
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3.1.4. Schmidt Rebound Hardness Test 

Schmidth rebound hardness values of the rock samples were determined using L-

type Schmidth hammer shown in Figure 3.3. 

 

 

Figure 3.3. L-Type Schmidth Hammer 

 

The plunger of the hammer is placed against the specimen and is depressed into the 

hammer by pushing the hammer against the specimen vertically. Energy is stored in 

a spring which automatically rebounds at a prescribed energy level and impacts a 

mass against the plunger. The height of rebound of the mass is measured on a scale 

and is taken as the measure of hardness. If instrument is not vertically downward 

pointed, gravitational effect due to inclination of hammer must be accounted and 

the results should be corrected for inclination. At least 20 individual tests shall be 

conducted on any rock sample (ISRM, 2007). 

 

3.1.5. Petrographic Analyses 

Thin-section analyses were carried out at the Geological Engineering Department of 

the METU to determine the petrographic descriptions of the samples. Thin-sections 

were also analyzed to determine the mean mineral grain size of the rock samples.  
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3.1.6. Density Determination 

Densities of the rock specimens were determined by weighing right cylindrical rock 

samples with known volumes. 

 

3.2. Laboratory Cutting Tests 

The standard cutting test has been developed by Roxborough and Phillips (1974) to 

simulate the cutting action of a drag-pick tool and to measure the corresponding 

cutting properties of rock materials. The cuts are made at a depth of 5 mm with a 

standardized geometry and composition tungsten carbide chisel-shaped tool 

mounted on an instrumented cutting rig. Cuts can be made either on around the 

surface of a 76 mm diameter rock core or on the smoothed surface of a rock block. 

The strain gauge output from the dynamometer is recorded as analoque ultra violet 

traces which are analysed together with other recorded information such as weight 

of debris and length of cut. 

 

3.2.1. The Rock Cutting Set-up 

Cutting tests were carried out using the rock cutting setup at the Mining 

Engineering Department of the Middle East Technical University. Figure 3.4 shows 

the setup which consists mainly of a shaping machine, a dynamometer and a 

recording unit. 
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Figure 3.4. Rock Cutting Setup 

 

3.2.1.1. Shaping Machine 

Cutting is performed using a modified shaping machine having a stroke of 625 mm 

and a power of 4 kW. The rig can be raised, lowered or traversed relative to the 

cutting tool and can accommodate a block of rock having a length of 50 cm, a width 

of 35 cm and a height of 30 cm. The cross-head of the shaper has been modified to 

accept a triaxial force dynamometer and a tool holder. 

3.2.1.2. Triaxial Dynamometer 

The shaping machine is fitted with a 150 kN triaxial dynamometer which resolves 

the force acting on the tool during cutting into three mutually perpendicular 

components; the in-line cutting force, the normal force tending to push the tool out 

of the rock and the lateral force tending to move the tool sideways. For cuttability 

studies and the specific energy determination only the cutting forces are directly 

recorded and also continuously integrated on to an ultraviolet multi-channel 

recorder with the help of an integrator. 
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3.2.1.3. Recording Unit 

Recording unit consists of a SE 995 6-channel alternating current bridge 

conditioning unit (exitation output of 5 volts), a SE 6151 conditioning amplifier, a 

SE 6150 12 channel ultra-violet oscillograph and an integrator. 

Electrical signals coming from the dynamometer are amplified and the direct 

cutting and mean forces are recorded on the UV paper. Figure 3.5 shows a typical 

UV recording. 

 

 

Figure 3.5. Typical Records of Direct and Mean Cutting Forces on an 

Ultraviolet Paper 

 

3.2.1.4. Calibration 

The dynamometer and the recording unit need to be calibrated to analyse the U.V. 

records to determine cutting forces. Pressure gauge of a hydraulic jack was first 

calibrated under the testing machine. Force is applied horizontally to the tip of the 

cutting bit in opposite direction of cutting at increasing values and the recording 

unit has been calibrated to read up to 5 kN. Calibration constant has been 

determined as kN/mm of deviation from zero position. 

 

 

Fc (direct) 

Fc (mean) 
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3.2.1.5. Standard Conditions for a Cutting Test and the Degrees of Blunting 

Cutting tests with sharp and blunt picks were carried out at the following standard 

cutting conditions (Fowell and Johnson, 1982; McFeat-Smith and Fowell, 1977). 

 

Depth of cut  : 5 mm 

Cutting speed  : 150 mm / s 

Type of cutting pick 

Rake angle  : -5° 

Back clearance angle : 5°  

Cutting width  : 12.7 mm 

Composition  : Tungsten carbide 

    with 10% cobalt 

The experiment steps are: 

 The rock is cut at standard conditions, 

 The recording paper is analyzed and mean cutting force (Fc) is calculated in kN, 

 The length cut (L) is measured in meters, 

 The amount of rock cut is weighed and volume of the rock cut is calculated by 

using its density. Then laboratory cutting specific energy is calculated by the 

following formula: 

 

 

                                                                                                                         (3.3) 
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Figure 3.6 (a) shows a standard sharp pick used in the experiments. Since the 

standard pick has negative rake, standard picks were blunted by grinding with 40º 

wear angle to obtain wear flats of width 1 mm, 2 mm, 3 mm and 4 mm. Figure 3.6 

(b) shows a pick blunted to 4 mm wear flat. 

(a)                                                              (b) 

 

Figure 3.6. Sharp (a) and Blunted (b) Standard Cutting Picks 

 

Figure 3.7 shows the blunting of a pick by using a diamond grinding disc and 

Figure 3.8 shows the sharp and 1 mm, 2 mm, 3 mm and 4 mm blunted picks. 

 

 

Figure 3.7. Blunting of a Standard Pick by Using Diamond Grinding Disc 

Wear flat=4 mm 
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Figure 3.8. Sharp and Blunted Picks Used in the Tests 

 

3.3. Size Distribution and Coarseness Index 

Size distribution and coarseness index gives a comparative measure of size and 

distribution of the debris produced. The debris obtained after each cut was sized 

from 22.23 mm, 19.05 mm, 12.70 mm, 8 mm, 4.76 mm and 2.0 mm sieve sizes and 

the cumulative weight percentage of each size fraction into which the debris has 

been graded was determined. The sum of the cumulative weight percentages gives 

the coarseness index (C.In) whose value depends on the size and number of sieves 

used. Table 3.1 shows the sieve sizes employed and the calculation of coarseness 

index. 

Table 3.1. Calculation of Coarseness Index 

Size Fraction Weight 

(gr) 

Weight 

(%) 

Cumulative Weight 

(%) 

 

                       +22.23 mm 0 0 0 

-22.23 mm      +19.05 mm - - - 

-19.05 mm      +12.7 mm - - - 

-12.7  mm       +8 mm - - - 

-8 mm             +4.76 mm - - - 

-4.76 mm        +2.0 mm - - - 

-2.0 mm                   - - 100 

                                Total               -                 100                        C.In= 

       

sharp 1 mm 2 mm 3 mm 
4 mm 
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 CHAPTER 4 

 

        EXPERIMENTAL RESULTS AND DISCUSSIONS 

 

Rock property and laboratory cutting tests were carried out on various rock samples 

having different strengths. Thin-section analyses were carried out at the Geological 

Engineering Department of METU. 

 

4.1. Rock Property Test Results 

 

Table 4.1 shows the rock property test results. Tests were not carried out on higher 

strength rocks due to the limited capacity of the rock cutting setup and the 

possibility of having a cutting tool or dynamometer failure. Table 4.2 shows the 

results of thin-section analyses on rock samples.  
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Table 4.1. Rock Property Test Results 

 

 

 

4.2. Thin Section Results 

 

Table 4.2 shows petrographic characteristics of the rock samples and Table 4.3 

shows the mineral grain sizes determined by analyzing thin sections.  

 

 

Type 

 of 

 Rock 

Uniaxial 

Compressive 

Strength 

(MPa) 

Brazilian 

Tensile 

Strength 

(MPa) 

Cone  

Indenter 

No.  

(Is) 

Shore  

Hardness 

Schmidth  

Hammer  

Hardness 

Density 

(gr/cm3) 

Limestone 1 6.08 0.78 0.89 3.10 16.18 1.86 

Limestone 2 28.69 5.52 1.66 15.30 35.40 2.22 

Limestone 3 5.75 0.59 0.30 7.10 23.40 1.42 

Limestone 4 18.38 2.39 1.21 14.20 29.70 1.69 

Clayey limestone 5.77 1.32 0.60 21.60 25.04 1.02 

Mudstone 1 28.30 3.38 1.52 30.30 37.20 2.15 

Mudstone 2 28.19 4.63 1.63 22.70 25.86 2.17 

Mudstone 3 31.75 1.93 1.27 13.20 32.60 2.01 

Mudstone 4 64.15 10.17 2.07 29.10 45.80 1.91 

Mudstone Siltstone 26.00 5.05 1.19 13.40 21.66 1.79 

Marl 1 19.00 2.40 1.15 16.83 18.00 1.70 

Marl 2 6.31 1.64 0.67 7.50 18.24 1.24 

Altered tuff 25.06 4.00 1.33 17.50 32.00 1.95 

Lithic tuff 1 28.04 1.97 1.24 25.30 44.00 1.70 

Lithic tuff 2 11.45 2.03 0.78 16.60 29.20 1.53 

Claystone 13.00 1.61 0.50 6.80 20.80 1.42 

Siltstone 1 29.03 7.56 2.09 36.50 39.40 2.11 

Siltstone 2 36.13 8.73 3.63 22.00 45.20 2.20 

Andesite 34.34 5.92 2.19 46.50 45.20 2.07 

Travertine 47.84 5.89 2.79 25.10 43.60 2.46 

Ranges from  

Min. to Max. 

 

5.75-64.15 

 

0.59-10.17 

 

0.30-3.63 

 

3.10-46.50 

 

16.18-45.80 

 

1.02-2.46 
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Table 4.2. Petrographic Characteristics 

Sample Characteristic Quartz 

Content (%) 

Cementation 

Limestone 1 beige fine grained 1 well crystal compacted, 

well cemented 

Limestone 2 brown colored, very fine grained 1-2 well cemented 

Limestone 3 brownish beige very fine grained 0 well cemented 

Limestone 4 beige colored, very fine grained and laminated 0 well compacted, well cemented 

Mudstone 1 very fine grained and laminated 25-30 well cemented 

Mudstone 2 red colored, fine grained 10 well cemented 

Mudstone 3 light green colored 20 well cemented 

Mudstone 4 greenish brown banded and laminated 35 Well compacted, well cemented 

Mudstone  brownish colored bands irregular  4-5 well compacted, well cemented 

Siltstone lenses of mudstone alternating with    

  darker colored and fine grained siltstone    

Clayey 

Limestone 

light brown colored laminated, 1 well compacted, well cemented 

  very fine grained calcites and clay minerals    

Marl 1 light colored, very fine grained 2 Well cemented, well compacted 

Marl 2 beige colored, very fine grained calcite and clay 

minerals 

1-2 Well cemented, well compacted 

Altered Tuff yellowish brown colored, fine grained 85 not containing cementation 

Lithic Tuff 1 light violet colored volcanic  rock with 

phenocrysts and rock fragments 

10 compacted, not containing 

cementation 

Lithic Tuff 2 very fine grained matrix, well rounded to angular 

fragments of volcanic rocks  

4 not containing cementation 

Claystone beige colored, fine grained 20-25 Cemented, compacted 

Siltstone 1 beige colored, fine grained 20 Well cemented, well compacted 

Siltstone 2 brownish colored, very fine grained 1 Well cemented, well compacted 

Andesite pink colored, fine grained porphyritic texture 0 Not containing cementation 

    

Travertine light colored, medium grained calcite 1 Well crystal compacted 
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Table 4.3. Mineral Grain Sizes 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3. Cutting Test Results 

 

Table 4.4 shows cutting test results on rock samples with cutting picks having 

varying wear flats. The results show that as compared to sharp picks, cutting force 

increases 2-3 times and the cutting specific energy increases 4-5 times when the 

wear flat is increased to 4 mm. Tests with 4 mm pick could not be applied for 

siltstone 2 and travertine not to cause any damage to the cutting set-up due to very 

high cutting forces encountered.   

 

 

 

 

 

Sample Grain Size 

Lowest 

(μm) 

Grain Size 

Highest 

(μm) 

Grain Size 

Weighed Average 

(μm) 

Limestone 1 90.00 160.00 126.00 

Limestone 2 20.00 20.00 20.00 

Limestone 3 30.00 30.00 30.00 

Limestone 4 20.00 100.00 55.00 

Clayey Limestone 20.00 20.00 20.00 

Mudstone 1 20.00 20.00 20.00 

Mudstone 2 50.00 270.00 125.00 

Mudstone 3 80.00 120.00 98.00 

Mudstone 4 40.00 270.00 92.00 

Mudstone-siltstone 20.00 20.00 20.00 

Marl 1 20.00 60.00 44.00 

Marl 2 40.00 40.00 40.00 

Altered Tuff 90.00 700.00 272.00 

Lithic Tuff 1 80.00 1500.00 419.00 

Lithic Tuff 2 90.00 900.00 362.00 

Claystone 25.00 25.00 25.00 

Siltstone 1 40.00 40.00 40.00 

Siltstone 2 50.00 700.00 135.00 

Andesite 180.00 1500.00 477.00 

Travertine 40.00 40.00 40.00 
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Table 4.4. Cutting Test Results 

Type  

of  

Rock 

Width of Wear  

Flat 

Mean Cutting  

Force 

Laboratory Cutting 

Specific Energy 

(mm) (kN) (MJ/m³) 

 Sharp 0.56 6.74 

 1 0.57 7.64 

Limestone 1 2 0.71 9.85 

 3 0.79 12.29 

 4 0.94 15.37 

 Sharp 1.26 8.68 

 1 1.61 13.83 

Limestone 2 2 2.05 21.37 

 3 3.57 42.63 

 4 4.82 57.55 

 Sharp 0.19 1.93 

 1 0.21 2.22 

Limestone 3 2 0.26 2.67 

 3 0.28 2.84 

 4 0.36 4.35 

 Sharp 0.64 4.24 

 1 0.80 5.93 

Limestone 4 2 1.03 7.23 

 3 1.42 11.48 

 4 1.58 14.55 

 Sharp 0.32 2.36 

 1 0.38 2.58 

Clayey Limestone 2 0.45 3.33 

 3 0.55 4.20 

 4 0.61 5.12 

 Sharp 1.56 17.96 

 1 1.92 24.53 

Mudstone 1 2 2.37 26.91 

 3 2.92 40.05 

 4 3.94 54.07 

 Sharp 1.41 12.03 

 1 1.63 18.92 

Mudstone 2 2 2.07 23.73 

 3 2.68 31.94 

 4 3.62 43.12 

 Sharp 0.88 7.99 

 1 1.25 14.56 

Mudstone 3 2 1.44 14.98 

 3 2.05 22.71 

 4 2.52 37.01 

 Sharp 2.18 19.86 

 1 3.18 33.39 

Mudstone 4 2 3.22 33.28 

 3 4.86 55.03 

 4 4.94 79.64 

 Sharp 0.84 8.92 

 1 1.01 9.58 

Mudstone-Siltstone 2 1.04 10.24 

 3 1.29 10.62 

 4 1.60 15.77 
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Table 4.4. Cutting Test Results (continued) 

Type  

of  

Rock 

Width of Wear  

Flat 

Mean Cutting  

Force 

Laboratory Cutting 

Specific Energy 

(mm) (kN) (MJ/m³) 

 Sharp 0.34 2.07 

 1 0.34 2.17 

Marl 1 2 0.44 3.90 

 3 0.56 4.21 

 4 0.71 4.30 

 Sharp 0.36 2.18 

 1 0.42 2.79 

Marl 2 2 0.58 3.86 

 3 0.72 4.90 

 4 0.74 5.90 

 Sharp 1.15 10.90 

 1 1.54 16.62 

Altered Tuff 2 1.89 21.08 

 3 2.47 28.97 

 4 2.89 36.85 

 Sharp 0.99 7.47 

 1 1.20 12.40 

Lithic Tuff 1 2 1.45 16.91 

 3 2.29 27.05 

 4 2.74 31.91 

 Sharp 0.74 6.52 

 1 0.80 10.02 

Lithic Tuff 2 2 0.92 11.74 

 3 1.22 15.45 

 4 1.64 19.61 

 Sharp 0.21 1.44 

 1 0.20 1.71 

Claystone 2 0.21 1.79 

 3 0.25 1.92 

 4 0.28 2.15 

 Sharp 1.46 9.96 

 1 2.01 15.67 

Siltstone 1 2 2.40 19.19 

 3 2.58 22.08 

 4 3.36 33.34 

Siltstone 2 

Sharp 2.20 27.68 

1 3.80 39.58 

2 5.11 48.92 

3 6.57 87.39 

4 Not tried for safety 

 Sharp 2.47 23.34 

 1 3.45 42.34 

Andesite 2 4.17 50.25 

 3 6.03 64.21 

 4 6.31 86.90 

 Sharp 3.26 28.28 

 1 4.84 43.79 

Travertine 2 5.89 61.78 

 3 7.51 84.45 

 4 Not tried for safety 
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4.4. Relationships Between Laboratory Cutting Specific Energy, Mean Cutting 

Force and Wear Flats With Uniaxial Compressive Strengths 

 

Figure 4.1 shows the relationships between uniaxial compressive strength and 

laboratory cutting specific energy at different wear flats. Figures show that rather 

good correlation exists between the laboratory cutting specific energy and the 

increase in uniaxial compressive strength. Although increase in wear flat causes 

slight increase in specific energy for low strength rocks, it increases rapidly with 

increasing wear flat and uniaxial compressive strength, reaching 4-5 times as 

compared  to sharp picks for high strength rocks.  
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Figure 4.1. Relationships Between Uniaxial Compressive Strength and Laboratory 

Cutting Specific Energy at Different Wear Flats 
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Figure 4.2 shows the establishment of the critical wear flats at varying compressive 

strengths if the limiting cutting specific energy above which poor cutting 

performance will be obtained is considered to be 25 MJ/m³ (see Table 2.4). As it 

can be seen from the figure, although the cutting specific energy remains below 25 

MJ/m³ even with 4 mm wear flat for rocks having UCS (uniaxial compressive 

strength) less than about 20 MPa, the critical limit is exceeded even with 1 mm 

wear flat pick when the uniaxial compressive strength exceeds about 35 MPa. 

 

 

Figure 4.2. Critical Wear Flats for Varying Uniaxial Compressive Strengths 

 

Figure 4.3 shows the relationships between the mean cutting force and the uniaxial 

compressive strength at different wear flats. The relationships are similar to 

laboratory cutting specific energies. Mean cutting force for higher compressive 

strengths increases 2-3 times with 3-4 mm wear flats as compared to sharp picks.  
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Figure 4.3. Relationships Between Uniaxial Compressive Strength and Mean 

Cutting Force at Different Wear Flats 
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4.5. Relationships Between Laboratory Cutting Specific Energy, Mean Cutting 

Force and Wear Flats With Tensile Strengths 

 

Figure 4.4 shows the relationships between Brazilian Tensile Strength and 

laboratory cutting specific energy at different wear flats. Figures show that rather 

low correlation exists between the specific energy and the increase in tensile 

strength. Although the increase in wear flat causes slight increase in specific energy 

for low tensile strengths, it increases rapidly as the tensile strength and wear flat 

increase, reaching about 4 times as compared to sharp picks for higher tensile 

strengths. 
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Figure 4.4. Relationships Between Brazilian Tensile Strength and Laboratory 

Specific Cutting Energy at Different Wear Flats 
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Figure 4.5 shows the establishment of the critical wear flats at varying tensile 

strengths if the limiting cutting specific energy above which poor cutting 

performance will be obtained is considered to be 25 MJ/m³. As it can be seen from 

the figure, although the cutting specific energy remains below 25 MJ/m³ even with 

4 mm wear flat for rocks having BTS (brazilian tensile strength) less than about 3 

MPa, the critical limit is exceeded even with 1 mm wear flat picks when the BTS 

exceeds about 6 MPa. 

 

Figure 4.5. Critical Wear Flats for Varying Brazilian Tensile Strengths 

 

Figure 4.6 shows the relationships between the mean cutting force and the Brazilian 

Tensile Strength at different wear flats. The relationships are similar to laboratory 
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Figure 4.6. Relationships Between Brazilian Tensile Strength and Mean Cutting 

Force at Different Wear Flats 
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4.6. Relationships Between Laboratory Cutting Specific Energy, Mean Cutting 

Force and Wear Flats with Cone Indenter Hardness 

 

Figure 4.7 shows the relationships between the laboratory cutting specific energy 

and standard cone indenter hardness at different wear flats. Figures show that the 

relationship is linear and rather high correlation exists between the specific energy 

and the standard cone indenter values. The rate of increase in specific energy gets 

higher with increasing wear flats, being about 3-4 times larger with 4 mm wear flat 

as compared to sharp picks at a cone indenter hardness of about 2. 
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Figure 4.7. Relationships Between Cone Indenter Number and Laboratory 

Specific Cutting Energy at Different Wear Flats 
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Figure 4.8 shows the establishment of the critical wear flats at varying cone indenter 

numbers if the limiting cutting specific energy above which poor cutting 

performance will be obtained is considered to be 25 MJ/m³. As it can be seen from 

the figure, although the cutting specific energy remains below 25 MJ/m³ even with 

4 mm wear flat for rocks having cone indenter number of less than 1.2, the critical 

limit is exceeded even with 1 mm wear flat pick when the cone indenter number is 

above 2.  

 

Figure 4.8. Critical Wear Flats for Varying Standard Cone Indenter 

Numbers 
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Figure 4.9.Relationships Between Cone Indenter Number and Mean Cutting Force  

at Different Wear Flats 
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4.7. Relationships Between Laboratory Cutting Specific Energy, Mean Cutting 

Force and Wear Flats With Shore Hardness 

 

Figure 4.10 shows the relationship between the laboratory cutting specific energy 

and shore hardness at different wear flats. Figures show that low correlation exists 

between specific energy and the shore hardness. Although the increase in wear flat 

causes slight increase in specific energy for low shore hardness values, it increases 

rapidly as the shore hardness and wear flat increase, reaching about 4 times as 

compared to sharp picks for higher shore hardness values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

 

 

 

 

Figure 4.10. Relationships Between Shore Hardness and Laboratory Specific 

Cutting Energy at Different Wear Flats 
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Figure 4.11 shows the establishment of the critical wear flats at varying shore 

hardness values if the limiting cutting specific energy above which poor cutting 

performance will be obtained is considered to be 25 MJ/m³. As it can be seen from 

the figure, although the cutting specific energy remains below 25 MJ/m³ even with 

4 mm wear flat for rocks having shore hardness of less than 15, the critical limit is 

exceeded even with 1 mm wear flat pick when the shore hardness is above 30.  

 

Figure 4.11. Critical Wear Flats for Varying Shore Hardness Values 

 

Figure 4.12 shows the relationships between the shore hardness and the mean 

cutting force at different wear flats. The relationships are similar to cutting specific 

energies. Mean cutting force increases 2-3 times with 3-4 mm wear flats as 
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Figure 4.12. Relationships Between Shore Hardness and Mean Cutting 

Force at Different Wear Flats 
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4.8. Relationships Between Laboratory Cutting Specific Energy, Mean Cutting 

Force and Wear Flats With Schmidth Hammer Hardness 

 

Figure 4.13 shows the relationship between the laboratory cutting specific energy 

and schmidth hardness values at different wear flats. Figures show that rather good 

correlation exists between specific energy and the schmidth hammer hardness. 

Although the increase in wear flat causes slight increase in specific energy for low 

shore hardness values, it increases rapidly as the schmidth hammer hardness and 

wear flat increase, reaching about 3-4 times as compared to sharp picks for higher 

schmidth hammer values. 
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Figure 4.13. Relationships Between Schmidth Hammer Hardness and Laboratory 

Specific Cutting Energy at Different Wear Flats 
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Figure 4.14 shows the establishment of the critical wear flats at varying schmidth 

hammer hardness values if the limiting cutting specific energy above which poor 

cutting performance will be obtained is considered to be 25 MJ/m³. As it can be 

seen from the figure, although the cutting specific energy remains below 25 MJ/m³ 

even with 4 mm wear flat for rocks having schmidth hammer values of less than 

about 25-30, the critical limit is exceeded even with 1 mm wear flat pick when the 

schmidth hammer hardness exceeds about 40. 

 

Figure 4.14. Critical Wear Flats for Varying Schmidth Hammer Hardness 

 

Figure 4.15 shows the relationships between the schmidth hammer hardness and the 
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Figure 4.15. Relationships Between Schmidth Hammer Hardness and Mean 

Cutting Force at Different Wear Flats 
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4.9. Relationships Between Laboratory Cutting Specific Energy, Mean Cutting 

Force and Wear Flats With Density 

 

Figure 4.16 shows the relationships between the laboratory cutting specific energy 

and density at different wear flats. Figures show that the relationship is linear and 

rather low correlation exists between the specific energy and the density. The rate of 

increase in specific energy gets higher with increasing wear flats, being about 3-4 

times larger with 4 mm wear flat as compared to sharp picks at a density of about 

2,2 gr/cm³. 
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Figure 4.16. Relationships Between Density and Laboratory Specific Cutting 

Energy at Different Wear Flats 
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Figure 4.17 shows the establishment of the critical wear flats at varying densities if 

the limiting cutting specific energy above which poor cutting performance will be 

obtained is considered to be 25 MJ/m³. As it can be seen from the figure, although 

the cutting specific energy remains below 25 MJ/m³ even with 4 mm wear flat for 

rocks having a density less than 1,7 gr/cm³, the critical limit is exceeded even with 1 

mm wear flat pick when the density is above 2,2 gr/cm³. 

 

Figure 4.17. Critical Wear Flats for Varying Density 
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Figure 4.18. Relationships Between Density and Mean Cutting Force at Different 

Wear Flats 
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4.10. Effect of Mineral Grain Size on Cutting Specific Energy 

 

Figure 4.19 shows the relationships between the laboratory cutting specific energy 

and the mean grain size and Figure 4.20 shows the relationships between the mean 

cutting force and the mean grain size. 

 

 

 

 

Figure 4.19. Relationships Between the Mineral Grain Size and the Laboratory 

Cutting Specific Energy at Various Wear Flats 
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Figure 4.20. Relationships Between the Mineral Grain Size and the Mean Cutting 

Force at Various Wear Flats 

 

 

As it can be seen from the figure, there is no correlation between the grain size, 

cutting specific energy and the cutting force for sharp and blunted cutting picks. 
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4.11. Effect of Breakout Angle 

 

Area cut during a test was calculated using the weight of chips obtained during the 

cutting processes, length of cut and the density. Breakout angles were determined 

considering the width of the standard pick (12,7 mm) and the standard depth of cut 

(5 mm). Table 4.5 shows the breakout angles with sharp picks. 

Table 4.5. Breakout Angles With Sharp Picks 

Sample Density 

(gr/cm³) 

Cutting  

Area 

(cm²) 

Breakout  

Angle 

(θ,Degree) 

Uniaxial 

Compressive 

Strength 

(Mpa) 

Laboratory 

Cutting 

Specific 

Energy 

(MJ/m³) 

Limestone 1 1.86 0.83 42 6.08 6.74 

Limestone 2 2.22 1.47 72 28.69 8.68 

Limestone 3 1.42 1.07 57 5.75 1.93 

Limestone 4 1.69 1.53 74 18.38 4.24 

Clayey Limestone 1.02 1.39 70 5.77 2.36 

Mudstone 1 2.15 0.87 43 28.30 17.96 

Mudstone 2 2.17 1.16 63 28.19 12.03 

Mudstone 3 2.01 1.11 62 31.75 7.99 

Mudstone 4 1.91 1.17 61 64.15 19.86 

Mudstone-Siltstone 1.79 1.00 46 26.00 8.92 

Marl 1 1.70 1.04 47 19.00 2.07 

Marl 2 1.24 1.68 76 6.31 2.18 

Altered Tuff 1.95 1.06 59 25.06 10.90 

Lithic Tuff 1 1.70 1.38 67 28.04 7.47 

Lithic Tuff 2 1.53 1.13 61 11.45 6.52 

Claystone 1.42 1.46 73 13.00 1.44 

Siltstone 1 2.00 1.56 74 29.03 9.96 

Siltstone 2 2.30 0.91 47 36.13 27.68 

Andesite 2.07 1.08 58 34.34 23.34 

Travertine 2.46 1.16 64 47.84 28.28 

 

 

As expected, the effect of higher breakout angle is generally reflected as reduction 

in the cutting specific energy. A typical result can be observed for limestone 1 and 

limestone 2. Although rock hardness values for limestone 2 are considerably higher 

as compared to limestone 1, cutting specific energy for limestone 2 is not as high as 

expected. This can be explained by higher breakout angle (72º) of limestone 2 as 

compared to limestone 1 (42º). Cutting force for limestone 2 on the other hand, is 

much higher as compared to limestone 1 as expected. 
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4.12. Effect of Wear Flat on Size Distribution and Coarseness Index 

 

Figures 4.21, 4.22, 4.23, 4.24, 4.25, 4.26, 4.27, 4.28, 4.29, 4.30, 4.31, 4.32, 4.33, 

4.34, 4.35, 4.36, 4.37, 4.38, 4.39 and 4.40 show the size distribution and coarseness 

index results obtained for different rock types at different wear flats.  

Size distribution curves show no conclusive results about the effect of blunting on 

product degradation rate. Coarseness Index values on the other hand, give better 

idea about the degradation effect.  

Coarseness Index curves show that although increase in wear flat causes a slight 

increase in the rate of degradation for some rock types, this effect is not consistent 

since similar increase has not been observed for all rock types. 
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(a) 

 

 

(b) 

Figure 4.21. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Limestone 1 
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(a) 

 

 

(b) 

Figure 4.22. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Limestone 2 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

0,00 5,00 10,00 15,00 20,00 25,00

C
u
m

.W
t.
%

P
a
s
s

Size (mm)

sharp pick

1 mm pick

2 mm pick

3 mm pick

R² = 0,1148

0

100

200

300

400

500

0 1 2 3 4

C
o

ar
se

n
e

ss
 In

d
e

x 
(%

)

Wear Flat (mm)



85 
 

 

(a) 

 

 

(b) 

Figure 4.23. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Limestone 3 
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(a) 

 

 

(b) 

Figure 4.24. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Limestone 4 
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(a) 

 

 

(b) 

Figure 4.25. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Clayey-Limestone 
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(a) 

 

 

(b) 

Figure 4.26. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Mudstone 1 
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(a) 

 

 

(b) 

Figure 4.27. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Mudstone 2 
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(a) 

 

 

(b) 

Figure 4.28. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Mudstone 3 
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(a) 

 

 

(b) 

Figure 4.29. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Mudstone 4 
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(a) 

 

 

(b) 

Figure 4.30. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Mudstone-Siltstone 
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(a) 

 

 

(b) 

Figure 4.31. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Marl 1 
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(a) 

 

 

(b) 

Figure 4.32. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Marl 2 
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(a) 

 

 

(b) 

Figure 4.33. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Altered Tuff 
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(a) 

 

 

(b) 

Figure 4.34. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Lithic Tuff 1 
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(a) 

 

 

(b) 

Figure 4.35. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Lithic Tuff 2 
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(a) 

 

 

(b) 

Figure 4.36. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Claystone 
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(a) 

 

 

(b) 

Figure 4.37. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Siltstone 1 
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(a) 

 

 

(b) 

Figure 4.38. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Siltstone 2 
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(a) 

 

 

(b) 

Figure 4.39. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Andesite 
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(a) 

 

 

(b) 

Figure 4.40. Effect of Wear Flat on Size Distribution (a) and Coarseness Index (b) 

for Travertine 
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4.13. Rock Property Value Limits Causing Poor Cutting Performance at 

Different Wear Flats 

 

Limits for different rock properties causing poor cutting performance at different 

wear flats have been established by evaluating Figures 4.2, 4.5, 4.8, 4.11, 4.14 and 

4.17. Table 4.6 shows the critical rock property limits above which the cutting 

specific energy exceeds 25 MJ/m³ and poor cutting performance is expected with 

sharp and blunted picks having 1 mm, 2 mm, 3 mm and 4 mm wear flats. 

 

 

Table 4.6. Critical Limits for Various Rock Properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WF 

(mm) 

UCS  

(MPa) 

BTS 

(MPa) 

IS SH SCH D 

(gr/cm³) 

0 57.00 10.00 3.00 48.00 53.00 2.70 

1 35.00 6.00 2.00 30.00 40.00 2.20 

2 32.00 5.00 1.75 25.00 35.00 1.90 

3 22.00 3.30 1.30 17.00 30.00 1.80 

4 20.00 3.00 1.20 15.00 27.00 1.70 
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CHAPTER 5 

 

EVALUATION OF RESULTS AND ESTABLISHING MODELS BY 

STATISTICAL ANALYSES 

 

Statistical analyses for the researches dealing with the empirical experiments are the 

most important methods to investigate the results and find out the best models to 

predict the variables. In this study, there are dependent and independent variables. 

The dependent variable is laboratory specific energy (MJ/m³) and the independent 

variables are wear flat(mm), uniaxial compressive strength (MPa), brazilian tensile 

strength (MPa), cone indenter number, shore hardness, schmidth hammer hardness 

and density (gr/cm³).  The best relationships between these variables were examined 

and the most suitable models to predict the results have been determined.  

In order to determine the best models, some statistical analyses were applied and the 

general form of the second order regression model with interaction terms were 

applied to the dataset. This technique was used with the analyse of variance 

(ANOVA). The correlation and determination coefficients were compared and the 

optimum models have been established.  

When the experimenter is relatively close to the optimum, a model that incorporates 

curvature is usually required to approximate the response. In most cases, the 

second-order model is adequate. The following formula is generally used to find the 

optimum set of operating conditions for the variables to establish the models 

(Montgomery, 1997). 

  

                              ji

jiij
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iii
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ii xxxxy
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1                       (5.1)
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The general form of the second order regression model with interaction terms 

technique is based on the elimination of the independent variables which are not 

available for the 0.05 confidence interval value. The significant values bigger than 

the 0.05  are dismissed and the new running process is applied. This is continued 

until the all significant values are smaller than the 0.05 confidence interval value.  

All combinations have been tried and the best nine models have been established as 

prediction equations. 

The SPSS 13.0 version software was used in this study. Initially the dataset was 

created and the data belonging to the variables were entered into the programme. 

There are totally seven different kind of independent variables and one dependent 

variable. The correlations between the variables were analyzed. 

 

5.1. MODEL 1 

This model includes the variables shown below; 

Dependent Variable; 

SEL: Laboratory Specific Energy (MJ/m³) 

Independent Variables; 

WF: Wear Flat (0 mm, 1 mm, 2 mm, 3 mm, 4 mm) 

UCS: Uniaxial Compressive Strength (MPa) 

IS: Standard Cone Indenter Number 

SCH: Schmidth Hammer Hardness 

SH: Shore Hardness 

 

Tables 5.1, 5.2 and 5.3 give the summary of the first statistical model, analysis of 

variance (ANOVA) for the first model and the coefficients of the first model. 
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Table 5.1. Summary of the First Statistical Model 
 

 
 
 

 

For regression through the origin (the no-intercept model), R Square measures the 

proportion of the variability in the dependent variable about the origin explained by 

regression. This cannot be compared to R Square for models which include an 

intercept. 

 

Table 5.2. Analysis of Variance (ANOVA) for First Model 
 

 
 

 

This total sum of squares is not corrected for the constant because the constant is 

zero for regression through the origin. 

 

Table 5.3. Coefficients of First Model 
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The formula according to the results of general form of the second order regression 

model with interaction terms for the first model is below; 

 

SEL = -13.009 WF – 0.721 UCS + 1.102 SCH + 0.961 WF
2
 – 0.058 UCS

2
 

-0.043 SCH
2
 + 0.070 SH

2
 + 4.982 WF*IS + 0.389 WF*SCH 

-0.181 WF*SH + 1.704 UCS*IS +0.117 UCS*SH + 0.558 IS*SCH 

-3.519 IS*SH 

 

 

5.2. MODEL 2 

 

This model includes the variables shown below; 

 

Dependent Variable; 

SEL: Laboratory Specific Energy (MJ/m³) 

 

Independent Variables; 

WF: Wear Flat (0 mm, 1 mm, 2 mm, 3 mm, 4 mm) 

BTS: Brazilian Tensile Strength (MPa) 

IS: Standard Cone Indenter Number 

SCH: Schmidth Hammer Hardness 

D: Density (gr/cm³) 

 

Tables 5.4, 5.5 and 5.6 give the summary of the second statistical model, analysis of 

variance (ANOVA) for the second model and the coefficients of the second model. 
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Table 5.4. Summary of the Second Statistical Model 
 

 
 

 

For regression through the origin (the no-intercept model), R Square measures the 

proportion of the variability in the dependent variable about the origin explained by 

regression. This cannot be compared to R Square for models which include an 

intercept.  

 

Table 5.5. Analysis of Variance (ANOVA) for Second Model 
 

 
 

 

This total sum of squares is not corrected for the constant because the constant is 

zero for regression through the origin. 

 

 

Table 5.6. Coefficients of Second Model 
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The formula according to the results of general form of the second order regression 

model with interaction terms for the second model is below; 

 

 

SEL = -10.321 WF + 22.296 BTS – 53.368 IS + 2.087 SCH – 46.207 D + 0.844 WF
2
 

- 0.658 BTS
2
 + 27.690 IS

2
 + 41.094 D

2
 + 4.965 WF*IS + 0.206 WF*SCH 

-10.962 BTS*IS + 0.600 BTS*SCH – 9.802 BTS*D – 1.863 SCH*D 

 

 

5.3. MODEL 3 

This model includes the variables shown below; 

Dependent Variable; 

SEL: Laboratory Specific Energy (MJ/m³) 

Independent Variables; 

WF: Wear Flat (0 mm, 1 mm, 2 mm, 3 mm, 4 mm) 

BTS: Brazilian Tensile Strength (MPa) 

IS: Standard Cone Indenter Number 

SCH: Schmidth Hammer Hardness 

SH: Shore Hardness 

D: Density (gr/cm³) 

 

 

Tables 5.7, 5.8 and 5.9 give the summary of the third statistical model, analysis of 

variance (ANOVA) for the third model and the coefficients of the third model. 
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Table 5.7. Summary of the Third Statistical Model 

 

 

For regression through the origin (the no-intercept model), R Square measures the 

proportion of the variability in the dependent variable about the origin explained by 

regression. This cannot be compared to R Square for models which include an 

intercept. 

 

Table 5.8. Analysis of Variance (ANOVA) for Third Model 

 

 

This total sum of squares is not corrected for the constant because the constant is 

zero for regression through the origin. 

 

Table 5.9. Coefficients of Third Model 
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The formula according to the results of general form of the second order regression 

model with interaction terms for the third model is below; 

 

SEL = -6.537 WF+28.303BTS-93.862IS+0.833WF²+0.027SH²+3.757D² 

+6.930WF*IS+0.222BTS*SCH-0.258BTS*SH 

-15.750BTS*D+43.429IS*D 

 

5.4. MODEL 4 

This model includes the variables shown below; 

 

Dependent Variable; 

SEL: Laboratory Specific Energy (MJ/m³) 

 

Independent Variables; 

WF: Wear Flat (0 mm, 1 mm, 2 mm, 3 mm, 4 mm) 

UCS: Uniaxial Compressive Strength (MPa) 

IS: Standard Cone Indenter Number 

SH: Shore Hardness 

D: Density (gr/cm³) 

 

Tables 5.10, 5.11 and 5.12 give the summary of the fourth statistical model, analysis 

of variance (ANOVA) for the fourth model and the coefficients of the fourth model. 
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Table 5.10. Summary of the Fourth Statistical Model 

 

 

For regression through the origin (the no-intercept model), R Square measures the 

proportion of the variability in the dependent variable about the origin explained by 

regression. This cannot be compared to R Square for models which include an 

intercept. 

 

Table 5.11. Analysis of Variance (ANOVA) for Fourth Model 

 

 

This total sum of squares is not corrected for the constant because the constant is 

zero for regression through the origin. 

 

Table 5.12. Coefficients of Fourth Model 
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The formula according to the results of general form of the second order regression 

model with interaction terms for the fourth model is below; 

 

 

SEL = -7.204WF-0.702SH+5.334D+0.932WF²-0.025UCS²+0.094SH²+7.028WF*IS 

+1.457UCS*IS-2.266IS*SH 

 

5.5. MODEL 5 

This model includes the variables shown below; 

Dependent Variable; 

SEL: Laboratory Specific Energy (MJ/m³) 

Independent Variables; 

WF: Wear Flat (0 mm, 1 mm, 2 mm, 3 mm, 4 mm) 

UCS: Uniaxial Compressive Strength (MPa) 

IS: Standard Cone Indenter Number 

SH: Shore Hardness 

 

 

Tables 5.13, 5.14 and 5.15 give the summary of the fifth statistical model, analysis 

of variance (ANOVA) for the fifth model and the coefficients of the fifth model. 
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Table 5.13. Summary of the Fifth Statistical Model 

 

 

 

For regression through the origin (the no-intercept model), R Square measures the 

proportion of the variability in the dependent variable about the origin explained by 

regression. This cannot be compared to R Square for models which include an 

intercept. 

 

Table 5.14. Analysis of Variance (ANOVA) for Fifth Model 

 

 

This total sum of squares is not corrected for the constant because the constant is 

zero for regression through the origin. 

 

 

Table 5.15. Coefficients of Fifth Model 
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The formula according to the results of general form of the second order regression 

model with interaction terms for the fifth model is below; 

 

SEL = -3.352WF-0.043UCS²+0.065SH²+6.867WF*IS+1.571UCS*IS 

+0.046UCS*SH-2.506IS*SH 

 

5.6. MODEL 6 

This model includes the variables shown below; 

Dependent Variable; 

SEL: Laboratory Specific Energy (MJ/m³) 

Independent Variables; 

WF: Wear Flat (0 mm, 1 mm, 2 mm, 3 mm, 4 mm) 

BTS: Brazilian Tensile Strength (MPa) 

IS: Standard Cone Indenter Number 

SCH: Schmidth Hammer Hardness 

SH: Shore Hardness 

 

 

Tables 5.16, 5.17 and 5.18 give the summary of the sixth statistical model, analysis 

of variance (ANOVA) for the sixth model and the coefficients of the sixth model. 
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Table 5.16. Summary of the Sixth Statistical Model 

 

 

For regression through the origin (the no-intercept model), R Square measures the 

proportion of the variability in the dependent variable about the origin explained by 

regression. This cannot be compared to R Square for models which include an 

intercept. 

 

Table 5.17. Analysis of Variance (ANOVA) for Sixth Model 

 

 

This total sum of squares is not corrected for the constant because the constant is 

zero for regression through the origin. 

 

Table 5.18. Coefficients of Sixth Model 
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The formula according to the results of general form of the second order regression 

model with interaction terms for the sixth model is below; 

 

SEL = -10.264WF+1.294SCH-1.736SH+0.830WF²-0.056SCH²+5.092WF*IS 

+0.199WF*SCH+0.228BTS*SCH-0.379BTS*SH 

+0.311IS*SH+0.084SCH*SH 

 

5.7. MODEL 7 

This model includes the variables shown below; 

 

Dependent Variable; 

SEL: Laboratory Specific Energy (MJ/m³) 

 

Independent Variables; 

WF: Wear Flat (0 mm, 1 mm, 2 mm, 3 mm, 4 mm) 

BTS: Brazilian Tensile Strength (MPa) 

IS: Standard Cone Indenter Number 

SH: Shore Hardness 

D: Density (gr/cm³) 

 

Tables 5.19, 5.20 and 5.21 give the summary of the seventh statistical model, 

analysis of variance (ANOVA) for the seventh model and the coefficients of the 

seventh model. 
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Table 5.19. Summary of the Seventh Statistical Model 

 

 

For regression through the origin (the no-intercept model), R Square measures the 

proportion of the variability in the dependent variable about the origin explained by 

regression. This cannot be compared to R Square for models which include an 

intercept. 

 

 

Table 5.20. Analysis of Variance (ANOVA) for Seventh Model 

 

 

This total sum of squares is not corrected for the constant because the constant is 

zero for regression through the origin. 

 

Table 5.21. Coefficients of Seventh Model 
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The formula according to the results of general form of the second order regression 

model with interaction terms for the Seventh model is below; 

 

 

SEL = -2.769WF-29.226IS+1.538BTS²+6.767D²+6.585WF*IS-1.932BTS*IS 

-0.606BTS*SH+1.933IS*SH 

 

5.8. MODEL 8 

This model includes the variables shown below; 

Dependent Variable; 

SEL: Laboratory Specific Energy (MJ/m³) 

Independent Variables; 

WF: Wear Flat (0 mm, 1 mm, 2 mm, 3 mm, 4 mm) 

UCS: Uniaxial Compressive Strength (MPa) 

IS: Standard Cone Indenter Number 

SCH: Schmidth Hammer Hardness 

D: Density (gr/cm³) 

 

 

Tables 5.22, 5.23 and 5.24 give the summary of the eigth statistical model, analysis 

of variance (ANOVA) for the eighth model and the coefficients of the eigth model. 
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Table 5.22. Summary of the Eighth Statistical Model 

 

 

For regression through the origin (the no-intercept model), R Square measures the 

proportion of the variability in the dependent variable about the origin explained by 

regression. This cannot be compared to R Square for models which include an 

intercept. 

 

Table 5.23. Analysis of Variance (ANOVA) for Eighth Model 

 

 

This total sum of squares is not corrected for the constant because the constant is 

zero for regression through the origin. 

 

 

Table 5.24. Coefficients of Eighth Model 
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The formula according to the results of general form of the second order regression 

model with interaction terms for the eighth model is below; 

 

SEL = -2.352WF-0.740UCS+6.140WF*IS+0.491UCS*D+0.075IS*SCH 

 

5.9. MODEL 9 

This model includes the variables shown below; 

 

Dependent Variable; 

SEL: Laboratory Specific Energy (MJ/m³) 

 

Independent Variables; 

WF: Wear Flat (0 mm, 1 mm, 2 mm, 3 mm, 4 mm) 

BTS: Brazilian Tensile Strength (MPa) 

IS: Standard Cone Indenter Number 

D: Density (gr/cm³) 

 

 

Tables 5.25, 5.26 and 5.27 give the summary of the ninth statistical model, analysis 

of variance (ANOVA) for the ninth model and the coefficientsof the ninth model. 
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Table 5.25.  Summary of the Ninth Statistical Model 

 

 

For regression through the origin (the no-intercept model), R Square measures the 

proportion of the variability in the dependent variable about the origin explained by 

regression. This cannot be compared to R Square for models which include an 

intercept. 

 

Table 5.26. Analysis of Variance (ANOVA) for Ninth Model 

 

 

This total sum of squares is not corrected for the constant because the constant is 

zero for regression through the origin. 

 

 

Table 5.27. Coefficients of Ninth Model 
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The formula according to the results of general form of the second order regression 

model with interaction terms for the ninth model is below; 

 

 

SEL = -2.795 WF + 23.075 BTS – 61.530 IS + 6.765 WF*IS – 11.770 BTS*D 

+ 34.400 IS*D 

 

 

5.10. COMPARISON OF MODELS 

Comparisons of the results of nine prediction models with the actual laboratory 

cutting specific energies are given in Figures 5.1, 5.2 and 5.3. It can be seen that 

very good correlation exists between the predicted and actual laboratory cutting 

specific energy and the correlation coefficient varies from 0.9476 for the Model 1 to 

0.8359 for the Model 9.  

 

 

 

 

 

 

 

 

 

 

 



124 
 

 

 

 

Figure 5.1. Comparisons of The Predicted and Laboratory Cutting Specific 

Energies for Statistical Models 1, 2, 3. 
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Figure 5.2. Comparisons of The Predicted and Laboratory Cutting Specific 

Energies for Statistical Models 4, 5, 6. 
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Figure 5.3. Comparisons of The Predicted and Laboratory Cutting Specific 

Energies for Statistical Models 7, 8, 9. 
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The laboratory specific energies and predicted laboratory specific energies (MJ/m³) 

for nine different models and for all rock types are given in Table 5.28. 

Table 5.28. Laboratory and Predicted Specific Energy Results for Nine Different 

Statistical Models and for All Rock Types (M=Model) 

 

Type 

 

Wear 

 

Laboratory 

 

               Predicted Specific Energy (MJ/m³) 

  

of Flat Specific          

Rock WF Energy          

 (mm) (MJ/m³)          

   M1 M2 M3 M4 M5 M6 M7 M8 M9 

Limestone 1 0 6.74 7.64 7.88 3.02 9.36 1.49 7.93 0.86 2.13 5.33 

1 7.64 8.59 9.37 3.48 9.34 4.25 6.24 3.95 5.25 6.33 

2 9.85 8.63 9.33 5.61 11.19 7.01 6.22 7.05 8.36 9.56 

3 12.29 10.59 10.98 9.41 14.90 9.77 7.86 10.14 11.47 12.78 

4 15.37 14.48 14.32 14.87 20.47 12.53 11.16 13.23 14.58 16.01 

Limestone 2 0 8.68 10.68 16.39 13.89 14.37 11.19 15.01 11.91 14.45 12.24 

1 13.83 16.23 20.89 19.69 19.76 19.23 21.07 20.07 22.29 16.21 

2 21.37 25.38 28.64 27.15 27.02 27.28 28.80 28.23 30.13 24.64 

3 42.63 36.45 38.07 36.28 36.14 35.33 38.18 36.40 37.97 33.08 

4 57.55 49.44 49.19 47.08 47.13 43.37 49.22 44.56 45.81 41.51 

Limestone 3 0 1.93 10.25 4.97 4.77 4.19 1.11 3.47 6.65 0.28 1.18 

1 2.22 1.11 -1.45 1.14 0.03 -0.19 0.22 5.86 -0.23 -0.82 

2 2.67 0.29 -2.93 -0.82 -2.27 -1.48 -1.37 5.06 -0.74 -1.58 

3 2.84 1.40 -2.72 -1.11 -2.71 -2.77 -1.30 4.27 -1.25 -2.35 

4 4.35 4.43 -0.82 0.26 -1.28 -4.06 0.43 3.48 -1.76 -3.11 

Limestone 4 0 4.24 2.63 3.26 2.44 3.02 2.47 8.47 -0.19 4.35 6.48 

1 5.93 7.05 7.19 5.12 5.26 7.42 11.11 5.01 9.42 8.89 

2 7.23 11.94 11.53 9.47 9.35 12.38 15.41 10.21 14.50 14.28 

3 11.48 18.75 17.56 15.48 15.31 17.34 21.37 15.40 19.58 19.67 

4 14.55 27.48 25.27 23.16 23.14 22.29 28.99 20.60 24.66 25.06 

Clayey limestone 0 2.36 3.92 2.17 2.90 8.98 7.59 5.99 -1.57 -0.25 -0.97 

1 2.58 7.23 3.14 1.36 6.92 8.36 4.59 -0.39 1.08 0.01 

2 3.33 5.93 3.49 1.48 6.73 9.13 4.85 0.79 2.41 1.27 

3 4.2 6.54 5.53 3.26 8.40 9.89 6.78 1.97 3.74 2.54 

4 5.12 9.08 9.25 6.72 11.94 10.66 10.36 3.16 5.07 3.80 

 



128 
 

Table 5.28. Laboratory and Predicted Specific Energy Results for Nine Different 

Statistical Models and for All Rock Types (continued) (M=Model) 

 

Type 

 

Wear 

 

Laboratory 

 

               Predicted Specific Energy (MJ/m³) 

  

of Flat Specific          

Rock WF Energy          

 (mm) (MJ/m³)          

   M1 M2 M3 M4 M5 M6 M7 M8 M9 

Mudstone 1 0 17.96 19.07 15.91 24.11 14.79 16.84 16.90 21.47 13.17 15.82 

1 24.53 26.52 23.57 28.94 19.20 23.93 22.61 28.71 20.15 18.84 

2 26.91 32.95 30.99 35.44 25.47 31.02 29.98 35.95 27.14 26.33 

3 40.05 41.31 40.10 43.60 33.61 38.10 39.00 43.19 34.12 33.82 

4 54.07 51.58 50.90 53.42 43.61 45.19 49.69 50.43 41.10 41.31 

Mudstone 2 0 12.03 17.95 14.91 4.49 7.31 8.22 4.89 10.45 12.34 14.99 

1 18.92 17.90 12.94 10.08 12.50 16.06 8.90 18.41 19.99 18.20 

2 23.73 21.85 18.57 17.34 19.55 23.90 14.57 26.38 27.65 26.43 

3 31.94 27.71 25.89 26.26 28.46 31.74 21.91 34.34 35.30 34.66 

4 43.12 35.50 34.90 36.85 39.23 39.59 30.90 42.31 42.96 42.89 

Mudstone 3 0 7.99 8.53 5.53 12.46 13.39 8.59 5.81 8.18 10.94 10.77 

1 14.56 7.49 12.97 15.56 16.05 13.96 9.33 13.78 16.39 14.34 

2 14.98 13.98 18.21 20.32 20.57 19.33 14.51 19.37 21.84 20.14 

3 22.71 22.40 25.13 26.75 26.95 24.70 21.35 24.96 27.28 25.93 

4 37.01 32.74 33.73 34.84 35.19 30.07 29.85 30.56 32.73 31.73 

Mudstone 4 0 19.86 20.23 19.44 22.93 23.46 21.62 16.00 19.68 19.80 14.68 

1 33.39 31.04 29.68 31.57 31.73 32.48 26.22 30.55 30.16 25.89 

2 33.28 43.78 41.60 41.88 41.87 43.34 38.10 41.41 40.52 37.10 

3 55.03 58.44 55.21 53.85 53.88 54.21 51.64 52.27 50.87 48.31 

4 79.64 75.02 70.51 67.49 67.75 65.07 66.84 63.13 61.23 59.52 

Mudstone-Siltstone 0 8.92 6.77 6.82 5.08 9.07 7.28 7.13 4.33 5.54 -1.77 

1 9.58 9.95 5.49 7.62 11.16 12.10 8.06 9.40 10.50 15.44 

2 10.24 11.75 8.07 11.83 15.11 16.92 10.66 14.47 15.45 20.70 

3 10.62 15.47 12.34 17.71 20.93 21.74 14.91 19.53 20.41 25.95 

4 15.77 21.12 18.30 25.25 28.61 26.55 20.83 24.60 25.36 31.21 
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Table 5.28. Laboratory and Predicted Specific Energy Results for Nine Different 

Statistical Models and for All Rock Types (continued) (M=Model) 

 

Type 

 

Wear 

 

Laboratory 

 

               Predicted Specific Energy (MJ/m³) 

  

of Flat Specific          

Rock WF Energy          

 (mm) (MJ/m³)          

   M1 M2 M3 M4 M5 M6 M7 M8 M9 

Marl 1 0 2.07 3.17 2.15 -1.70 2.83 3.42 1.94 2.41 3.35 6.49 

1 2.17 6.82 1.35 0.57 4.64 7.97 1.94 7.21 8.06 8.84 

2 3.9 6.38 2.98 4.50 8.32 12.51 3.61 12.02 12.77 13.82 

3 4.21 7.86 6.29 10.10 13.85 17.06 6.93 16.82 17.48 18.81 

4 4.3 11.26 11.30 17.36 21.26 21.60 11.91 21.62 22.19 23.79 

Marl 2 0 2.18 6.29 2.30 -1.66 0.41 -1.83 7.16 -4.90 0.09 0.57 

1 2.79 1.78 -3.13 -2.72 -1.15 -0.58 4.77 -3.26 1.85 3.00 

2 3.86 0.73 -3.84 -2.11 -0.85 0.67 4.04 -1.62 3.61 4.74 

3 4.9 1.60 -2.86 0.16 1.32 1.92 4.97 0.03 5.37 6.47 

4 5.9 4.39 -0.19 4.10 5.35 3.17 7.55 1.67 7.14 8.21 

Altered Tuff 0 10.9 8.60 13.08 11.07 7.02 7.11 10.62 3.76 8.64 9.03 

1 16.62 11.98 19.09 14.58 10.10 12.89 14.32 9.75 14.46 14.08 

2 21.08 17.76 24.50 19.76 15.04 18.67 19.69 15.74 20.27 20.28 

3 28.97 25.47 31.59 26.61 21.84 24.45 26.72 21.73 26.08 26.48 

4 36.85 35.09 40.37 35.12 30.51 30.23 35.40 27.72 31.90 32.69 

Lithic Tuff 1 0 7.47 9.82 5.57 12.69 11.39 16.44 8.74 15.00 6.75 6.07 

1 12.4 13.19 8.60 15.58 13.83 21.60 14.37 20.40 12.01 7.85 

2 16.91 21.78 16.03 20.14 18.14 26.76 21.67 25.80 17.27 13.45 

3 27.05 32.29 25.15 26.36 24.31 31.92 30.63 31.19 22.53 19.04 

4 31.91 44.72 35.96 34.25 32.34 37.09 41.24 36.59 27.79 24.63 

Lithic Tuff 2 0 6.52 3.21 5.40 7.85 2.81 2.60 6.71 0.93 1.84 3.15 

1 10.02 3.74 9.15 7.55 2.02 4.60 7.05 3.30 4.27 5.83 

2 11.74 5.85 11.25 8.92 3.09 6.61 9.06 5.67 6.71 8.31 

3 15.45 9.89 15.04 11.96 6.03 8.61 12.73 8.03 9.15 10.79 

4 19.61 15.85 20.51 16.65 10.83 10.62 18.06 10.40 11.59 13.27 
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Table 5.28. Laboratory and Predicted Specific Energy Results for Nine Different 

Statistical Models and for All Rock Types (continued) (M=Model) 

 

Type 

 

Wear 

 

Laboratory 

 

               Predicted Specific Energy (MJ/m³) 

  

of Flat Specific          

Rock WF Energy          

 (mm) (MJ/m³)          

   M1 M2 M3 M4 M5 M6 M7 M8 M9 

Claystone 0 1.44 0.83 10.87 6.90 4.69 1.50 7.31 1.40 0.22 1.31 

1 1.71 0.94 6.21 4.66 1.93 1.58 4.56 1.92 0.94 4.49 

2 1.79 0.17 5.19 4.09 1.04 1.66 3.47 2.45 1.66 5.08 

3 1.92 1.31 5.86 5.18 2.01 1.74 4.04 2.97 2.38 5.66 

4 2.15 4.38 8.21 7.94 4.84 1.82 6.27 3.50 3.10 6.25 

Siltstone 1 0 9.96 8.73 3.57 5.71 5.33 3.25 8.54 6.66 14.77 3.53 

1 15.67 12.06 11.34 14.49 13.75 14.25 17.59 17.65 25.25 21.14 

2 19.19 21.07 22.05 24.93 24.03 25.25 28.30 28.65 35.73 32.49 

3 22.08 32.00 34.44 37.05 36.17 36.25 40.67 39.64 46.21 43.83 

4 33.34 44.85 48.52 50.82 50.18 47.25 54.70 50.63 56.69 55.17 

Siltstone 2 0 27.68 29.53 21.73 20.00 19.28 17.80 31.43 20.63 24.60 22.91 

1 39.58 40.72 40.93 39.45 38.52 39.38 49.47 41.77 44.53 48.52 

2 48.92 62.28 60.47 60.57 59.62 60.95 69.18 62.90 64.47 70.28 

3 87.39 85.76 81.70 83.35 82.59 82.53 90.54 84.04 84.41 92.04 

Andesite 0 23.34 25.39 27.45 28.73 30.98 26.24 28.25 23.87 16.91 15.28 

1 42.34 40.04 34.34 38.20 40.10 37.93 38.97 35.52 28.01 25.58 

2 50.25 50.00 46.73 49.34 51.09 49.61 51.34 47.18 39.10 37.61 

3 64.21 61.87 60.82 62.14 63.93 61.30 65.37 58.83 50.20 49.63 

4 86.9 75.66 76.59 76.61 78.65 72.99 81.06 70.48 61.29 61.65 

Travertine 0 28.28 37.28 33.68 33.31 33.29 31.97 22.62 26.79 31.51 32.49 

1 43.79 46.82 46.61 46.94 46.63 47.78 36.07 42.40 46.28 45.88 

2 61.78 63.01 61.65 62.23 61.83 63.58 51.17 58.00 61.06 61.96 

3 84.45 81.12 78.38 79.20 78.89 79.39 67.94 73.60 75.84 78.04 
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CHAPTER 6 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

In this study, effect of cutting tool wear on its cutting performance was investigated. 

Although the laboratory cutting specific energy obtained by standard cutting test is 

known to give good indication of the ease of cutting and the cutting performance of 

a roadheader, the predicted performance can only be achieved if sharp cutting tools 

are used. Cutting tools on the other hand, get blunted sometimes very quickly 

depending on the type of rock being cut, causing a decrease in cutting performance 

and an increase in cutting forces.  Increased pick forces cause not only the reduction 

in cutting rate but can damage the tool itself and machine by creating high vibration 

and high variation in the cutter head torque.  Therefore it is important to establish 

the critical wear rate at which the blunted tool should be replaced. The critical wear 

rate, on the other hand, changes depending on the mechanical properties of the rock 

to be cut. Therefore it is important to establish the critical wear rates in relation to 

rock properties. Critical wear rates have been determined by considering the critical 

laboratory cutting specific energy 25 MJ/m
3
 above which poor cutting performance 

is expected. 

 

The major conclusions derived from this study and the recommendations can be 

summarized as follow: 

 

      1)  A significant correlation exists between the laboratory cutting specific 

energy, mean cutting force and the uniaxial compressive strength.  Specific energy 

and cutting force rise slightly with increasing wear rate for low strength rocks, but 

the increase is very rapid for higher strength rocks.  Specific energy increases 4-5 

times with the pick having 4 mm wear flat for higher strength rocks as compared to 

sharp picks. Mean cutting force also increases 2-3 times with 3-4 mm wear flats as 

compared to sharp picks. 
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      2)  Since the critical limit of specific energy is considered to be 25 MJ/m
3
 

(Table 2.4) above which poor and difficult cutting condition is expected, this limit 

is not exceeded even with 4 mm wear flat up to an uniaxial compressive strength of 

20 MPa. The limit is exceeded even with 1 mm wear flat when the UCS exceeds 35 

MPa. Therefore it can be concluded that, the critical wear flat rate decreases as the 

UCS of the rock increases. 

 

       3)  Rather low correlation exists between the cutting specific energy, mean 

cutting force and the Brazilian tensile strength. But in general, specific energy and 

cutting force increase slightly for low tensile strengths and rapidly as the tensile 

strength increases.  Specific energy increases about 4 times and the cutting force 

increases about 2-3 times with larger wear flats as compared to sharp picks for 

higher strength rocks. 

 

        4)  Specific energy remains below 25 MJ/m
3
 even with 4 mm wear flat for 

rocks having less than about 3 MPa tensile strength, but the critical limit is 

exceeded even with 1 mm wear flat when the tensile strength exceeds 6 MPa. 

 

         5)  Rather high correlation exists between the specific energy, cutting force 

and the cone indenter hardness. Both specific energy and cutting force increase 

rapidly with increasing standard cone indenter number.  Specific energy and cutting 

force increase about 3-4 times with 4 mm wear flat as compared to sharp pick at a 

standard cone indenter hardness number of about 2. 

 

          6)  Specific energy remains below 25 MJ/m
3
 even with 4 mm wear flat if the 

cone indenter hardness remains below 1.2, but the critical limit is exceeded even 

with 1 mm wear flat when the cone indenter hardness exceeds 2. 

 

          7)  Rather low correlation exists between the specific energy, cutting force 

and the Shore hardness. But in general, both the specific energy and the cutting 

force increase rapidly with increasing Shore hardness.  The increase is about 4 times 

in specific energy and about 2-3 times in cutting force as compared to sharp picks 

for higher shore hardness values. 
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           8)  Specific energy does not increase above 25 MJ/m
3
 even with 4 mm wear 

flat if the Shore hardness remains below 15, whereas the limit is exceeded even 

with 1 mm wear flat when the Shore hardness is above 30. 

 

            9)  Rather good correlation exists between the specific energy, cutting force 

and the Schmidt hammer hardness. The specific energy and the cutting force 

increase rapidly as the Schmidt hammer hardness and the wear rate increase.  The 

increase is about 3-4 times in specific energy and about 2-3 times in cutting force as 

compared to sharp picks at higher Schmidth hammer values. 

 

           10)  Critical specific energy is not exceeded even with 4 mm wear flat for 

Schmidt hammer values less than about 25-30, whereas it is exceeded even with 1 

mm wear flat when the Schmidt hammer value is above 40. 

 

            11)  Although the correlation is low, the specific energy and the cutting 

force increase rapidly as the rock density and the wear flat increase. The increase is 

about 3-4 times in specific energy and about 2 times in cutting force with 4 mm 

wear flat as compared to sharp picks for rocks with higher densities. 

 

            12)  Specific energy remains below critical limit even with 4 mm wear flat 

for the densities below 1.7 gr/cm
3
, whereas it is exceeded even with 1 mm wear flat 

when the density is above 2.2 gr/cm
3
. 

 

            13)  No correlation has been determined between the mineral grain size, 

specific energy and cutting force.   

 

            14)  Breakout angles of the rock samples studied varied between 42º and 

74º. Breakout angle causes a reduction in the specific energy by producing more 

product. Due to this reason, comparatively low specific energies have been obtained 

for some rock types in spite of the significant differences in cutting forces and rock 

properties. 
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            15)   No definite relationship has been observed between the wear flat and 

the rate of degradation.  Although coarseness index increases slightly for some rock 

types with increasing wear flat representing a higher rate of degradation, the result 

is not consistent and the same effect has not been observed for all rock types.  

Therefore the increase in specific energy with blunt tools can be explained by the 

increase in cutting forces though the increased rate of degradation may be an 

additional cause for some rock types. 

 

             16)  Nine models have been developed by statistical analysis to predict the 

laboratory cutting specific energy from different rock properties and wear flat rates.  

Using the models, the laboratory cutting specific energy can be estimated with 

correlation coefficients varying from 0.9476 to 0.8359.  The models can also be 

used to estimate the critical wear flat rates for a certain specific energy for a 

particular rock. 

 

             17)  Working life of worn cutting tools can be extended effectively if 

possible increases in the specific energy and the cutting force are determined in 

relation to the type of rock to be cut. 

 

 18)  Prediction charts produced (Figures 4.2, 4.5, 4.8, 4.11, 4.14, 4.17) can 

be used to estimate the time for a pick renewal by establishing wear flat rates 

causing greater than 25 MJ/m³ specific energy at different rock property values. 

 

             The study has been carried out on soft to medium strength rocks because 

there is a risk of a cutting tool or dynamometer failure and a breakdown in the 

cutting set up due to very high cutting forces which may develop while cutting with 

large wear flats.  Cutting tests can be applied on higher strength rocks if the forces 

developing are carefully checked and found to be safe. Other rock properties such 

as matrix material, texture coefficient can also be included in the studies. Field 

studies can be carried out to determine the effect of pick blunting on cutting head 

vibration. 
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