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Abstract
The main objective of this study is to investigate the effect of textural properties of stones on cutting performance of a 
standard chisel tool. Therewithal, the relationships between textural properties and cutting performance parameters and 
physical and mechanical properties were statistically analyzed. For this purpose, physical and mechanical property tests and 
mineralogical and petrographic analyses were carried out on eighteen natural stone samples, which can be grouped into three 
fundamentally different geological origins, i.e., metamorphic, igneous, and sedimentary. Then, texture coefficient analyses 
were performed on the samples. To determine the cuttability of the stones; the samples were cut with a portable linear cut-
ting machine using a standard chisel tool at different depths of cut in unrelieved (non-interactive) cutting mode. The average 
and maximum forces (normal and cutting) and specific energy were measured, and the obtained values were correlated 
with texture coefficient, packing weighting, and grain size. With reference to the relation between depth of cut and cutting 
performance of the chisel tool for three types of natural stone groups, specific energy decreases with increasing depth of 
cut, and cutting forces increase in proportion to the depth of cut. The same is observed for the relationship between packing 
weighting and both of specific energy and cutter forces. On the other hand, specific energy and the forces decrease while 
grain size increases. Based on the findings of the present study, texture coefficient has strong correlation with specific energy. 
Generally, the lower depth of cut values in cutting tests shows higher and more reliable correlations with texture coefficient 
than the increased depth of cut. The results of cutting tests show also that, at a lower depth of cut (less than 1.5 mm), even 
stronger correlations can be observed between texture coefficient and cutting performance. Experimental studies indicate 
that cutting performance of chisel tools can be predicted based on texture coefficients of the natural stones.

Keywords  Texture coefficient · Grain size · Cutting tool forces · Specific energy · Portable linear cutting test · Chisel-type 
tool

1  Introduction

In the fields of mining and construction, the performance of 
mechanical excavators has a great impact on the production/
cost. Hence, predicting the performance of the machines, 
such as chain saw machine, diamond wire cutting machine, 
tunnel boring machine, roadheader, shearer, largely influ-
ences the process of decision making in feasibility stage. 
The researchers have been in search of alternative prediction 

approaches based on easy to obtain rock properties, and the 
need for developing such performance prediction models is 
growing.

There are a number of previous laboratory rock cutting 
studies correlating performance of chisel-type tools (specific 
energy, SE, normal force, FN, and cutting force, FC) with 
physical and mechanical properties of rocks. Pomeroy and 
Foote (1960) realized that the maximum cutting force, act-
ing on a number of coal samples, was significantly related 
to their Brazilian tensile strength (BTS). As an outcome 
of the laboratory rock cutting tests performed by McFeat-
Smith and Fowell (1977), the effect of the Shore sclero-
scope hardness (SSH) on SE and pick wear was declared 
evident. The SE determined using core cutting tests was the 
most common practice for estimating performance of road-
headers (McFeat-Smith and Fowell 1977, 1979). Through 
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conducting in-depth site and laboratory research, they 
revealed that the performance of the light- and medium-
weight axial type roadheaders was strongly related to SE. 
Fowell and Pycroft (1980) discovered a significant interplay 
between SE, uniaxial compressive strength (UCS), and cone 
indenter hardness for rocks. Tiryaki (2006) demonstrated 
that SE could be predicted by SSH performed on the field. 
Balci and Bilgin (2007) interrelated SE, FN, and FC values 
measured by means of small-scale (chisel tool) and full-scale 
(conical tool) linear cutting tests with UCS and BTS. Inves-
tigating a variety of sandstones, Tiryaki (2008) discovered 
links between SE, cone indenter hardness, and UCS. Copur 
(2010) and Copur et al. (2011, 2012) discerned significant 
relationships between SE, FN, FC, coarseness index (CI), 
optimum cutter spacing to cutting depth ratio (s/d), and rock 
properties such as UCS, BTS, static and dynamic elasticity 
modulus. Tumac (2014) indicated that SE and FC obtained 
from the small-scale cutting tests could be predicted by SSH.

In addition to chisel tools, many other researchers linked 
SE, FN, and FC values with rock properties pertained to 
conical and disc cutters (Demou et al. 1983; Copur et al. 
2001, 2003; Balci et al. 2004; Bilgin et al. 2006; Tumac et al. 
2007; Yilmaz et al. 2007; Balci and Tumac 2012; Bilgin 
et al. 2014; Tumac and Balci 2015; Copur et al. 2017).

The effect of petrographical properties on physical and 
mechanical properties have been studied by many research-
ers to discover links between those parameters. Mendes 
et al. (1966) studied on a modal analysis of the mineral-
ogical composition of the granitic rocks and investigated 
their microstructure and texture; they showed that the pet-
rographic characteristics had meaningful relationships with 
the mechanical properties. Willard and McWilliams (1969) 
developed some petrofabric techniques to clearly explain the 
relations between microstructure and mechanical behavior of 
granitic rocks. Meriam et al. (1970) studied on the effects of 
mineralogical and textural characteristics of a variety of gra-
nitic rocks on tensile strength. They showed that there was 
a connection between quartz content and tensile strength. 
Irfan and Dearmann (1978) introduced a micropetrographi-
cal index that was correlated with strength parameters of 
granite. However, probably because of the nature of the 
rocks, the findings did not always agree with each other. 
Bell (1978) and Fahy and Guccione (1979) investigated cor-
relation between quartz content and rock strength, and they 
did not determine any correlation between those parameters. 
Hallbauer et al. (1978), Verhoef and Van de Wall (1998) and 
Elbied et al. (2002) analyzed the interplay between physical, 
mechanical, and petrographical properties of granitic rocks, 
and implied the significance of petrographical investigations. 
Gunsallus and Kulhawy (1984) spotted a conclusive cor-
relation between quartz content and rock strength. Shakoor 
and Bonelli (1991), Richards and Bell (1995) and Bell and 
Culshaw (1998) correlated petrographic properties, mostly 

quartz content, to rock strength. Tugrul and Zarif (1999) 
studied on granitic rocks to correlate the geomechanical 
properties and petrographical characteristics. Prikryl (2006) 
did not find any meaningful relationships between differ-
ent minerals in a rock, with the exception of mica content, 
and rock strength. Later on, Phillipson (2008) cast doubt on 
those findings by demonstrating that sutured mica grains did 
not have an impact on rock strength.

A limited number of researchers have also investigated 
the relationships between texture coefficient (TC), physical 
and mechanical properties of rocks and cutting performance, 
most likely due to the past conflicting outcomes. Howarth 
and Rowlands (1987) proposed a definition for estimation 
of TC and investigated the relationships between TC and 
percussion and diamond drilling rates for different rocks. 
They emphasized that TC could be used to predict the drill-
ing rates. Ersoy and Waller (1995) investigated the rela-
tionship between TC and drilling rate of sandstone. They 
indicated that TC and its components had direct effect on 
drillability, mechanical properties and wear performance of 
rocks. On the other hand, they suggested taking into account 
of the other properties of rocks including degree and type 
of cementation and bonding structure in TC calculation. 
Azzoni et al. (1996) investigated the relationship between 
TC and UCS for different rock types. They indicated that 
TC could not be used to predict the mechanical properties 
of rocks; however, they said that it could be used to classify 
rocks according to their lithotypes. In addition to this, they 
also stated that the components of TC had to be improved 
by adding significant petrographical parameters of mineral-
ogical composition. Ozturk et al. (2004) studied on TC and 
correlated it with the mechanical properties of sedimentary 
rocks and cutting performance of a standard chisel tool at 
5 mm depth of cut in unrelieved cutting mode; they indicated 
that there were moderate and good relationships between TC 
and cutting performance. Tiryaki and Dikmen (2006) per-
formed a series of linear cutting tests on sandstones using a 
chisel tool. They investigated the effect of previously ignored 
parameters (TC, feldspar, mafic and felsic mineral contents) 
on SE. They indicated that there was a good relationship 
between TC and SE at 5 mm depth of cut in unrelieved cut-
ting mode. Adebayo and Akande (2011) found strong rela-
tionships between penetration rate of a top-hole-hammer 
drill and textural properties like quartz proportion, silica 
content, average grain size, porosity and packing density. 
They indicated that penetration rate increased with increas-
ing grain size.

Although it was previously demonstrated that TC was 
related to cutting performance, the number of studies in this 
respect is rather limited, especially by rock types. The main 
objective of this study is to investigate the effect of texture 
coefficient and textural properties of a large variety of natu-
ral stones on cutting performance of chisel-type tools. For 
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this purpose, the detailed physical and mechanical property 
tests were performed on eighteen natural stone samples 
having different geological origins obtained from quarries 
located in Turkey. Physical and mechanical property tests 
were performed on the samples. Thin-section petrographic 
analyses were conducted to describe the textural properties 
of stones including texture coefficient. Mineralogical and 
petrographic analyses were carried out to determine the 
modal composition and grain size distribution of the sam-
ples. Rock cutting tests were carried out to determine the 
cuttability of stone blocks using a portable linear cutting 
machine in unrelieved (non-interactive) cutting mode by 
using a standard chisel tool. Average normal (FN) and cut-
ting (FC) forces, maximum normal (F’N) and cutting (F’C) 
forces and specific energy (SE) values at different depths of 
cut were obtained as cutting performance. Single variable 
linear regression studies were performed to find the relation-
ships between cutting performance and textural properties 
of natural stones. In addition, the relationships between the 
textural properties and physical and mechanical properties 
were statistically analyzed.

2 � Experimental Studies

Natural stone quarries located in Turkey were vis-
ited to collect block samples with the minimum size of 
25 × 25 × 30 cm3, having fundamentally different geological 
origins, i.e., metamorphic stones (marbles), igneous stones 
(granites), and sedimentary stones (limestones), including 
10, 4, and 4 samples, respectively.

2.1 � Physical and Mechanical Property Tests

Physical and mechanical property tests were carried out 
according to the International Society for Rock Mechanics 
standards (ISRM 2007) including density (ρ), uniaxial com-
pressive strength (UCS), Brazilian tensile strength (BTS), 
static elasticity modulus (Esta), static Poisson’s ratio (vsta), 
P- and S-wave velocities, dynamic elasticity modulus (Edyn), 
dynamic Poisson’s ratio (vdyn), Schmidt hammer rebound 
values (SHRV), and Shore scleroscope hardness (SSH). The 
method suggested by the American Society for Testing and 
Materials (ASTM 2010) was used to perform Cerchar abra-
sivity tests for determination of Cerchar abrasivity index 
(CAI).

Density properties of natural stone samples were deter-
mined using saturation and caliper techniques. UCS tests 
were carried out on grinded NX core samples having length-
to-diameter ratio of around 2.5–3.0. The stress rate was 
applied within the limits of 0.5–1.0 kN/s. Stress–strain rela-
tionships were analyzed for calculations of static elasticity 
modulus and static Poisson’s ratio properties. BTS tests were 

performed on grinded NX core samples having length-to-
diameter ratio of around 0.5–1.0; the applied load rate was 
0.25 kN/s. UCS and BTS tests were replicated 5–10 times 
for each stone sample. CAI tests were replicated 5 times 
in one direction on a freshly broken stone surface over a 
distance of 10 mm under a total constant force of 70 N by 
using a West type testing device, and wear flats were meas-
ured under a microscope in 0.01 mm precision to obtain an 
average value. P- and S-wave velocity values were obtained 
by application of ultrasonic wave pulse to each of the UCS 
samples. Dynamic elasticity modulus and dynamic Pois-
son’s ratio were calculated based on the acoustic velocity 
measurements. SHRV tests were carried out on the stone 
blocks obtained from the field by using an L9 type Schmidt 
hammer. SHRV is calculated as the average of readings at 
20 different points. SSH tests were carried out by using a 
C-2 type Shore scleroscope, and only one measurement at 
the same spot was taken to obtain average SSH values of at 
least 20 measurements in a sample.

Results of the physical and mechanical property tests 
are summarized in Table 1. According to Deere and Miller 
(1966), the studied natural stone samples are classified as 
very weak to very high strength. The abrasiveness values of 
the samples vary from very low abrasive to high abrasive as 
classified by ASTM (2010).

2.2 � Mineralogical and Petrographic Analyses

Petrographic examination mainly includes determination of 
modal composition and grain size distribution of the samples 
according to the British Standard (BS EN 12407, 2007). 
The prepared thin sections were examined by using plane 
polarized light microscope. The microphotographies of the 
samples are given in Figs. 1, 2, and 3. The samples were pet-
rographically classified based on their grain sizes by using 
Table 2. The stone types of the studied natural stones were 
classified as suggested by Streckeisen (1976), Boggs (1987) 
and Erkan (2001) and the results are given in Table 3 based 
on the mineralogical and petrographical examination. The 
grain size distributions of studied natural stones are sum-
marized in Table 4. The results of X-ray fluorescence (XRF) 
analysis determined according to the British Standard (BS 
EN 15309 2009) are given in Table 5.

2.3 � Texture Coefficient Analysis

William et al. (1982) defined texture as the degree of crys-
tallinity. Covering even the microscopic stone particles, the 
texture conveys information about the composition of mineral 
grains and matrix. The interaction between grains, matrix, 
and texture vastly affects the physical and mechanical proper-
ties with which rock engineers are concerned. Howarth and 
Rowlands (1986, 1987) developed a system for quantifying 
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rock texture by integrating geometrical features of grains and 
matrix. They applied statistical analyses to relate texture coeffi-
cient (TC), which is the quantified outcome of the system they 
developed, to mechanical properties of rocks. TC is estimated 
by Eq. 1 (Howarth and Rowlands 1986, 1987):

where TC is the texture coefficient, AW is the grain packing 
weighting, N0 is the number of grains whose aspect ratio 
(AR) is below a pre-set discrimination level of 2, N1 is the 
number of grains whose AR is above a pre-set discrimina-
tion level of 2, FF0 is the arithmetic mean of discriminated 
form-factors, AR1 is the arithmetic mean of discriminated 
AR, and AF1 is the angle factor, quantifying grain orienta-
tion. AR is a numeric expression of grain ellipticity and can 
be estimated by Eq. 2.

where Dmax is the major axis length of grain and Dmin is the 
minor axis length of grain. Feret’s diameter is the greatest 

(1)

TC = AW

[(

N0

N0 + N1

×
1

FF0

)

+

(

N1

N0 + N1

× AR1 × AF1

)]

(2)AR =
Dmax

Dmin

distance possible between any two points along the grain 
boundary of a region of interest. Feret’s diameter and angle 
are illustrated in Fig. 4. Dequiv can be estimated by Eq. 3.

where Dequiv is the equivalent grain diameter, A is the refer-
ence area.

Thin-section images captured from a camera mounted on 
the microscope were taken from the center of each frame. 
Using this method, multiple images from a single thin sec-
tion can be used for a statistical assessment after determining 
the TC values for each image. The statistical assessment of 
all of these images can be used to calculate the average TC 
values, which decreases the possible bias based on micro-
scopic analysis.

The main difficulty of using texture analysis to obtain 
a reliable result from image processing is defining grain 
and matrix boundaries properly. As can be seen in Fig. 5, 
drawing the perimeter of each grain is sometimes very dif-
ficult due to the subjective approach and complex structure 
of grain sutures. Also in this study, different stone types 
generated a variability since the grain sizes had a large 

(3)Dequiv =
(

4A

�

)1∕2

Table 1   Summary of some physical and mechanical properties of the natural stone samples

ρ density, UCS uniaxial compressive strength, Esta static elasticity modulus, vsta static Poisson’s ratio, BTS Brazilian tensile strength, Edyn 
dynamic elasticity modulus, vdyn dynamic Poisson’s ratio, SSH Shore scleroscope hardness, SHRV Schmidt hammer rebound values, CAI Cerchar 
abrasivity index

Natural stones ρ (g/cm3) UCS (MPa) Esta (GPa) vsta BTS (MPa) P-wave 
velocity 
(m/s)

S-wave 
velocity 
(m/s)

Edyn (GPa) vdyn SSH SHRV CAI

Metamorphic stones
KDWM -I 2.67 79.3 28.1 0.27 6.4 5125 3084 61.8 0.22 58.0 65.5 3.35
KDWM-II 2.68 78.8 28.1 0.27 6.8 4948 3001 57.8 0.20 77.4 68.7 3.12
UDM 2.69 81.5 29.7 0.27 5.8 5645 3464 76.6 0.19 43.6 47.4 0.86
ULM 2.70 73.6 31.5 0.28 6.4 6344 3732 90.7 0.21 42.9 50.8 0.97
MKPWM 2.70 77.8 31.7 0.28 5.1 6763 3665 93.8 0.29 43.1 60.4 1.11
KWM 2.69 63.8 23.5 0.27 4.6 6967 3895 102.9 0.26 40.7 56.4 1.04
KGYM 2.70 70.2 30.4 0.27 4.7 7013 4484 124.3 0.15 44.6 58.5 1.32
KGNM 2.75 74.7 – – 6.2 4932 2874 55.6 0.24 44.1 53.5 1.27
SPM 2.68 108.0 32.1 0.27 7.9 6534 4375 112.0 0.09 55.8 63.5 1.01
BWM 2.73 77.8 26.6 0.27 5.2 5495 3258 71.1 0.22 48.9 51.1 0.85
Igneous stones
ASG 2.68 170.0 32.2 0.27 11.6 5298 3270 68.4 0.19 97.9 72.1 3.93
AYG​ 2.62 136.0 29.1 0.28 7.4 4702 2748 48.9 0.24 95.3 71.0 3.58
BVG 2.66 125.1 17.6 0.27 9.8 5333 2675 50.6 0.33 98.7 67.3 3.52
MKPBG 2.58 60.2 32.5 0.27 10.2 5209 3063 59.6 0.23 91.0 68.1 3.79
Sedimentary stones
KT 2.14 11.0 3.2 0.22 4.8 4556 2641 37.2 0.24 26.6 40.1 0.40
SBL 2.83 293.3 44.5 0.29 13.0 6699 3823 103.8 0.25 66.3 73.6 1.56
FLL 2.22 52.6 18.8 0.26 4.4 4326 2626 37.0 0.21 27.9 39.0 0.30
KBL 2.70 120.9 37.9 0.27 9.4 6509 4326 111.5 0.10 62.3 65.6 1.29
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Fig. 1   Microphotography 
of metamorphic stones a 
Kavaklıdere white I marble 
(KDWM-I), b Kavaklıdere 
white II marble (KDWM-II), 
c Ula dark marble (UDM), 
d Ula light marble (ULM), 
e Mustafa Kemal Paşa white 
marble (MKPWM), f Karahallı 
white marble (KWM), g 
Karahallı gray marble (KGYM), 
h Karahallı green marble 
(KGNM), i Sivaslı purple mar-
ble (SPM), j Bayırovası white 
marble (BWM) (Cal calcite, 
Do dolomite, Q Quartz, Chl 
chlorite)
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range starting from 0.005 to 3.1 mm. To eliminate these 
drawbacks, at least three photographs (same scale for each 

sample) were taken by splitting the thin section. Reference 
area included 25–100 mineral grains and stone fragments. 

Fig. 2   Microphotography of 
igneous stones a Aksaray sipahi 
granite (ASG), b Aksaray yay-
lak granite (AYG), c Bulancak 
vizon granite (BVG), d Mustafa 
Kemal Paşa black granite 
(MKPBG) (Q quartz, Or ortho-
clase, Bt biotite, Pl plagioclase, 
Amp amphibole)

Fig. 3   Microphotography of 
sedimentary stones a Kaklık 
travertine (KT), b Sandıklı 
black limestone (SBL), c Finike 
lymra limestone (FLL), d Kor-
kuteli beige limestone (KBL) 
(Mi micritic, Sp sparitic, B gap/
pore)



1233Investigation into the Effects of Textural Properties on Cuttability Performance of a Chisel…

1 3

The average TC results and their components are sum-
marized in Table 6.

2.4 � Rock Cutting Experiments

A new generation of portable linear rock cutting machine 
(PLCM), developed in the Mining Engineering Depart-
ment of Istanbul Technical University, was used in stone 
cutting experiments. The PLCM is used for cutting small 
block or core samples by a real-life mini-scaled chisel, 
conical, and disc cutters. Block samples having a dimen-
sion of 20 × 20 × 10 cm3 are cast in a metal sample box 
which is moved by a hydraulic cylinder. The cutting tool 
is attached to a strain gauge based dynamometer (triaxial 

force transducer, load cell) with a tool holder, which has a 
precision in the order of 1 kN and covering a range from 
0 to 100 kN (Balci et al. 2015). A photographic view of 
PLCM is given in Fig. 6.

A standard chisel tool having a rake angle of − 5°, 
clearance angle of 5°, and tip width of 12.7 mm was used 
in the cutting tests at different depths of cut in unrelieved 
(non-interactive) cutting mode. Before performing the 
tests, surfaces of the stones were carefully trimmed with a 
chisel tool to obtain a flat surface. All tests were replicated 
at least three times. The linear cutting tests included more 
than 200 individual cutting tests. The different depths 
of cut applied in this study are given in Table  7. The 
data sampling rate was 1000 Hz, and the cutting speed 
was 3 cm/s. Average and maximum normal and cutting 
forces (FN, F’N, FC, F’C) and yield (the volume of stone 
obtained per unit length of cutting, Q) were recorded in 
each cut. The SE is estimated by dividing FC by Q with the 
convenient units. All of the samples were massive, except 
for Sivaslı purple marble and Kaklık travertine samples 
having foliation and bedding planes. The cutting direction 
for Sivaslı purple marble and Kaklık travertine was kept as 
parallel to the foliation and bedding planes, respectively. 
Some photographs for the linear cutting experiments per-
formed in this study can be seen in Fig. 7.

Table 2   Natural stone classification according to grain size. (Repro-
duced with permission from BS EN 12407 2007)

Grain size dimensions Mineral size

Fine grain < 1 mm
Medium grain 1–4 mm
Coarse grain 4–5 mm
Very coarse grain > 10 mm

Table 3   Summary of petrographic analysis results

Cal calcite, Q quartz, Opk opaque, Bi biotite, Cl chlorite, Do dolomite, Feld feldspar, Spr sparitic, Mic micritic

Natural stones Location Mineral (%) Cement type Texture Stone type

Metamorphic stones
KDWM-I Yatağan/Muğla Cal: 98, Q: 1 Carbonated Granoblastic Marble
KDWM-II Yatağan/Muğla Cal: 99, Q: 1 Carbonated Granonematoblastic Marble
UDM Ula/Muğla Cal: 99, Opk: 1 Carbonated Granoblastic Marble
ULM Ula/Muğla Cal: 99, Opk: 1 Carbonated Granoblastic Marble
MKPWM Mustafa Kemal Paşa/Bursa Cal: 100 Carbonated Granoblastic Marble
KWM Karahallı/Uşak Cal: 99 Carbonated Granoblastic Marble
KGYM Karahallı/Uşak Cal: 98, Opk: 1 Carbonated Granoblastic Marble
KGNM Karahallı/Uşak Cal: 75, Q: 12, Bi: 11, Opk: 2 Carbonated Granoblastic Calc-cilicate Marble
SPM Sivaslı/Uşak Cal: 92, Cl: 5, Q: 3 Carbonated Granoblastic Marble
BWM Yatağan/Muğla Cal: 97, Do: 3 Carbonated Granoblastic Marble
Igneous stones
ASG Sarıyahşi/Aksaray Q: 7, Feld: 78, Opk: 5, Other: 10 Siliceous Holocrystalline Granite
AYG​ Sarıyahşi/Aksaray Q: 25, Feld: 60, Opk: 5, Other: 15 Siliceous Holocrystalline Granite
BVG Bulancak/Giresun Q: 7, Feld: 70, Opk: 3, Other: 20 Siliceous Holocrystalline Quartz monzonite
MKPBG Mustafa Kemal Paşa/Bursa Q: 26, Feld: 58, Opk: 6, Other: 10 Siliceous Hipidiomorphic Leucogranite
Sedimentary stones
KT Kaklık/Denizli Cal(mic): 75, Cal(spr): 23, Do: 2 Carbonated Mikritic Micritic limestone
SBL Sandıklı/Afyon Cal(mic): 20, Do(spr): 80 Carbonated Sparitic Intrakbiosparitic limestone
FLL Finike/Antalya Cal(mic): 5, Cal(spr): 95 Carbonated Sparitic Biosparitic limestone
KBL Korkuteli/Antalya Cal(mic): 95, Do(spr): 5 Carbonated Micritic Micritic limestone
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3 � Experimental Results

The relationships between physical and mechanical proper-
ties, mineralogical and petrographical properties including 
texture coefficient, and cutting parameters were analyzed by 
single variable linear regression method.

Table 4   Grain size distribution of the stone samples

Natural stones Grain size (mm)

Minimum Maximum Mean

Metamorphic stones
KDWM-I 0.2 2.0 0.60
KDWM-II 0.2 2.1 0.65
UDM 0.3 1.2 0.45
ULM 0.3 0.8 0.55
MKPWM 0.2 1.4 0.65
KWM 0.2 1.4 1.05
KGYM 0.4 2.2 0.85
KGNM 0.06 1.8 0.90
SPM 0.002 0.4 0.09
BWM 0.6 1.8 0.80
Igneous stones
ASG 0.4 1.1 0.70
AYG​ 0.67 2.5 0.80
BVG 0.7 3.1 1.20
MKPBG 0.05 2.5 1.10
Sedimentary stones
KT 0.01 0.09 0.06
SBL 0.005 0.06 0.025
FLL 0.005 0.1 0.08
KBL 0.005 0.05 0.03

Table 5   Summary of XRF analysis results

Al2O3 aluminum oxide, CaO calcium oxide, Fe2O3 iron oxide, K2O potassium oxide, MgO magnesium oxide, MnO manganese oxide, Na2O 
sodium oxide, P2O5 phosphorus pentoxide, SiO2 silicium dioxide, TiO2 titanium dioxide, A.Za loss on ignition

Natural stones Al2O3 (%) CaO (%) Fe2O3 (%) K2O (%) MgO (%) MnO (%) Na2O (%) P2O5 (%) SiO2 (%) TiO2 (%) A.Za (%)

Metamorphic stones
KDWM-I < 0.1 35.2 < 0.1 < 0.1 0.3 < 0.1 < 0.1 < 0.1 35.1 < 0.1 29.00
KDWM-II < 0.1 30.7 < 0.1 < 0.1 0.3 < 0.1 < 0.1 < 0.1 42.8 < 0.1 25.50
UDM < 0.1 55.8 < 0.1 < 0.1 0.4 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 43.55
ULM < 0.1 55.9 < 0.1 < 0.1 0.4 < 0.1 < 0.1 < 0.1 0.3 < 0.1 43.35
MKPWM < 0.1 55.5 < 0.1 < 0.1 0.7 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 43.60
KWM < 0.1 55.9 < 0.1 < 0.1 0.4 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 43.35
KGYM < 0.1 55.7 < 0.1 < 0.1 0.7 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 43.35
KGNM 2.4 45.6 1.2 0.5 0.7 0.2 0.6 < 0.1 11.3 0.2 36.95
SPM 2.1 48.2 1.3 0.5 0.5 0.1 0.2 < 0.1 10.4 0.2 36.25
BWM 0.3 53.2 0.2 < 0.1 1.8 < 0.1 < 0.1 < 0.1 0.6 < 0.1 43.80
Igneous stones
ASG 15.0 2.8 2.3 4.3 0.6 0.1 3.6 0.1 70.4 0.2 0.71
AYG​ 15.8 3.4 2.4 3.4 0.8 0.1 4.4 0.1 68.4 0.2 0.65
BVG 18.1 3.7 4.3 6.2 1.4 0.1 3.4 0.3 60.5 0.5 0.65
MKPBG 13.6 2.2 0.6 3.0 0.2 < 0.1 4.1 0.1 74.8 < 0.1 0.71
Sedimentary stones
KT 0.1 55.0 0.1 < 0.1 0.3 < 0.1 < 0.1 < 0.1 0.4 < 0.1 43.70
SBL 0.2 30.6 0.1 < 0.1 21.8 < 0.1 < 0.1 < 0.1 0.5 < 0.1 46.65
FLL 0.1 55.6 < 0.1 < 0.1 0.2 < 0.1 < 0.1 < 0.1 0.3 < 0.1 43.60
KBL < 0.1 52.0 < 0.1 < 0.1 3.5 < 0.1 < 0.1 0.1 0.1 < 0.1 44.05

Fig. 4   Feret’s diameter and angle. (Reproduced with permission from 
Howarth and Rowlands 1987)
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3.1 � Effects of Textural Properties on Cutting 
Performance

Determination of the depth of cut is one of the important 
parameters in cutting tests. In order to determine this param-
eter, previous cutting tests and real-life depth of cut val-
ues used in stone industry, of which most of them cut in 
microscale, were searched to find the best initial penetration 
depth. As stated in introduction section, only 5 mm depth 
of cut on sedimentary rocks was used in the literature to 

investigate the relationships between TC and cutting per-
formance (Ozturk et al. 2004; Tiryaki and Dikmen 2006). 
Only using 5 mm depth of cut and sedimentary rocks may 
be the shortcomings of these studies to deeply understand 
the effect of textural properties, which can be considered 
as micro-properties, on cutting performance of chisel-type 
tools. In the present study, all cutting tests are carried out 
at lower depths of cut than 5 mm, i.e., 1.5, 2.5, and 3.5 mm 
in unrelieved cutting mode to differentiate the effects of 

Fig. 5   The view of a sample texture on AutoCAD program

Table 6   Average texture 
coefficient values of the samples 
analyzed

Natural stones AW N0 N1 FF0 AR1 AF1 TC

Metamorphic stones
KDWM-I 0.55 20.00 9.67 0.50 3.54 3.65 3.1
KDWM-II 0.48 17.33 14.33 0.53 3.21 3.20 2.8
UDM 0.87 17.67 10.67 0.77 2.75 2.82 3.3
ULM 0.77 18.00 11.33 0.81 2.70 2.79 2.9
MKPWM 0.66 21.00 12.33 0.48 2.90 2.67 2.7
KWM 0.43 28.00 7.33 0.66 2.36 2.68 1.1
KGYM 0.71 23.00 7.00 0.67 2.59 2.88 1.8
KGNM 0.61 16.00 9.33 0.72 2.69 2.98 2.3
SPM 0.39 18.33 11.00 0.49 2.99 3.15 1.8
BWM 0.70 13.00 7.67 0.66 2.56 3.04 2.7
Igneous stones
ASG 0.78 18.33 12.67 0.57 3.58 3.04 4.3
AYG​ 0.75 16.00 11.33 0.68 2.52 3.25 3.2
BVG 0.84 16.33 9.33 0.46 3.57 3.54 4.7
MKPBG 0.47 20.33 10.67 0.37 2.52 3.09 2.1
Sedimentary stones
KT 0.12 6.00 3.67 0.31 2.68 3.04 0.6
SBL 0.28 22.00 11.00 0.32 3.02 3.69 1.7
FLL 0.18 15.33 11.67 0.62 2.63 2.70 0.7
KBL 0.28 14.00 9.00 0.39 3.21 3.30 1.6

Fig. 6   A photograph of the portable linear rock cutting machine. 
(Reproduced with permission from Balci et al. 2015)
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micro-properties such as different grain sizes and texture 
structures.

The correlations between textural properties (TC, AW, 
grain size) and cutting performance parameters were deter-
mined within the three stated stone groups of metamorphic, 
igneous, and sedimentary. Then, the grouped cutting results 
were combined as one set of data to search for more general-
ized relationships.

3.1.1 � Texture Coefficient Versus Cutting Performance

The relationships between TC and tool forces and SE 
are given in Fig. 8 for metamorphic stones. As seen, the 
values of FN, FC, F’N, F’C, and SE increase generally 
with increasing TC. In addition, the coefficient of deter-
mination (R2) associated with the suggested equations for 
describing the relationship between TC and each of FN 
and FC decreases with increasing depth of cut. However, 
it increases in the relationship between TC and SE. It can 
be concluded that the TC values are more sensitive to the 
lower depths of cut for metamorphic stones. It is difficult 
to make the same generalization for F’N and F’C values, 
which might be related to microscale cutting characteris-
tics. When the chisel tool touches a large, hard, and abra-
sive grain, the forces rapidly increase. Therefore, the TC 
would show a weak relationship with maximum forces. 
In general, the average and maximum tool forces and SE 

values obtained at the lower depth of cut values show 
stronger correlation with TC than that of the higher depth 
of cut values for metamorphic stones.

Figure 9 shows the relationships between TC and tool 
forces and SE for igneous stones. As seen, the similar 
conclusions as for metamorphic stones are also valid for 
igneous stones. Generally, TC values show stronger cor-
relation (higher coefficient of determination) with average 
and maximum tool forces and SE values at the lower depth 
of cut values (1.5–2.5 mm).

Figure  10 shows the relationships between TC and 
tool forces and SE for sedimentary stones. As seen, as 
depth of cut value increases, the coefficient of determina-
tion increases in the correlation between TC and average 
and maximum normal forces. However, the correlations 
between TC and average and maximum cutting forces 
behave in a different manner. As the depth of cut increases, 
the coefficient of determination decreases. In correlation 
between SE and TC at three depths of cut (1.5, 2.5, and 
3.5 mm), the coefficients of determination are 0.98, 0.99, 
and 97, respectively. However, some other parameters 
might be in effect regarding the correlation with TC for 
sedimentary stones. It is considered that the bedding (lay-
ering) of the sedimentary stones affected the tool forces; 
the two of the sedimentary samples were massive and the 
other two had bedding planes. The structural properties, 
bonding force between grains, micro-fractures and other 

Table 7   Depths of cut values 
applied in the cutting tests in 
unrelieved cutting mode

Natural stones Depths of cut

1 mm 1.5 mm 2 mm 2.5 mm 3 mm 3.5 mm 4 mm 4.5 mm 5 mm

Metamorphic stones
KDWM-I X X X X X X
KDWM-II X X X
UDM X X X
ULM X X X
MKPWM X X X
KWM X X X X
KGYM X X X X
KGNM X X X X
SPM X X X
BWM X X X
Igneous stones
ASG X X X X
AYG​ X X X X
BVG X X X X X
MKPBG X X X X
Sedimentary stones
KT X X X X X X X
SBL X X X
FLL X X X X X X
KBL X X X
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unknown parameters for sedimentary stones could be the 
reason for the very strong correlations at all depth of cut 
values except for the maximum cutting force at depth of 
cut values of 1.5 and 2.5 mm. It should also be mentioned 

that the number of data is not much and the data include a 
large gap. However, it makes sense to say in general that 
TC of sedimentary stones shows good correlation with the 
measured tool forces and SE at a lower depth of cut value.

Fig. 7   Sample photographs for 
the linear cutting experiments

Sample preparation Trimmed surface

Sivaslı purple marble Karahallı white marble

Korkuteli beige limestone Karahallı green marble

Finike lymra limestone Bayırovası white marble
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Figure 11 shows the relationships between TC and tool 
forces and SE in all stones together (metamorphic, igne-
ous, and sedimentary). As seen, when the depth of cut 
decreases, the coefficient of determination increases for 
three stone types with respect to relationships between 
TC and cutting performance parameters. In other words, 
at 1.5 mm depth of cut, TC has strong relationships with 
cutting performance parameters.

3.1.2 � Packing Weighting Versus Cutting Performance

The correlations between packing weighting (AW) and tool 
forces and SE were also investigated in this study. It was 
concluded that the cutting performance could not be exactly 
estimated from AW when only one stone type was taken 

into consideration. However, when the AW values were cor-
related with the cutting parameters in all stones together, 
AW values indicated moderate and good relationships with 
cutting performance. This fact is illustrated in Fig. 12, which 
also shows that the coefficient of determination increases 
with decreasing depth of cut in all correlations between AW 
and cutting performance.

3.1.3 � Grain Size Versus Cutting Performance

The relationships between grain size and tool forces and 
SE for sedimentary stones are given in Fig. 13. As seen, it 
is clear that when the depth of cut decreases, the tool forces 
(except for F’C) and SE show higher dependency on the 
grain size. In other words, the grain size has the strongest 
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Fig. 8   Relationships between texture coefficient and cutting performance for metamorphic stones
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relationship with cutting performance at 1.5 mm depth of 
cut.

Figure 14 shows the relationships between the grain size 
and tool forces and SE for metamorphic stones. The coef-
ficients of determination values were found to be similar at 
different depths of cut. The grain size had strong relation-
ships with the tool forces and SE at three different depths of 
cut tested. However, in order to reach this result, Sivaslı pur-
ple marble, having mean grain size of 0.09 mm, was taken 
as an outlier because of its high amount of chloride content 
indicating a weathering/decomposition and different textural 
property when considering metamorphic samples.

It should be noted that the relationships between the grain 
size and the tool forces and SE were also investigated for 
igneous stones and three stone types in combination. No 

meaningful correlation between the grain size and cutting 
performance could be found for igneous stones and three 
stone types in combination. The high variation of the grain 
size might be considered as one of the reasons behind such 
a lack of correlation. As seen in Table 4, the mean grain size 
changes between 0.09 and 1.05 mm for metamorphic stones; 
0.7 and 1.2 mm for igneous stones; and 0.08 and 0.025 mm 
for sedimentary stones. However, the grain size in all stones 
together changes between 0.025 and 1.2 mm. Although 
this range covers a wide range of stone characteristics, its 
irrelevancy with the cutting performance could not be sat-
isfactorily explained for igneous stones and all three stone 
types together. On the other hand, the findings (relation-
ships between the grain size and the cutting performance) 

y = 1.77x1.26

R² = 0.99
y = 5.03x0.75

R² = 0.97
y = 9.02x0.51

R² = 0.71

0

5

10

15

20

25

0 1 2 3 4 5A
ve

ra
ge

 N
or

m
al

 F
or

ce
s (

kN
)

Texture Coefficient

d=1.5mm d=2.5mm d=3.5mm
y = 1.02x1.13

R² = 0.97
y = 2.96x0.63

R² = 1.00
y = 5.19x0.43

R² = 0.92

0

2

4

6

8

10

12

14

0 1 2 3 4 5A
ve

ra
ge

 C
ut

tin
g 

Fo
rc

es
 (k

N
)

Texture Coefficient

d=1.5mm d=2.5mm d=3.5mm

y = 4.31x1.01

R² = 0.91
y = 12.23x0.50

R² = 0.97
y = 21.59x0.29

R² = 0.81

0
5

10
15
20
25
30
35
40
45

0 1 2 3 4 5M
ax

im
um

 N
or

m
al

 F
or

ce
s (

kN
)

Texture Coefficient

d=1.5mm d=2.5mm d=3.5mm
y = 2.68x0.88

R² = 0.87
y = 8.40x0.35

R² = 0.70
y = 14.82x0.15

R² = 0.80

0

5

10

15

20

25

0 1 2 3 4 5M
ax

im
um

 C
ut

tin
g 

Fo
rc

es
 (k

N
)

Texture Coefficient

d=1.5mm d=2.5mm d=3.5mm

y = 21.97x0.91

R² = 0.97
y = 13.56x1.04

R² = 1.00
y = 10.91x1.04

R² = 0.95

0

20

40

60

80

100

0 1 2 3 4 5

Sp
ec

ifi
c 

En
er

gy
 (k

W
h/

m
3 )

Texture Coefficient

d=1.5mm d=2.5mm d=3.5mm

Fig. 9   Relationships between texture coefficient and cutting performance for igneous stones
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for the metamorphic and sedimentary stones seem to be 
satisfactory.

3.2 � Effects of Calcium Oxide Content on Cutting 
Performance and Physical and Mechanical 
Properties

The study indicated that there was no meaningful relation-
ship between calcium oxide (CaO) content and cutting per-
formance. CaO content has a significant influence on min-
eralogical composition of the natural stone samples used in 

this study. The analyses indicated that there were no mean-
ingful correlations between CaO content and physical and 
mechanical stone properties except SSH and CAI. Figure 15 
shows the relationships between CaO content and SSH and 
CAI for metamorphic stones. As seen, as the CaO content 
increases, SSH and CAI values decrease in the inverse power 
function. On the other hand, insignificant correlations are 
determined for igneous and sedimentary stones. Range of 
CaO content and data gaps in these stones are considered 
as the reason behind such a lack of correlation. As seen in 
Table 5, CaO content varies between 30.7 and 55.9% for 
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Fig. 10   Relationships between texture coefficient and cutting performance for sedimentary stones
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metamorphic stones. On the other hand, it varies between 
2.2 and 3.7% and 30.6 and 55.6% for igneous and sedimen-
tary stones, respectively. When three stone groups are com-
bined, moderate relationships are determined between CaO 
content and SSH and CAI (Fig. 16). Relationships between 
CaO content and physical and mechanical properties should 
be further investigated for a reliable scientific generalization 
by adding different stones having different CaO content and 
mechanical properties.

3.3 � Effects of Mineralogical and Petrographical 
Properties on Physical and Mechanical 
Properties

An attempt was made to correlate physical and mechanical 
properties of the studied stones with their petrographic 
details. Figure 17 shows the relationships between UCS 
and TC and the grain size for metamorphic stones. As 
seen, there is a direct and strong relationship in the power 
function between TC and UCS; while UCS increases, TC 
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Fig. 11   Relationships between texture coefficient and cutting performance for three stone types
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increases. On the other hand, a moderate relationship is 
determined between the grain size and UCS. It should be 
noted that although TC and UCS have a strong relation-
ship (Fig. 17) for metamorphic stones, TC has generally 
stronger relationships (Figs. 8, 9, 10, 11) than that of UCS 
with the cutting performance. When investigating the same 
relations for igneous and sedimentary stones, statistically 
significant correlations could not be established.

4 � Discussion

The linear cutting test is currently one of the most reliable 
methods to determine cutting performance of chisel-type 
tools. However, the linear cutting test needs sophisticated 
testing equipment, takes a long time to perform a test, 
and is relatively more expensive. Therefore, researchers 
are interested in finding an easy method to predict cutting 
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Fig. 12   Relationships between packing weighting and cutting performance for three stone types
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performance. This study differs from the previous investi-
gations in the way that the textural properties are used to 
determine cutting performance, which is very important and 
required in mechanical mining by cutting machine manu-
facturers to design tool, tool holder and evaluate machine 
vibrations and breakdowns. The overall results of the experi-
mental studies indicate that cutting performance of chisel-
type tools may be predicted by using the textural properties 
of natural stones.

The need for predicting the performance in natural stone 
mining is of prime importance. The required tool forces 
and/or specifications of chain saw and diamond wire cutting 
machines may be estimated by linear cutting tests or indi-
rect methods. Limited performance prediction models have 

already been suggested in the former studies (Copur 2010; 
Copur et al. 2011; Tumac 2014) for chain saw machines 
based on linear cutting tests. This study indicates that there 
are strong correlations between textural properties and cut-
ting performance of chisel-type tools. The input parameters 
of the previously suggested areal net cutting rate prediction 
models (Copur et al. 2011; Tumac 2014) may be estimated 
from the relationships suggested in this study. It should be 
noted that performing the textural property analyses is easier 
and cheaper than the linear cutting tests.

To the extent of the authors’ knowledge, there are 
not any prediction models for diamond wire cutting 
machines published in the literature based on linear cut-
ting tests. Hence, reasonable suggestions related to textural 

y = 0.002x-2.789

R² = 1.00
y = 0.01x-1.91

R² = 0.94
y = 0.01x-1.78

R² = 0.94

0

2

4

6

8

10

0.00 0.05 0.10A
ve

ra
ge

 N
or

m
al

 F
or

ce
s (

kN
)

Grain Size (mm)

d=1.5mm d=2.5mm d=3.5mm
y = 0.005x-1.59

R² = 0.84
y = 0.04x-1.16

R² = 0.85
y = 0.11x-1.02

R² = 0.79

0

2

4

6

0.00 0.05 0.10A
ve

ra
ge

 C
ut

tin
g 

Fo
rc

es
 (k

N
)

Grain Size (mm)

d=1.5mm d=2.5mm d=3.5mm

y = 0.01x-1.92

R² = 1.00
y = 0.11x-1.29

R² = 0.94
y = 0.09x-1.42

R² = 0.86

0

5

10

15

20

0.00 0.05 0.10

M
ax

im
um

 N
or

m
al

 F
or

ce
s (

kN
)

Grain Size (mm)

d=1.5mm d=2.5mm d=3.5mm

y = 0.02x-1.41

R² = 0.64
y = 0.47x-0.73

R² = 0.55
y = 0.82x-0.73

R² = 0.55

0

5

10

15

20

0.00 0.05 0.10

M
ax

im
um

 C
ut

tin
g 

Fo
rc

es
 (k

N
)

Grain Size (mm)

d=1.5mm d=2.5mm d=3.5mm

y = 0.06x-1.76

R² = 0.91
y = 0.04x-1.82

R² = 0.89
y = 0.04x-1.76

R² = 0.87

0

10

20

30

40

50

0.00 0.05 0.10Sp
ec

ifi
c 

En
er

gy
 (k

W
h/

m
3 )

Grain Size (mm)

d=1.5mm d=2.5mm d=3.5mm

Fig. 13   Relationships between grain size and cutting performance for sedimentary stones
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properties, which may reflex the micro-cutting perfor-
mance, and cutting performance are not established due to 
the lack of data for diamond wire cutting machines. In field 
application of diamond wire cutting machines, the values 
of the effective depth of cut are quite small, only fractions 
of a millimeter. Based on the authors’ practical experience 
and literature (Norling 1971; Mancini et al. 1992, 1994; 
Delgado et al. 2005; Ribeiro et al. 2007; Tumac 2015, 
2016), new performance prediction models may be sug-
gested by identifying the effects of friction between cutting 
tool and stone, Knoop hardness, and grain size on cutting 
performance of chisel-type tools and mechanical miners 
used in stone quarries and other cutting devices of stone 
processing plants.

This study also emphasizes that sedimentary stones have 
low TC, low cutting forces, and low SE, whereas igneous 

stones have high TC, high cutting forces, and high SE. The 
above-mentioned properties of metamorphic stones lie 
between those of the sedimentary and igneous stones. The 
similar conclusions were also valid for the relations between 
TC and drilling rates, which are related to the cutting perfor-
mance, in these three stone types (Howarth and Rowlands 
1987).

The relationships between CaO content and mechani-
cal properties show that there are significant correlations 
between CaO content and SSH and CAI. Besides, relation-
ships between mechanical and textural properties show 
that TC has highly significant correlations with UCS in 
direct power function. On the other hand, grain size shows 
moderate correlation with UCS in inverse power function. 
Prikryl (2001) and Ali and Wu (2014) found an inversely 
proportional relationship between grain size and UCS, 
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such as found in this study. Ajalloeian et al. (2017) empha-
sized that there was positive relationship between the grain 
size and UCS in opposite to the results of this study. On 
the other hand, Howarth and Rowlands (1987) declared 
that there was strongly positive correlation between TC 
and UCS. Ozturk et al. (2004) and Tiryaki and Dikmen 
(2006) emphasized that UCS increased with the increasing 
TC. Tiryaki and Dikmen (2006) also found a rough lin-
ear relationship between AW and SE for sandstones. The 
findings in the literature did not always agree with each 
other, probably because of the nature of the rocks/stones. 
However, as a general result, there is an inverse relation-
ship between the grain size and UCS, such that while the 
grain size increases, UCS tends to decrease. Besides, there 
is a direct relationship between TC and UCS, such that 
increasing TC decreases UCS.

5 � Conclusions

Texture coefficient appears to be a powerful and reliable esti-
mator of cutting performance obtained by a standard chisel 
tool, especially with higher reliability at lower depths of cut, 
for a wide variety of stones including all geological origins. 
Although there is a very strong relationship between texture 
coefficient and uniaxial compressive strength, the texture 
coefficient yields much more reliable predictor equations 
for cutting performance.

Grain size is a good predictor with moderate reliability 
for cutting performance when especially the stones are sepa-
rated based on their geological origins. Packing weighting 
has moderately strong relationships with the cutting perfor-
mance at all depths of cut considering all geological origins 
together. Calcium oxide content can be used for predicting 
Cerchar abrasivity index and Shore scleroscope hardness, 
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Fig. 15   Relationships between calcium oxide content and Shore scl-
eroscope hardness and Cerchar abrasivity index for metamorphic 
stones
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although the relationships require additional data to close 
the data gap and improve reliability.

Cutting performance at low depths of cut is considered 
to be reflecting microscale cutting characteristics such as 
in chain saws and diamond wires used in quarrying, and 
processing machines used in stone plants. The results indi-
cate that especially the texture coefficient and grain size 
can be used for the selection and design of stone cutting 
machines of every types and predicting their performance 
at especially feasibility stage. The study should be further 
improved by adding more data and relating the textural char-
acteristics, especially with performance of the microscale 
cutting machines.
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