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Abstract The objective of the present study was to
determine the abrasive wear potential of granites in circular
sawing using some mineralogy-based rock hardness
indexes. A literature study indicated that little or no
attention has been given to assessing this kind of rela-
tionship in the field of stone processing. To accomplish this
objective, sawing experiments were performed on nine
different granites used widely as building and decorative
stone materials. The measured sawblade-specific wear rates
were correlated with three different rock hardness indexes
attained by combining the percentage content of hard
mineral constituents with their known hardness values.
Statistical analysis of the experimental data revealed that
rock hardness indexes that are based on both Vickers
hardness number and Rosiwal hardness could be accepted
as reliable indicators of granite abrasivity. These two
indexes were also found to correlate well with the average
power drawn during the process. However, the rock abra-
sivity index based on Mohs relative scratch hardness did
not show statistically significant correlations with sawblade
wear rate and power drawn. Although quartz percentage
content is regarded as an important abrasivity parameter by
practitioners, the observations made here indicate that
consideration of quartz percentage content alone is not
sufficient to describe the abrasive potential of granites, and
thus incorporation of other hard mineral constituents could
be more suitable.
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1 Introduction

The present paper deals with the application of some
mineralogy-based rock hardness indexes for diamond tool
wear rate prediction when processing granitic building
stones. This topic is of particular interest to the stone
industry, where tool wear is a major cost item in the pro-
cessing of the hard and abrasive stones used as building
materials.

Wear can be defined as the loss of tool material while
interacting with the rock (Alber 2008), and rock abrasivity
is primarily responsible for wear of the interacting tools
(Pathak and Ghose 1994). In general, the three main
methods of estimating rock abrasiveness are: (1) indirect
methods, where abrasivity assessment is realized through a
combination of various fundamental rock properties; (2)
direct methods, employing certain test methods where there
is relative movement of a rock sample and a wear tool in
contact with it under standard controlled test conditions;
and (3) holistic approaches that use a combination of
fundamental rock properties and varied process parameters
as well as environmental conditions (Golovanevskiy and
Bearman 2008).

In circular sawing of dimension stones, interactions in
the sawing zone are characterized by two tribological
contacts: the diamond-stone contact and the chip-bonding
matrix contact. Sawblade wear is the result of these two
tribological interactions (Li et al. 2002). A review of the
published literature reveals that blade wear in circular
sawing of dimension stone is influenced mainly by opera-
tional parameters (Konstanty 2002; Ertingshausen 1985;
Wang et al. 1995), sawblade specifications (Lan et al. 2002;
Webb 1999) and properties of the sawn rock (Unver 1996;
Delgado et al. 2005). Therefore, for a given sawing appli-
cation, it can be assumed that the blade wear performance
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will be influenced greatly by the rock material properties.
Various ‘mineral-scale’ and ‘rock-scale’ parameters affect
rock abrasiveness, but the more important ones are: (1)
mineralogy; (2) the hardness of the mineral constituents; (3)
grain shape and size; (4) the type of the matrix material; and
(5) physical properties of the rock including strength,
hardness and toughness (Atkinson et al. 1986). Although
some theoretical considerations on the wear mechanism of
diamond tools have been provided (Dong and Durucan
1993), due to the complexity of the mechanism and the
large number of parameters involved, the problem of tool
wear assessment in this field is treated mainly by empirical
approaches.

Currently, there is no single established method of
assessing stone abrasivity in relation to circular sawing of
granites. Although a few predictive models have been
developed previously by using some of the aforementioned
approaches (Unver 1996), these models are not directed to
serve specifically for this group of igneous rocks. Here, it is
important to note that the term ‘granite’, in this usage refers
only to hard crystalline acid igneous rocks as described by
the ASTM (2008). Accordingly, some basic and ultrabasic
igneous rocks, which are also marketed commercially as
granites, are not included in this definition.

It is now a well-established view that the mechanical
strength of rock alone (i.e., uniaxial compressive strength,
tensile strength) is not a significant contribution to tool wear
during the circular sawing of granites (Unver 1996; Jennings
and Wright 1989; Giines Yilmaz 2009; Hausberger 1990).
This is due to the fact that, in this process, abrasive wear and
fragmentation (chipping) occur largely at microscopic scale
(Hausberger 1990; Xie and Tamaki 2007). Accordingly, the
importance of evaluating the microscopic hardness of
polymineral rocks, such as granites, in tool wear assessment
and machining efficiency has been emphasized by a number
of authors (Xie and Tamaki 2007; Beste and Jacobson 2003;
Beste et al. 2004; Delgado et al. 2005). However, the rela-
tions between sawblade wear and granite micro-hardness
have not yet been analyzed systematically (Xie and Tamaki
2007). With this in mind, the primary aim of the present
study was to seek possible correlations between specific
sawblade wear rate (SWR) and three different mineralogy-
based rock hardness indexes that are used as measures of
rock abrasiveness in the literature. The second aim of the
study was to investigate if these indexes could also be used
as indicators of the power consumption of cutting, which is
another sawability parameter often related to tool wear in the
stone processing industry. To achieve these goals, raw
experimental data of a recent PhD study carried out by the
present author (Giines Yilmaz 2009) were re-evaluated for
the purposes of the present study. Since little attention has
been given to the application of theoretical rock hardness
indexes in this field, it is thought that the findings arrived at
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could be of service to both academics and practitioners
working in this field.

2 Materials and Methods
2.1 Abrasivity Indexes

Methods of calculating the overall abrasiveness of rock are
based on determining the quantitative mineralogical com-
position of the rock and combining this with known values
of the hardness of the individual minerals (West 1981).
Thus, by employing different mineral hardness scales
existing in the literature, it is possible to derive various
theoretical rock hardness indexes. In this study, three
mineralogy-based rock hardness indexes related to rock
abrasivity were derived by using the Mohs relative scratch
hardness, Vickers indentation hardness number, and Rosi-
wal grinding hardness. The procedures for the calculation
of rock hardness indexes are explained briefly in the fol-
lowing sections.

2.1.1 Overall Mohs Hardness

Mohs hardness is a widely used practical means of deter-
mining the relative hardness of minerals. It is based on the
principle of a harder mineral scratching a softer one. Using
the Mohs scale, the relative hardness of a particular mineral
can be determined. In this scale, the hardness numbers of
the minerals range from 1 to 10, talc being the softest and
diamond the hardest mineral. Although devised initially for
the relative hardness determination of minerals, the overall
Mohs hardness of a particular rock (MHR) can be deter-
mined by combining the mineral percentage and Mohs
hardness of the individual minerals making up the rock
(Hoseinie et al. 2009):

MHR = Vi-M; (1)

i=1

where V; is percentage of mineral present in the rock, M; is
the Mohs number for the mineral and »n is the number of
minerals.

2.1.2 Overall Vickers Hardness Number

Vickers hardness reflects the micro-indentation hardness of
a mineral, and provides a Vickers hardness number (VHN).
In this test, a pyramidal-shaped diamond is applied to the
surface of the material to be tested with a specified force.
The area of the permanent residual deformation divided by
the applied force is a measure of the hardness (ISRM
1978). As with the Mohs hardness, VHN can be used for
preliminary estimates of rock abrasivity and expected
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cutter tool wear (Nilsen et al. 2006). In this study, the same
methodology followed in the mean Mohs hardness calcu-
lations was adopted for the determination of overall VHN
(VHNR) of each studied rock sample (Adebayo 2007):

VHNR = > "V; - VHN; (2)
i=1
where V; is percentage of mineral present in the rock, VHN;
is the VHN for that mineral, and »n is the number of
minerals.

2.1.3 Overall Rosiwal Hardness

Despite its practicality and widespread usage in different
fields of Earth sciences, the Mohs scale has the deficiency
of treating mineral hardness numbers as if they are quan-
titative measures (West 1981) and, therefore, it does not
reflect the true differences in hardness of different minerals
(Broekmans 2007). Considering this fact, an absolute
hardness scale was devised by Rosiwal where the samples
are ground to constant weight using a standard amount of
abrasive powder until the powder is totally worn out. The
weight loss of the sample is a measure of its abrasion
hardness (Broekmans 2007). In this study, the overall
Rosiwal hardness of any rock sample (RHR) was calcu-
lated by multiplying the percentage of each mineral present
in the rock by its corresponding Rosiwal hardness number:

RHR =S VR (3)

n
i=1

where V; is the percentage of the mineral present in the
rock, R; is the Rosiwal hardness number of the mineral, and
n is the number of minerals.

2.2 Materials

Nine different granites with substantial demand in the stone
industry were selected from a stone processing plant to be
used in sawing experiments and petrographical analyses.
The selected samples were free from visible anisotropic
features, cracks, or indications of weathering. Modal
analyses indicated quartz, K-feldspar, plagioclase, biotite
and hornblende as the main rock-forming minerals of the
samples. Petrographic descriptions and mineral percentage
contents of the samples are given in Tables 1 and 2,
respectively.

2.3 Sawing Trials

To be able to quantitatively determine the abrasive action
of each granite type on the sawblade, sawing experiments
were performed on specially dimensioned rectangular

granite blocks of 500 mm in length, 70 mm in height, and
120 mm in width (Fig. 1), using a PC-controlled fully
instrumented side-cutting machine that allows the mea-
surement and recording of active power consumption and
cutting forces during sawing. The experimental rig consists
of three main units: the sawing unit, instrumentation, and
personal computer (Fig. 2). The adjustment and control of
the operational parameters, such as cutting depth, feed rate,
peripheral speed and cooling water, is computer-controlled.
Active cutting power and forces acting on the sawblade are
measured by an energy analyzer and a load cell, respec-
tively. The outputs of the energy analyzer and the load cell
are fed into an A/D converter and sampled by the PC.

A 400-mm diameter sawblade, recommended for com-
mercial granite processing and consisting of 24 segments,
was used in the sawing experiments. The SDA 85 type
diamonds were sized at 40/50 US mesh with concentration
20. The peripheral speed of the sawblade was kept at 30 m/s
and a constant sawing rate 150 cm?/min was applied to each
granite sample. Tap water was used as the cooling fluid at a
flow rate of 15 I/min. At the beginning of a new series of
sawing tests, the sawblade was dressed by sawing a con-
crete block provided by the blade manufacturer.

In this study, radial wear of the sawblade was deter-
mined by measuring the heights of all the segments before
and after completion of each series of sawing tests. For this
purpose, a wide beam type laser displacement sensor
Keyence LK-G87 model, with a resolution of 0.2 pm and
sampling rate of 20 ps, was used. All the measurement
data stored in the internal memory of the sensor could
be acquired by a PC and displayed virtually. Statistical
evaluation of the acquired data was performed using a
statistical program. Finally, wear performance of the saw-
blade was evaluated in terms of SWR, which is defined as
the ratio of radial wear of the sawblade to the sawn area
(um/mz).

3 Results and Discussion

Interpretations and statistical significance of the relation-
ship between rock abrasivity indexes and SWR were
determined using some related test statistics. The coeffi-
cient of determination (R?) is the proportion of variance in
the dependent variable, which can be predicted from the
independent variables. Higher values of R* correspond to a
stronger relationship between the dependent and indepen-
dent variables. The probability value (P value) is the
observed level of significance for the test. In the present
study, the conventional 5% significance level was adopted.
Hence, results which show a P value of <0.05 were con-
sidered to be statistically significant at a confidence level of
95%.
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Table 1 Petrographic descriptions of the studied granites

Sample no.

Country of
origin

Rock name

Petrographic description

S1

S2

S3

S4

S5

S6

S7

S8

S9

Finland

Italy

Turkey

Turkey

Finland

Spain

Turkey

Turkey

Turkey

Porphyritic syenogranite

Monzogranite

Monzogranite

Monzogranite

Porphyritic syenogranite

Quartz syenite

Quartz syenite

Syenogranite

Syenogranite

Porphyritic texture with very coarse-grained perthitic orthoclase and microcline.
Euhedral to subhedral plagioclase and anhedral quartz. Small amounts (6 vol%) of
slightly chloritized biotite

Coarse-grained rock with subhedral to anhedral perthitic orthoclase. Anhedral quartz.
Partly altered plagioclase. Subhedral and slightly chloritized biotite

Equigranular microstructure with approximately equal amounts of alkali feldspar and
plagioclase, both slightly altered to clay minerals and “sericite”, respectively.
Subhedral quartz, hornblende and partly chloritized biotite

Equigranular microstructure with subhedral to anhedral plagioclase. Perthitic orthoclase
is slightly altered to clay minerals. Anhedral quartz with consertal texture. Partly
chloritized biotite

Porphyritic structure with very coarse-grained perthitic orthoclase. Subhedral to
anhedral plagioclase, slightly altered to sericite, prismatic hornblende and minor
biotite

Equigranular coarse-grained orthoclase and microcline, typically with white or pinkish
colour. Equigranular polysynthetically twinned plagioclase. Anhedral quartz. Slightly
altered plagioclase and K-feldspar. Partly chloritized biotite

Fine to coarse-grained albite-twinned plagioclase. Perthitic alkali-feldspar.
Microstructure quartz. Plagioclase and K-feldspar slightly altered to sericite and clay
minerals, respectively

Equigranular microstructure. Subhedral to anhedral perthitic orthoclase and albite-
twinned plagioclase. Hornblende locally occurs as needle-like crystals. Some epidote
alteration is present locally

The albite-twinned plagioclase is the prevailing mineral phase. Perthitic K-feldspar is
slightly sericitized. Anhedral quartz grains show a consertal microstructure

Table 2 Percentage mineral

contents of the samples

Qtz Quartz, Pl plagioclase,

Or orthoclase, Bt biotite,

Hbl hornblende, E epidote

Sample no. Qtz (%) Pl (%) Or (%) Bt (%) Hbl (%) E (%) Other
S1 36 9 48 - - 1
S2 27 32 28 7 4 - 2
S3 24 29 30 5 8 2 2
S4 25 39 22 12 - - 2
S5 20 14 56 2 7 - 1
S6 12 17 62 7 - - 2
S7 11 41 30 4 12 - 4
S8 18 25 36 - 15 3 3
S9 22 40 24 8 4 - 2

Fig. 1 Samples of sawn granite blocks
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Although general practice in the stone processing
industry is to evaluate quartz percentage content as a
guideline to sawability, there have been conflicting state-
ments about the effect of this mineralogical parameter on
the sawability of natural building stones. This is due to the
fact that there is no precise definition of ‘sawability’ as
used in stone processing industry. A review of the literature
reveals that the term sawability has been used to indicate
power consumption (Asche 1999; Jennings and Wright
1989; Xu et al. 2001), sawblade wear rate (Unver 1996;
Wei et al. 2003; Eyuboglu et al. 2003), process forces
(Unver 1996; Wei et al. 2003), and sawing rate (Kahraman
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Fig. 2 Illustration of the I
experimental set-up

Energy Analyzer

I

et al. 2004, 2006; Tutmez et al. 2007). Therefore, before
proceeding to the examination of correlations between each
rock abrasivity index and SWR, the present author con-
siders it useful to check the influence of quartz percentage
content on SWR for the group of granites under study here.
The effect of quartz percentage content (V) on SWR is
illustrated graphically in Fig. 3, and the statistical signifi-
cance of this relationship is shown in Table 3. As can be
seen from Table 3, the R? values indicate that the model as
fitted explains 43.5% of the variability in calculated SWR.
Since the P value is >0.05, it can be concluded that there is
no significant relationship between quartz percentage and
SWR in the statistical sense. This finding is in agreement
with the results of some previous studies that quartz per-
centage alone might not be a reliable indicator of rock
abrasivity in the machining process of granites (Unver
1996; Jennings and Wright 1989) and, therefore, contri-
butions of other minerals present in the rock should also be
sought. In a more recent study (Giineg Yilmaz et al. 2011),
it has been shown experimentally that some non-quartz
bearing commercial granites could also produce high blade
wear due to the presence of other abrasive minerals.

To be able to include the possible contributions of all
rock-forming hard mineral constituents on rock abrasivity,
the rock abrasivity indexes MHR, VHNR and RHR
described in the section on “Studied abrasivity indexes”
were correlated with the SWR values. Here, it may be

180
y = 1.8306x + 87.833

160l  RE=04348

140

120 1

100

Specific wear rate, SWR (pm/mz)

10 20 30 40
Quartz percentage content, Vg ( %)

Fig. 3 Relationship between quartz percentage content and sawblade
wear rate (SWR)

important to note that, in the calculations of these index
values, only hard mineral constituents with Mohs hardness
>5.5 (quartz, K-feldspar, plagioclase and hornblende)
causing high levels of tool wear (Hoseinie et al. 2009;
Thuro 1997) are included. Table 4 gives the average hard-
ness values of these minerals as used in the calculations.

To show the relationship between each rock abrasivity
index and SWR, regression curves and their related test
statistics are illustrated in Figs. 4, 5, 6 and Table 3,
respectively. Statistical interpretation of the data reveals
that the best correspondence between actual and predicted
SWR values is provided by VHNR, which includes VHN
and the percentage content of the main hard minerals
present in the rock. Since the formation of rock chips under
the action of diamond cutting edges of a sawblade is
basically an indentation action, the relatively high predic-
tion capability of VHNR can be reasonably attributed to the
physical analogy between Vickers indentation hardness test
and the penetration mode of diamond cutting edges while
cutting a granite surface. A high correlation found in a
previous study (Delgado et al. 2005) between the measured
overall Vickers hardness and sawing rate of Pink Porrino
granite also indicates that consideration for mineral
indentation microhardness could be highly important in
stone sawability studies. Therefore, it is possible to suggest
that evaluation of the laboratory-measured actual indenta-
tion hardness values could also be an efficient tool for
determining granite abrasivity. As other mineralogical
characteristics of rock known to influence sawblade wear
(i.e., mineral alteration, grain size, mineral anistropy and
micro-crack density) are already included in the measured
Vickers hardness values, such an approach can be expected
to give more accurate results.

Table 3 also indicates a statistically significant rela-
tionship between RHR and SWR, suggesting that RHR can
also be used in practice for SWR prediction purposes.
However, the prediction capability of this index is rela-
tively low compared to that of VHNR. Another important
conclusion drawn from the test statistics given in Table 3 is
that MHR, which is based on Mohs relative scratch hard-
ness, cannot be regarded as a reliable indicator of granite
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Table 3. ’.l“est. statistics related Regression equation R? SD F value P value
to abrasivity indexes and
sawblade wear rate (SWR) SWR = 1.831V, + 87.835 0.435 17.1742 5.385 0.053
SWR = 70.382 MHR — 273.84 0.340 18.5526 3.614 0.099
SWR = 0.443 VHNR — 189.77 0.670 13.1180 14.230 0.007
SWR = 2.4275 RHR + 3.5993 0.568 15.0073 9.2210 0.019
Table 4 Average mineral Mineral Mohs Vickers Rosiwal
hardness values (Jensen 2010;
hardness hardness number hardness
West 1981)
Quartz 7 1,150 120
K-feldspar 675 37
Plagioclase 675 37
Hornblende 5.5 550 20
“E 1807 y=0.443x - 189.77 “=2 180 , y=70.382x - 273.84
E 160l R? =0.6703 * E 160 R2 = 0.3405 .
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= =
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s g
£ =
= 120} =120t
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o 100f o 100t
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3 3
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Overall Vickers hardness number, VHNR

Fig. 4 Relationship between overall Vickers hardness number (VHNR)
and SWR
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Fig. 5 Relationship between overall Rosiwal hardness of any rock
sample (RHR) and SWR

abrasivity (P value >0.05). This finding supports the
statement made by Broekmans (2007) that, despite its
practicality, Mohs hardness scale may not be useful for
some scientific purposes.

As mentioned previously, besides tool wear, power
consumption is another parameter used as a measure of
dimension stone sawability. Since this parameter is often
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Overall Mohs hardness , MHR

Fig. 6 Relationship between overall Mohs hardness of a particular
rock (MHR) and SWR

related to sawblade wear rate (Jennings and Wright 1989;
Konstanty 2000), an attempt was also made to seek cor-
relations between the presently considered rock abrasivity
indexes and average power P drawn during the sawing of
tested granites. Relations between each abrasivity index
and power are plotted in Figs. 7, 8, 9, 10, and their test
statistics are given in Table 5. Table 5 indicates that the
correlations between abrasivity indexes and power con-
sumption follow the same ranking as with the SWR,
although with different significance levels. Such an
observation suggests that both VHNR and RHR can be
considered as suitable indexes in comparing the relative
power consumption levels of different granites. A statisti-
cally significant linear correlation is also observed between
quartz percentage V, and power drawn (Fig. 7; Table 5).
This could be related with the removal mechanism of
quartz under the action of diamond grits. Since quartz does
not have any cleavage planes, an inter-boundary fracture
mechanism, which requires more energy, is usually present
in quartz (Yu and Xu 2003). This finding is in agreement
with the results of another study (Asche 1999) where a
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Fig. 9 Relationship between RHR and power

close relation was also found between quartz content and
power drawn during circular sawing of a number of gra-
nitic rocks.

All these observations suggest that simple combinations
of percentage content and hardness of individual mineral .
constituents (VHN and Rosiwal grinding hardness) could
be used in the stone industry for preliminary estimations of
granite abrasivity and power consumption. Since the
selection of diamond-segmented circular sawblades is
based primarily on the abrasivity of the stone to be cut; it is

Rock hardness index VHNR, which is attained by
combining the percentage content and VHN of indi-
vidual hard mineral constituents, was found to be the
primary indicator of abrasive wear potential of granites
in circular sawing. This finding was attributed to the
physical similarity between the Vickers indentation test
and the indentation action of the sawblade diamond
grits during the sawing process.

Rock hardness index RHR, derived on the basis of
Rosiwal grinding hardness and percentage content of
hard mineral constituents, was also found to correlate
with specific SWR. However, no statistically meaning-
ful correlation was observed between overall Mohs
rock hardness and SWR.

Being the hardest mineral constituent in felsic rocks,
quartz is generally accepted by the practitioners
working in the stone industry as the main influence
on sawblade wear. However, in contrast with this view,
the results of the present study have shown that quartz
by itself might not be a reliable indicator of felsic
intrusive rock abrasivity (P value >0.05) and, thus,
abrasive effects of other hard minerals present in the
rock should also be taken into consideration.

With the exception of MHR, the presently considered
rock abrasiveness indexes can also be regarded as
suitable tools for the prediction and comparison of
power consumption while processing different felsic
intrusive rocks.

also possible to suggest that these indexes could also serve The present findings could be of practical value to the
as practical guides for tool selection purposes. stone industry if confirmed by future studies, which should
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tToa:l;fafiv;l;;s;nj:sszlzige;?):gr, Regression equation R? SD F value P value
P =9.0315V, + 3,464.4 0.717 17.7410 46.683 0.004
P = 267.64 MHR + 2,133.9 0.334 71.6456 3.504 0.103
P = 19526 VHNR + 2,261.6 0.882 30.0946 52.533 0.000
P =11.25 RHR + 3,085.9 0.827 36.4924 33.489 0.001

SD Standard deviation

be conducted on other granite types and operational con-
ditions. Since the present study concentrated only on rock
hardness indexes, no attempt was made to examine the
influence of other mineralogical parameters such as the
spatial distribution of minerals, micro-cracks and mineral
alteration. In this respect, it should be emphasized that
additional consideration of these parameters could assist in
better evaluation of granite abrasive wear potential in cir-
cular sawing.
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