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Abstract The performance of large-diameter circular
saws on eight carbonate rocks was recorded and indenta-
tion hardness, density and porosity tests were undertaken
on the five travertines, two limestone and one dolomitic
limestone samples returned to the laboratory. A strong
linear correlation between indentation hardness index val-
ues and the hourly production of the circular saws was
found. The slab production was slowest for the dolomitic
limestone rocks with the highest indentation hardness,
lowest porosity and highest density values.

Keywords Carbonate rocks - Indentation hardness -
Circular saws

Résumé Les performances de scies circulaires de grand
diamétre, pour la découpe de huit roches carbonatées rep-
résentées par cinq travertins, deux calcaires et un calcaire
dolomitique ont été enregistrées. La densité, la porosité et
un parameétre de résistance a 1’indentation ont été mesurés
au laboratoire sur les échantillons correspondants. Une
forte corrélation linéaire entre I’indice de résistance a
I’indentation et la production horaire des scies circulaires a
€té trouvée. La production de plaques était la plus faible
pour les calcaires dolomitiques qui présentaient les plus
fortes résistances a I’indentation, les plus faibles porosités
et les plus fortes densités.
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Introduction

Natural stone products are widely used as construction and
decorative materials. There is a steadily increasing market
demand for stone products all over the world today.
Between 1986 and 2006, world facing stone production
increased by 218%, rising from 275 to 880 million m? and
it is highly probable that the sector will continue to grow at
an even higher rate in the next decade (I-STONE 2007).

Large-diameter circular saws have been extensively
used in stone processing plants. The prediction of rock
sawability is important in the cost estimation and the
planning. Recently, Ribeiro et al. (2007) showed that the
texture of the rock has the most important influence on the
cost of production of polished slabs. Rock sawability
depends on machine characteristics, type and diameter of
saw, depth of cut, rate of sawing and toolwear, and rock
properties. A number of researchers (Burgess 1978; Wright
and Cassapi 1985; Ceylanoglu and Gorgulu 1997; Brook
2002; Wie et al. 2003; Eyuboglu et al. 2003; Ersoy and
Atici 2004; Gunaydin et al. 2004; Kahraman et al. 2004,
2006; Delgado et al. 2005; Fener et al. 2007) have estab-
lished correlations between sawability and some rock
properties, but to the writer’s knowledge there have been
no investigations into a correlation between sawability and
the relatively cheap and simple indentation hardness test.
This test is particularly useful when only a limited amount
of rock material is available, e.g. a thin disc of core or a
small lump sample (Szwedzicki 1998a).

A standard indentation test was suggested by ISRM
(Szwedzicki 1998a) as a measure of hardness and
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Szwedzicki (1998b) evaluated its use in estimating uniaxial
compressive strength. The test involves applying a load
such that an “indentor” penetrates into the rock surface.
The resulting index value characterises rock hardness and
may be used for assessing some strength properties such as
uniaxial compressive and tensile strength as well as the
drillability or cuttability of rocks (Szwedzicki 1998a)

In this study, the use of the indentation hardness test to
predict sawability was investigated, using a dial gauge
attached to the point load apparatus to measure the
penetration.

Field studies

Marble factories in the Kayseri, Konya and Antalya areas
of Turkey were visited and the sawing performance of
large-diameter circular saws measured on eight different
carbonate rocks (Table 1). A typical block cutting machine
is shown in Fig. 1. The diameter and revolutions per
minute of the saw (measured using a stroboscope), the
advance rate, the depth of the cut, the dimensions of the
slabs, the number of slabs cut per hour, etc. were recorded
(see Table 1).

Laboratory studies

Having observed the cutting at the various factories, sam-
ples of the various materials, large enough to undertake the

Table 1 The results of performance studies

Fig. 1 A block cutting machine trimming the surface of the stone
block

required laboratory studies, were obtained. Each block
sample was inspected for macroscopic defects to ensure
that the test specimens were free from fractures, partings or
alteration zones. Summaries of indentation hardness, den-
sity and porosity testing are given in Table 2.

Indentation hardness test

The indentation hardness test in ISRM (Szwedzicki 1998a,
b) requires a loading system having a capacity of 30 kN
and a conical platen having a 60° cone and 5 mm radius
spherical tip, hence the point load apparatus is suitable for

Observation number 1 2 3 4 5 6 7 8
Factory name Kamer Derinkok Toros Akmerag Model Kombassan  Kombassan Kombassan
Mermer Mermer Mermer
Factory location Kayseri Kayseri Kayseri Konya Antalya/ Konya Konya Konya
(Turkey) (Turkey) (Turkey) (Turkey) Turkey (Turkey) (Turkey) (Turkey)
Machine model MKS-four Breton-two  Two footed MKS-four  Esmas-four  Breton-two  Mermak-four Breton-two
footed footed footed footed footed footed footed
Saw diameter (mm) 1200 1200 1400 1200 1200 1400 1400 1400
Rotational speed of 2418 2565 2407 2640 2315 2200 2600 2170
saw (rpm)
Advancing rate of saw 2.3 22 2.2 2.7 24 2.8 2.6 2.7
(cm/s)
Rock type Dolomitic Limestone Travertine  Travertine  Travertine Travertine Limestone Travertine
limestone
Rock location Yahyali/ Bunyan/ Yildizeli/ Godene/ Bucak/ Karaman/ Bursa Mut/Icel
Kayseri Kayseri Sivas Konya Antalya Konya
Slab dimension (cm) 135 x 30 210 x 30 285 x 30 200 x 30 150 x 30 220 x 30 200 x 30 200 x 30
Slab number cut per  26.5 21 14.6 29 43.6 28.3 22.5 28
hour
Hourly slab 10.7 13.23 12.5 17.4 19.6 18.7 13.5 16.8

production (m?/h)
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g‘a:lii 2 I{gdenrtatli(t)n thaidrnessl; Rock location Rock type Indentation Density Porosity
ensity anc porosity test resutts hardness (g/em®) (%)
index (kN/mm)
Yahyali/Kayseri Dolomitic 104.3 2.58 0.31
limestone
Bunyan/Kayseri Limestone 98.2 2.57 0.93
(Bunyan rose)
Yildizeli/Sivas Travertine 65.5 2.40 3.12
Godene/Konya Travertine 25.3 2.33 4.08
Bucak/Antalya Travertine (Limra) 21.5 2.13 12.57
Karaman Travertine 15.4 2.29 4.04
Bursa Limestone 100.0 2.56 0.69
(Bursa beige)
Mut/Icel Travertine 3.7 1.93 8.74

Fig. 2 Cemented samples in the steel frames

this purpose. After attaching a dial gauge to the point load
apparatus the measuring penetration, indentation hardness
tests can be carried out (Fig. 2).

NX core samples having a height to diameter ratio of at
least 0.75:1 were used in the tests. ISRM suggested that the
disk sample can be cemented into a steel frame with a high-
grade plaster with a compressive strength of 35-40 MPa.
In this study, the samples were cemented into a steel frame
using a high-grade plaster with a compressive strength of
60.6 MPa (Fig. 3). The samples were placed on the lower
platen of the point load apparatus and loaded to 20 kN. The
corresponding penetration was read from the dial gauge
(Fig. 2). Indentation Hardness Index (IHI) values were
calculated by dividing the maximum load (kN) by the
maximum penetration (mm). The tests were repeated at
least three times for each rock type and the average value
recorded as the IHI (Table 2).

Fig. 3 Indentation testing using point load apparatus

Density test

The determination of dry density was carried out on trim-
med core samples. The volume was established on an
average of several calliper readings and the sample
weighed on a balance with an accuracy of 0.01 of the
sample weight. The density values were obtained from the
ratio of the specimen weight to the specimen volume. The
results are given in Table 2.

Porosity test

Porosity values were determined using saturation and cal-
liper techniques. Pore volumes were calculated from dry
and saturated weights and sample volumes as for the
density tests. The porosity values were obtained from the
ratio of the pore volumes to the specimen volume. The
results are given in Table 2.
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Fig. 4 The relationship between indentation hardness index and
hourly production

Statistical analysis
Simple regression analysis

Hourly production and IHI values were correlated using
least squares regression. Linear, logarithmic, exponential
and power curve fitting was undertaken and the best
approximation equation with highest correlation coefficient
determined. A linear inverse relationship was found
between hourly production and IHI values (Fig. 4). The

equation of the line is:
P, = —0.067THI 4 18.93 1* =0.77 (1)

where Pj, is the hourly production (m2/h) and IHI is the
indentation hardness values (kN/mm).

Multiple regression analysis

Multiple linear regression analysis was also undertaken,
including density and porosity in the model. The derived
equations for the estimation of hourly production were

P, =8.17—0.0931HI +5.17y r* = 0.80 (2)
P, =17.41 —0.053IHI +0.18n r* =0.79 (3)
P, = —14.29 —0.096 THI + 13.91y + 0.50n  r* = 0.90

(4)

where P, is the hourly production (mzlh), IHI is the
indentation hardness values (kN/mm), y is the density (g/
cm3) and n is the porosity (%).

Discussion

Hourly production values strongly correlated with IHI
values (r* = 0.77 for simple regression and 0.80, 0.79 and
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0.90 for the multiple regression analyses). Equation (1) is
realistic for the estimation of sawability, although using
Eq. (4) (which includes density and porosity) gives a more
accurate result.

Comparing Tables 1 and 2, it is noted that the slowest cut
is related to the lowest porosity and highest density and the
fastest cut with the highest porosity and second lowest
density. This is due to the fact that the increasing porosity or
decreasing density generally decreases the strength and
hardness of rocks. It is known that there is a clear relation
between sawability and strength properties such as uniaxial
compressive strength (UCS), tensile strength and point load
strength (Fener et al. 2007; Ceylanoglu and Gorgulu 1997).
Therefore, the sawing rate of high strength rocks generally
having low porosity and high density will be less than that of
low strength rocks. In addition, Szwedzicki (1998b) notes
that there is a strong relationship between IHI and UCS thus
a correlation between sawability and IHI would be expected.

Gunaydin et al. (2004) derived some prediction equa-
tions for sawability from different brittleness values and
Fener et al. (2007) from Schmidt hammer, point load,
impact strength, and sound velocity tests. However, brit-
tleness is a much more difficult test to undertake compared
with the indentation hardness index while the equations
derived by Fener et al. are not as strong as those derived in
the present study.

Conclusions

Indentation hardness index values have been correlated
with the hourly production in diamond sawing for eight
carbonate rocks (five travertines, two limestones and a
dolomitic limestone). The correlation coefficients derived
using multiple regression models were generally higher
than those obtained using simple regression which had a
correlation coefficient of 0.77.

It is considered that, for practical purposes, the relatively
cheap and simple indentation hardness test, which can be
undertaken using point load apparatus, provides a useful
indication of sawability.
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