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Abstract The market interest in ornamental rocks com-

mercially referred to as ‘‘stones’’ has grown significantly in

recent years, particularly regarding basalt. This has resulted

in the widespread use of diamond wire equipped with

sintered diamond beads for precision sawing in basalt

quarries, especially those located in the industrialized

countries; it also has the advantage of preventing rock

damages. Diamond wire has been widely used in up-line

cutting and other sawing works in both marble and granite

quarries for decades; therefore, performance data about the

use of this tool on these two different types of rocks are

widely documented in academic literature. However, for

basalt sawing, information pertaining to the use of diamond

wire is unavailable due to various reasons, but mostly

because of to its relatively recent introduction in the basalt

quarries and also to the historical low market demand for

processed basalt in the past. This study offers a possible

solution to this lack of information and provides a techni-

cal, economic and environmental assessment of diamond

wire used in quarrying basalt for ornamental purposes.

After an overview on the state of the art of diamond wire

and on the final use of processed basalt, the study describes

the experimental plan and the results. These show a tool

yield much higher than those measured when diamond wire

is used on other silicate dimension stones (e.g. granites).

Moreover, the composition of basalt sawdust (sludge) has

been analysed in the laboratory and has indicated the

absence of polluting materials related to tool wear; there-

fore, basalt sludge, which is made of water and micronized

basalt, can be used as a secondary raw material for the

environmental restoration of the area or for any other

purpose. Further research on other lithotypes is also

proposed.

Keywords Dimension stone � Diamond wire � Tool service

life � Sawdust characterization � Secondary raw materials

Introduction

Basalt has been used in Sardinia since prehistoric times

(Blake 1998), as evidenced by the Giants’ graves and

nuragic towers, which are on the World Heritage List

(UNESCO 1997). In later centuries, basaltic stones were

used locally for the construction of small buildings and

road paving of the civic centre (Consorzio 21 2002).

However, after the process of industrialization of the Sar-

dinian dimension stones sector, which can be traced back

to 1870 (Careddu et al. 2017), basalt has been considered

less interesting than other ornamental stones commonly

used on the Island such as various types of granite.

Currently, because of an increased interest in the

restoration of buildings and historic areas along with a

greater demand for stone materials to be used for street

furnishing purposes, the demand for stones such as basalt

has greatly increased (Montani 2016). In particular, local
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governments are focusing on the renovation of their civic

centres and the rebuilding of original paving, which, before

the advent of asphalt, had been constructed from stones

quarried in the geographical area of the town.

The increase in the marketing of processed basalt

coincided with an increase in the supply and use of

advanced technologies for basalt sawing and processing to

improve the quarry yield and, at the same time, to reduce

the amount of material sent to landfills. However, the

increase in the use of new technologies applied to basalt

quarrying was not accompanied by an adequate study of

the economic and environmental sustainability.

This lack of studies is easily explained. When diamond

wire (DW) was first introduced in the quarries for sawing

abrasive rocks (silicate) in the mid 80s (Biasco 1993), it

was primarily used on granite and, rarely, on trachytes,

sandstones, diorites and gneiss. The low market value of

basalt and the low demand (limited to the local market) did

not create enough interest in the use of DW because of its

high cost.

The recent increase in demand of basalt due to the

relaunch of several civic centres, and the growing interest

in ‘‘ancient and rustic’’ materials (Careddu 2012), has led

to an increase in the use of the diamond wire in basalt

quarrying over the last 10 years.

This study aims at filling the gap in information about

the use of DW in basalt quarry works.

Evolution of DW in hard stone sawing

Pliny the Elder (77 A.D.), in his Naturalis Historia,

described the sawing of stone by means of abrasive sand

pushed on the rock by an iron saw moved back and forth.

A similar concept was introduced again in 1854 when

helical wire was invented (Capuzzi et al. 1975–1976) for

the detachment of marble blocks in quarries. The wide-

spread use of the helical wire was due to the brilliant

introduction of the ‘‘penetrating pulley’’ by Italian engineer

Attilio Monticolo in 1897, which allowed up-line cutting in

any position, even without having to dig wells (Branca

1974). When compared with competing technologies at

that time, this excavation system that was adopted in

marble quarries contributed to a more rational exploitation

of stone deposits and greatly limited the waste of useful

material. It also improved work safety and reduced exca-

vation time and costs.

Helical wire was used until the late 1970s when it was

replaced by diamond wire with electroplated beads (Pri-

mavori 1999).

Thanks to the new technology, sawing costs were

reduced significantly, while productivity (measured in m2/

h) increased (Trancu 1980). However, diamond wire was

used only for sawing marble travertine or limestone

materials (non-abrasive rocks). DW use for cutting granite

was generally not suggested, for economic reasons,

although, in some cases, it was still occurring.

In the mid 1980s, the improved wear behaviour of sin-

tered beads resulted in their use to cut granite economically

(Thoreau 1986); the decrease in costs of both sintering and

diamond in later years favoured a wider use of DW in

granite quarries until the mid 1990s, when all ornamental

granite quarries of industrialized countries had the DW

machines (Careddu and Cai 2014).

DW technology is perfect for sawing abrasive rocks, as

the market itself announced following the successful

launch of multiwire machinery for block sawing, which is

currently taking over the traditional pendulum gangsaws

(Careddu and Cai 2014).

The DW currently used in quarrying has sintered beads

with an external diameter of 11–11.5 mm which are

assembled on a steel rope with a nominal diameter of

5 mm. Due to the high price of cobalt (and its related

health problems) the use of other metal powders (Fe, Cu,

Sn, Ni, W) in diamond beads production has increased

(Brookes 2011). It should be noted that the diamond grits

and the matrix material of the sawing tool work together in

any given stone sawing application and it is up to the

manufacturers to provide the best combination based upon

the properties of the workpiece stone material (Büyüksaǧiş

2010).

The protection from any abrasive wear of the steel rope

is provided by the injection of moulded plastic spacers.

Moreover, by preventing the flow of beads on the rope, the

use of plastic maintains both the geometric and dimen-

sional integrity of the tool and, therefore, gives a longer

service life. The adoption of rubber or plastic as spacers

has greatly contributed to lowering the risk of wire

breakage by preventing the high-speed projection of loose

beads (Castelli and Cai 1989).

Studies on diamond wire performances on abrasive

rocks

Although data on the performance of diamond wire on

calcareous rocks began to be released from the late 1970s

(Cai et al. 1983; Pinzari 1983), the first information on the

benefits of using DW for hard and abrasive rocks sawing

was published from the early to mid 1980s.

Biasco (1993) produced performance data (sawing

speed in m2/h) and wire productivity (m2/m) in quarries

of abrasive rocks such as granites, diorites, gneiss,

sandstone and trachyte. Daniel (1986) reported results

from other silicate rock sawing using DW in several

quarries, by dividing the stones into three categories: soft

(i.e. gneiss, shales), medium (Sardinian granites) and

hard (very abrasive granites). These data were then
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updated by Wright (1991). Butler-Smith (1995) focused

on improving DW sawing performance in South African

quarries from a technical and economical point of view.

Ciccu et al. (1998) published data on the cutting rate and

quarry yield separating hard stone into two different

groups: granites and other silicate stones such as gabbro,

trachytes, sandstones, labradorites etc. Primavori (1999)

updated previous data by providing the performance of

DW on other abrasive stones commercialized worldwide.

Özçelik (2003) tried to study the DW wear in andesitic

stone by using statistical analysis. Agus et al. (2003)

tested diamond wire on a wide range of abrasive stones

in order to build a predictive model of DW cutting rate

and wear in relation to the rock micro-hardness, mineral

composition and crystal size. Sánchez Delgado et al.

(2005) compared both rock hardness and quartz content

of granite with the sawing rate. Cai et al. (2007) studied

the DW performance on granite considering the varia-

tions in operating parameters such as peripheral wire

speed and the cutting rate.

However, it appears that a lack of data about basalt

sawing by diamond wire still exists.

Studies on sawing sludges and environment

The bibliography concerning the characterization of saw-

ing sludges deriving from hard rock sawing and aimed at

the subsequent re-use of microfine sawdust, is compre-

hensive. However, past studies were almost exclusively

related to the problems of sludge resulting from the sawing

of blocks in plants; therefore, this research generally con-

sidered the sludges which were produced by the traditional

granite gangsaws and had high iron content (due to the

steel grit and blade wear).

Research in the 1970s and 1980s was justified by eco-

nomic issues and aimed to improve the technical perfor-

mances of sawing. During the 1990s, the ‘‘golden time’’ of

the so-called ‘‘commercial granites’’ (Careddu et al. 2017),

studies on the residual sludge mostly addressed three dif-

ferent fields: usage as waterproofing material for municipal

landfills (Bertolini and Celsi 1989; Frisa Morandini and

Verga 1990), feldspar and quartz recovery for use in the

ceramic and glass sectors (Curreli et al. 1992; Sassone and

Danasino 1995) and producing inactive sludge by applying

the same technologies employed in the ceramics and glass

sectors (Pelino et al. 1998; Rincón and Romero 2010).

At the end of the 1990s and in the following years,

different ways of re-utilizing these materials other than

topsoil were tested, such as their use during the process of

quarry rehabilitation (Burragato et al. 1999; Barrientos

et al. 2010; Sivrikaya et al. 2014). However, environmental

compatibility continues to be the necessary condition

towards recovery.

Manca et al. (2015) recently studied the use of basalt

sludge from stone-processing plants for the production of

bricks for civic purposes. Nevertheless, the relatively

smaller production of basalt compared with granite has

resulted in limited research on the reuse of basalt sludge,

for reasons similar to those described above.

Equipment and materials

Basalt

Basalt is one of the most common effusive igneous rocks. It

typically shows a dark colour and it is relatively poor in

quartz; it mainly consists of calcic plagioclase, pyroxene

and olivine.

Sardinia’s most exploited basalt formations are located

in the western part of the Island, specifically in the area of

Monte Arci and Giara di Gesturi, in the highlands of

Abbasanta and Campeda and in the historical regions of

Montiferru and Barigadu (Piras 2000).

These formations arise primarily from the cycle of

subsidence and the associated igneous activity related to

the formation of Campidano’s Graben. This reducing tec-

tonic activity, with faulting in the NW–SE direction,

affected Sardinia during the Pliocene–Pleistocene era,

about four million and up to 1 million years ago (Grillo

et al. 2009).

Because of its rapid cooling, basaltic matrix has a very

fine grain which, in some cases, is often amorphous and is

crossed by fractures. Minerals are not visible to the naked

eye. The minerals that constitute basalt are rich in iron and

manganese, which is why the rock has the dark colour. A

reddish-vinaceus colour (Careddu et al. 2015), showing a

deterioration by oxidation appears in some areas only.

Basalt quarry

The basalt quarry where the study was carried out is

located in the area called ‘‘Su Inzale’’ in the municipality

of Santu Lussurgiu (OR), between the plateau of Abbasanta

and the massif of Montiferru, as shown in Fig. 1.

The petrographic analysis showed similar features over

the entire stone deposit. Figure 2 shows a porphyritic

structure with intersertal texture in the basaltic rock. The

olivine phenocrystals and clinopyroxenes are enclosed in a

matrix of calcic plagioclase. Olivine typically shows a

consequence of reddish borders altered to hiddingsite.

Some of the physical and mechanical properties of the

basalt are given in Table 1. The physical and mechanical

properties were determined by a whole range of laboratory

tests which were carried out in accordance with CEN-EN

standards.
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In the quarry area, basalt naturally occurs in paral-

lelepiped-shaped blocks, with rounded edges and vertices

larger than 2 m; sometimes, natural blocks are much big-

ger, their longer sides reaching 4 m.

One-terrace vertical striping is the adopted excavation

method in the quarry; blocks are removed from the quarry

face by the excavator.

The quarry face is not homogeneous; the blocks that

gradually emerge are, in fact, already separated by rock-

mass discontinuities, which are often filled with fine

materials resulting from weathering.

The first step is to remove the topsoil over the block to

be extracted, which is often thick (several decimeters):

however, in some areas, it is totally absent. A bed of

detritus is then prepared, on which to place the block that

will be sawn; the block is placed on fractured materials

(rubble) to prevent (minimize) use of the drilling machine.

In this way, it will not have to be left on the ground, which

creates a free passageway where diamond wire must be

inserted. Whenever this is not possible, the workman

should drill a passage hole.

Once moved away from the quarry face, the blocks are

reduced by diamond wire sawing (using different cuts)

until they reach the maximum volume of 7 m3 (about 20

tons), due to the lifting limit of the crane located in the

stone-processing plant.

The current quarry yield is about 35%.

Diamond wire

A DW with injected vulcanized rubber was used to saw the

basalt blocks; this DW has 40 sintered beads per meter and

the beads have an external diameter of about 11.4 mm.

Industrial diamonds are used to produce this kind of bead

suitable for basalt sawing; diamond grain size classes

(expressed in US mesh) are distributed as follow: 40%

30–40, 55% 40–50 and 5% 50–60. Both diamond

Fig. 1 Geographic location of ‘‘Su Inzale’’

Fig. 2 Thin section (crossed nicols) from basalt quarried at ‘‘Su

Inzale’’

Table 1 Physical and mechanical properties of the basalt quarried at ‘‘Su Inzale’’

Physical–mechanical properties EU standard Unit Values

Petrographic examination EN 12407:2007 – Olivinic basalt

Apparent density EN 1936:2013 kg/m3 2.711 ± 2

Water absorption at atmospheric pressure EN 13755:2008 % 0.82 ± 0.03

Flexural strength under concentrated load EN 12372:2006 MPa 9.26 ± 0.10

Compressive strength EN 1926:2006 MPa 127 ± 0.76

Compressive strength (after 48 freeze–thaw cycles) EN 1926: 2007 ? EN 12371:2010 MPa 140.50 ± 0.91

Abrasion resistance EN 14157:2005 mm 18.3 ± 0.2

Slip resistance EN 14231:2003 – 69.80 ± 0.84 (dry)
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concentration and the exact metal matrix compounds are

always regarded as an industrial secret.

The initial length of the DW was 30 m. Given that the

beads must have homogeneous wear along their lateral

surface, it is advisable to give 1.5 twists/m to the tool in the

tightening direction of the strand; this is done manually by

the operator before ‘‘loop’’ closing the DW using hydraulic

crimping.

The operator draws a red line on the block to highlight

where the DW will start its sawing process; the sharp edges

are eliminated with a hammer, because they will wear out

the tool more rapidly.

The diamond wire sawing machine used in the quarry is

a S625EGT provided by the Italian Dazzini Macchine. The

peripheral speed of the wire can be adjusted electronically

at any time of the process and it can range from 0 to more

than 30 m/s. The optimal value on this type of rock is about

28 m/s.

Tension in the wire is maintained by retreat of the

sawing machine on its tracks; the backward and forward

movement and speed are controlled by an inverter.

A very important datum which is hardly ever reported,

concerns the sawing. During this phase, the DW is

provided by a constant supply of water of about 7–8 l/

min, to cool and keep it clean; nevertheless, this flowing

rate should not be too high to prevent aquaplaning. The

water hose is placed on the block above the saw line.

Experimental

In order to evaluate the use of the diamond wire on basalt

from different points of view (technical, economic and

environmental), the following information data/parameters

were monitored:

• DW length (m) and number of beads (N);

• bead diameter decrease (mm);

• sawed areas (m2);

• rock characterization around the sawed surface;

• sludge characterization.

Data concerning cutting the times were also obtained;

however, they will be discussed in a future article.

The experimental plan in the quarry took about

7 months.

Diamond wire length and number of beads

DW length may not be constant throughout the service life

of the tool. In fact, during quarrying works, accidents

happen, e.g. entrapment, thread breakage at the junction,

etc. Every time something unusual happens, the operator

must stop sawing and re-join the wire, resulting in the loss

of at least two beads. In addition, it may be necessary to

saw small areas (of about 4 m2), which means that the

operator needs to cut the DW in two and use only one half.

Subsequently, the two halves could be re-jointed to reform

a longer DW.

Beads’ diameter decrease

In order to have good information about this parameter,

it was decided to measure a bead every 2 m, for a total

of 15 beads. Each bead was marked with a permanent

marker so that it could be easily recognized after the

sawing.

Three measurement planes were identified for each

bead, called anterior, median and posterior (A, M, P),

according to the sawing direction. On each plane, the

beads’ diameter was measured in two directions perpen-

dicular to each other, as shown in Fig. 3, using digital

callipers and entering the data on a chart. This operation

was carried out before the first sawing and repeated after

the following seven sawings; measurements were then

repeated about halfway through the service life of the tool

and after its depletion.

Sawed areas

Each sawed area was measured using the following

methodology. A photograph was taken perpendicularly to

one of the two surfaces obtained from each sawing,

making sure to put a measure on the surface as a ref-

erence; the photographs were then processed with ImageJ

1.47v software, provided by National Institute of Health

(NIH, USA), by setting the scale with the help of the

image (Fig. 4).

Rock and sludge characterization

Several rock samples and sludge-sawdust samples were

collected after the sawing processes. The importance of

having both rock samples and sludge from the same sawing

lies in the fact that it is necessary to see if there are

chemical differences related to the release of heavy metals

caused by wear of the DW.

Seven samples of sludge, each coming from a different

sawing, were collected and dried in a fan-assisted oven; the

resulting sawdust samples were then analysed. Seven rock

samples were milled for analysis.

Atomic emission spectroscopy (AES) was carried out on

both sawdust samples and milled rock, with the aim of

highlighting the differences in chemical composition

between the two types of samples. Analysis was done by an

inductively coupled plasma spectrometer (ICP-AES)

710-ES, provided by Varian.
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The structural analysis of crystalline materials of each

sample was carried out with the desktop X-Ray diffrac-

tometer Miniflex II provided by the Rigaku Corporation.

The bulk density of each sample material was deter-

mined using an AccuPyc 1330 gas pycnometer manufac-

tured by Micromeritics Instruments. Grain size analysis

was conducted on the sawdust samples using a Sedigraph

5100 analyser.

Results and discussion

Technical-economical results

Figure 5 shows the decrease in bead diameter with the

increase of total sawed area.

It is quite evident how the correlation between the reduc-

tion of bead diameter and the sawed area is perfectly linear

Fig. 3 Bead diameter

measurement protocol

Fig. 4 Sawed area measurement by using software ImageJ 1.47v
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(R[ 0.99). This result should not be taken for granted, as it

closely depends on the optimal use of the tool by the operator,

who works on the sawing machine operating parameters to

make sure that the tool works at its best when needed.

It is important to note that one cannot actually keep

sawing until the diamond-metal alloy has totally worn out

(i.e. when the bead’s diameter coincides with the extremal

diameter of the 8.0-mm support: in this case, it meant a

decrease to 8.90 mm). In fact, the service life of the tool

does not just depend on this factor but also on both the

decrease in number of beads per meter (from the initial

Nb = 40 beads/m to approximately 38 beads/m) and the

weakening of the wire for the reasons mentioned above.

The diamond wire, initially 30 m long (L), with 1200

beads, gradually reduced to the final length of 20.11 m

with 766 beads and even 11 joints! Therefore, its use was

no longer advantageous from a technical point of view.

Total sawed area (A) by the DW was measured as

843.52 m2, which allowed the DW yield (y) of the wire to

be calculated as follows:

y ¼ A=L ¼ 28:12 m2=m: ð1Þ

This value can be used to evaluate the DW unit cost (cu);

if the market price (P) of DW is 60 €/m:

cu ¼ P=y ¼ 0:47 €=m2: ð2Þ

Lastly, it is also possible to calculate the (theoretical)

productivity of each bead:

yb ¼ y=Nb � 0:70 m2=bead: ð3Þ

Figure 6 shows that the decrease in the number of beads

of the DW is not linear during the sawing process.

Marginal loss of beads increases with the increased sawed

area and, therefore, along with the aging of the wire.

Chemical-environmental results

As shown in Table 2, chemical analysis of microfine

dust samples shows an absence of pollutants deriving

from stone sawing. The differences in the content may

be linked to the small differences in chemical composi-

tion in various parts of the basalt deposit, as already

noted in the in situ rock. Because of this outcome, basalt

sawdust can be simply recovered and re-used in accor-

dance with Italian regulations (ILD no. 152, 2006).

All the samples show very similar X-ray diffraction

(XRD) patterns, which are consistent with the presence of

the augite, forsterite, labradorite and anorthoclase. For

example, Fig. 7 shows the XRD spectrum of basalt sawdust

derived from a starting cut.

In addition, this kind of waste is classified as inert as it

does not exceed the concentration levels allowed in land-

fills (ILD 2010). Furthermore, the analytical results

obtained here confirm that this type of waste does not

require treatment as a hazardous waste and that basalt dust

can be used as a secondary raw material.

The particle size distribution curves of the five sam-

ples indicate the fineness of the products. Most of the

materials have grain sizes below 15 lm as shown in

Fig. 8. More specifically, D50 ranges between 9.7 and

12.6 lm. According to ASTM (2000), the uniformity

coefficient CU = D60/D10 is useful to assess whether the

sample is well graded or not; a CU, ratio less than 3

describe a well-graded sample. The collected basalt

Fig. 5 Decrease of the

diameters (anterior, median and

posterior) of the beads as a

function of the total sawed area
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sawdust samples have CU ranging from 5.30 to 6.93,

which is considered well graded.

These results are very similar to what has already been

measured in previous studies on the marble (Careddu et al.

2014) and granite (Careddu and Dino 2016). The recycling

of this sawdust as a secondary raw material could have

various advantages since it avoids the cost of

micronization.

Results indicate that the basalt sludge and other quarry

scraps can all be reused during environmental rehabilita-

tion of depleted areas of the quarry.

Other observations

It is important to note that the service life of the DW does

not end when the diamonded-metal alloy is completely

worn out but before it reaches that stage. In fact, other

factors impact the DW depletion:

• Some beads show failures that others do not (such as

cracks and/or breaks); moreover, as noted during their

measurement, the beads which are located immediately

after the joints show more evidence of wear than those

further away;

• When the DW breaks, it must be re-jointed with a new

junction. This action involves the loss of at least two

beads;

• Even the steel cable ages due to its continuous tearing

and twisting: this means that the DW becomes weaker

and weaker with its use. Therefore, even when the

beads can theoretically still be used, the DW may be

useless.

Conclusion

The study showed that the DW used in the basalt quarries

for ornamental use wears out slowly when compared with

other silicate rocks such as granite. This results in two main

benefits: the DW has a higher productivity (more than

28 m2/m) and results in a lower contribution of the tool to

the total sawing cost (which includes other items such as:

machinery depreciation, maintenance, energy, water,

manpower, etc.).

The release of polluting material consistent with the

wearing out of the tool was virtually nil in the sludge,

confirmed in the chemical analyses. In fact, the values of

heavy metals in the basalt sawdust are always below legal

limits, and they never deviate from the measured values of

the rock samples. The sawdust samples showed almost

identical bulk density, grain size distribution, petrographic

and mineralogical features.

Based on the chemical analysis results, it was possible to

establish that the quarry scraps can be reused during

rehabilitation of quarry excavations. As a result, an ade-

quate recycling of this basalt sawdust as a secondary raw

material can be further developed.

Basalt sawing DW is sustainable from an environmental

point of view, especially when compared with other tech-

niques often used in quarries. Furthermore, explosives were

never used during any of the quarry operations/testing.

The decrease in the number of beads which are assem-

bled on the steel cable ‘‘accelerates’’ as the tool wears. This

depends mainly on the need to open up the cable to re-joint

it for each sawing and, to a lesser extent, on the incidents

Fig. 6 Correlation between the

number of beads and sawed area
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Table 2 Chemical analysis results on sawdust and basalt stone samples

Analyte Unit Detection

limit

Analysis method Sawdust samples Basalt stone samples

1F 2F 3F 4F 5F 6F 7F 1 3 7

SiO2 % 0.01 FUS-ICP 51.04 51.12 50.87 51.06 50.96 50.93 50.90 50.95 51.02 50.99

Al2O3 % 0.01 FUS-ICP 14.74 13.35 14.36 13.39 14.69 15.14 12.89 15.32 15.39 16.95

Fe2O3

(T)

% 0.01 FUS-ICP 10.65 10.85 10.68 10.67 10.87 10.65 11.70 10.6 10.24 9.41

MnO % 0.01 FUS-ICP 0.13 0.13 0.14 0.14 0.14 0.15 0.15 0.13 0.13 0.12

MgO % 0.01 FUS-ICP 7.51 7.50 7.73 7.55 7.42 7.40 7.50 7.13 7.07 6.85

CaO % 0.01 FUS-ICP 8.1 8.20 7.95 8.03 7.81 7.69 7.81 7.97 7.62 7.98

Na2O % 0.01 FUS-ICP 3.6 3.78 3.62 3.57 3.63 3.61 3.59 3.64 3.62 3.57

K2O % 0.01 FUS-ICP 1.76 1.78 1.85 1.73 1.84 1.72 1.70 1.81 1.80 1.77

TiO2 % 0.005 FUS-ICP 2.031 2.71 2.20 3.20 2.15 2.26 3.15 2.042 2.41 1.74

P2O5 % 0.01 FUS-ICP 0.43 0.43 0.45 0.43 0.45 0.43 0.45 0.45 0.43 0.45

LOI % FUS-ICP -0.25 -0.15 -0.15 -0.22 -0.04 -0.02 -0.16 -0.14 -0.27 -0.17

Total % 0.01 FUS-ICP 99.74 99.85 99.85 99.78 99.96 99.98 99.84 99.9 99.73 99.83

Ag ppm 0.5 MULT INAA/TD-

ICP

\0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5

As ppm 2 INAA 7 7 7 7 7 7 7 7 7 7

Au ppb 5 INAA \5 \5 \5 \5 \5 \5 \5 \5 \5 \5

Ba ppm 3 MULT INAA/

FUSICP

705 562 679 762 776 858 632 721 856 1012

Be ppm 1 FUS-ICP 1 1 1 1 1 1 1 1 1 1

Bi ppm 2 TD-ICP 7 3 5 \2 3 4 \2 \2 \2 6

Br ppm 1 INAA \1 \1 \1 \1 \1 \1 \1 \1 \1 \1

Cd ppm 0.5 TD-ICP \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5

Ce ppm 3 INAA 54 51 58 55 56 49 59 56 51 54

Co ppm 1 INAA 200 40 94 41 65 25 79 200 155 69

Cr ppm 1 INAA 269 262 267 269 265 266 271 266 259 263

Cs ppm 0.5 INAA \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5

Cu ppm 1 TD-ICP 39 38 38 38 36 44 40 37 27 38

Eu ppm 0.1 INAA 1.7 1.7 1.6 1.7 1.6 1.7 1.6 1.6 1.7 1.6

Hf ppm 0.5 INAA \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5

Hg ppm 1 INAA \1 \1 \1 \1 \1 \1 \1 \1 \1 \1

Ir ppb 5 INAA \5 \5 \5 \5 \5 \5 \5 \5 \5 \5

La ppm 0.2 INAA 32.9 31.8 33.6 35.1 33.8 34.6 34.3 34.7 35.0 33.9

Lu ppm 0.05 INAA \0.05 \0.05 \0.05 \0.05 \0.05 \0.05 \0.05 \0.05 \0.05 \0.05

Mo ppm 2 TD-ICP \2 \2 \2 \2 \2 \2 \2 \2 \2 \2

Nd ppm 5 INAA 29 27 26 30 28 28 27 28 29 28

Ni ppm 1 TD-ICP 170 178 187 178 179 202 189 172 168 160

Pb ppm 5 TD-ICP \5 \5 \5 \5 \5 \5 \5 \5 \5 \5

Rb ppm 20 INAA \20 \20 \20 \20 \20 \20 \20 \20 \20 \20

S % 0.001 TD-ICP 0.012 0.006 0.008 0.014 0.004 0.002 0.010 0.002 0.007 0.006

Sb ppm 0.2 INAA 0.6 1.1 0.8 1.1 1.0 1.1 1.1 0.4 0.5 0.4

Sc ppm 0.1 INAA 17.9 18.3 18.0 17.8 18.0 18.1 17.9 18.2 18.2 18.1

Se ppm 3 INAA \3 \3 \3 \3 \3 \3 \3 \3 \3 \3

Sm ppm 0.1 INAA 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6

Sr ppm 2 FUS-ICP 667 559.7 665.4 728.6 727.3 823.7 620.8 688 756.6 800.7

Ta ppm 1 INAA \1 \1 \1 \1 \1 \1 \1 \1 \1 \1

Tb ppm 0.5 INAA \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5

Th ppm 0.5 INAA 3.6 3.8 3.7 3.7 3.6 3.8 3.5 3.7 3.8 3.7
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that may occur during the sawing process. To reduce the

effect of the junction during the shortening of the DW,

special focus should be made on finding/creating a jointing

technique that does not involve the removal of two beads

every time the cable needs to be repaired.

Finally, to develop this line of investigation on DW

further, the study of its use on different ornamental stones

should be carried out, particularly those materials that have

never been tested or those that are out of favour, such as

Table 2 continued

Analyte Unit Detection

limit

Analysis method Sawdust samples Basalt stone samples

1F 2F 3F 4F 5F 6F 7F 1 3 7

U ppm 0.5 INAA \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5 \0.5

V ppm 5 FUS-ICP 171 171 189 184 187 208 178 171 184 151

W ppm 3 INAA 423 212 345 89 68 310 147 32 84 277

Y ppm 1 FUS-ICP 15 15 16 15 16 15 16 16 15 16

Yb ppm 0.1 INAA 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4

Zn ppm 1 TD-ICP 92 111 107 104 100 121 116 93 93 102

Zr ppm 2 FUS-ICP 158 153 162 159 154 160 155 163 155 159

Fig. 7 XRD spectrum elaborated and compared with the mineral phases found in the database
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trachytes and sandstone, but whose market demand is

currently increasing.

Acknowledgements The authors wish to thank Perdas s.a.s Company

for allowing us to carry out this study and especially Mr. Alessandro

Secchi for his technical support.

References

Agus M, Bortolussi A, Careddu N, Ciccu R, Grosso B, Massacci G

(2003) Influence of stone properties on diamond wire perfor-

mance. In: Proceedings of fourth international conference on

computer applications in the minerals industries (CAMI 2003),

September 8–10, 2003. Calgary, Alberta, Canada. Singhal/Fytas/

Chiwetelu (ed)

ASTM (2000) Standard practice for classification of soils for

engineering purposes (Unified Soil Classification System).

Designation: D 2487-00

Barrientos V, Delgado J, Navarro V, Juncosa R, Falcón I, Vázquez A

(2010) Characterization and geochemical–geotechnical proper-

ties of granite sawdust produced by the dimension stone industry

of O Porriño (Pontevedra, Spain). Q J Eng Geol Hydrogeol

43:141–155

Bertolini R, Celsi S (1989) Ipotesi di riutilizzo dei fanghi derivanti

dalla lavorazione di materiali lapidei. Atti Convegno su:

Situazione e Prospettive dell’Industria Lapidea. Cagliari (Italy),

April 1989, pp 384–390 (in Italian)
Biasco G (1993) Diamond wire for quarrying hard rocks. Ind

Diamond Rev 53(558):252–255

Blake E (1998) Sardinia’s nuraghi: four millennia of becoming.

World Archaeology 30(1):59–71

Branca FP (1974) Studio del meccanismo di segagione del filo

elicoidale. 1� Convegno Internazionale sulla Coltivazione di

Pietre e Minerali Litoidi. Torino 4-5-6-Ottobre 1974, vol II,

pp 1–31 (in Italian)
Brookes K (2011) Hardmetal meet at World Congress. Met Powder

Rep 66(2):10–14

Burragato F, Mecella G, Scandella P (1999) Waste muds from

Processing of the siliceous sands from Priverno: potential use for

environmental rehabilitation. In: 2nd national congress ‘‘Valori-

sation and recycling of industrial wastes’’. L’Aquila, Italy, 5–8

July 1999

Butler-Smith P (1995) The cost effectiveness of diamond wire sawing

in quarry. Diamante—Applicazioni and Tecnologia, n. 4—Anno

1995, pp 145–150
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