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1. Introduction

Improving the effi ciency of energy consumers for the 
proper use of energy resources is one of the most impor-
tant issues of recent studies. The need for energy is rap-
idly increasing so that all industries and sectors are look-
ing for its minimization. In the stone cutting process, 
adverse environmental effects due to poor technical 
management and ineffi cient use of energy brings about 
the need for energy optimization and carrying out pro-
jects in this regard. To tackle the problems, the fi rst step 
is to acquire a deep understanding of the process and its 
effective parameters. The cutting process is an abrasive 
operation, which can be summarized in two steps. In the 
fi rst step, the diamond segments move on the cutting 
surface, which results in the formation of a stone chip 
due to the penetration of the diamond grains into the 
rock. During this process, through the scraping and 
breaking of the cutting surface, the diamond grains form 
a chip and create a new surface for the next grains. In the 
cutting process, the mechanical interaction between the 
instruments and the stone generates a cutting force 
which is mainly caused by factors such as the elastic and 

plastic deformation of stone, friction between the dia-
mond and the matrix and the stone and the cutting chips. 
Figure 1 shows a schematic view of a diamond grain 
and its interaction forces with the scratched surface of 
the stone (Tonshoff et al., 2002).

These changeable forces together with the posts and 
heights at the workpiece surface, discontinuous thickness 
of the chips, the chips cracking and the layering, the fric-
tion between the surfaces change the cutting conditions. 
Like other machining processes, factors affecting the cut-
ting performance can be evaluated in two main sections:

(1)  Workpiece (stone) related studies: In this context, 
several experimental models and several sorted 
samples are presented to anticipate the cutting 
ability according to the mechanical and physical 
characteristics (valid references).

(2)  Cutting characteristics (machine, cutter and cut-
ting method): Cutting plot characteristics include 
workpiece feed rate (Fr), peripheral speed (Ps), 
depth of cut (Dc), disk (B), segment (S) and the 
cutting method (M). The best cutting perfor-
mance occurs by choosing a suitable feed rate, 
peripheral speed, cutting depth, diamond tools 
and an appropriate cutting method. Some studies, 
carried out in this fi eld, are presented in Table 1.
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This article examines the effects of machining param-
eters on the energy consumption of cutting processes. 
Laboratory-scale equipment was designed and fabricat-
ed to carry out tests on 7 building stone samples. Then, 

statistical studies were done on the experimental results 
and a model was introduced for predicting the energy 
consumption. Finally, the results are presented and a 
conclusion is given.

2. Laboratory studies

2.1.  Designing and fabrication of a cutting 
machine

Laboratory studies were implemented in order to ex-
amine the relationship of machining parameters and en-
ergy consumption. For this purpose, a cutting machine 
was installed and set up, cutting tools and energy con-
sumption measuring equipment were provided and suit-
able stone pieces to be tested were prepared. Figure 2 
shows an overview of the provided test devices. Some 
properties of the sawing machine, the sawing tools and 
the workpiece used in the study are presented in Table 2. 
All cuttings were done in a compatible mode. In a com-
patible cut, the advancement and the rotation are in the 
same direction. In all experiments, water was used as a 
coolant.

Table 1: Operational cutting parameters studied by various 
researchers.

Researcher 
Sawing 
mode 

Operational 
properties 

B S M Dc Fr Ps
Ertingshausen, 1985 ● ●
Jenning and Wright, 1989 ● ● ● ● ● ●
Konstanty, 1991 ●
Xipeng Xu, 1999 ● ● ●
Clausen and Wang, 1996 ●
Xipeng Xu et al., 2001 ● ● ●
Konstanty, 2002 ●
Tonshoff et al., 2002 ● ● ● ● ●
Xipeng Xu et al., 2003 ● ● ● ●
Engels, 2003 ● ● ● ●
Ersoy et al., 2004 ● ● ●
Kahraman et al., 2004 ● ● ● ●
Gunaydin et al., 2004 ● ● ●
Buyuksagis and Goktan, 2005 ● ●
Buyuksagis, 2007 ● ● ●
Polini and Turchetta, 2007 ● ●
Atici and Ersoy, 2009 ● ●
Mikaeil et al., 2011a ● ●
Mikaeil et al., 2011b ● ●
Mikaeil et al., 2011c ● ●
Mikaeil et al., 2014 ● ●
Mikaeil et al., 2016 ● ●

Fr: Feed rate, Ps: Peripheral speed, Dc: Depth of cut, 
B: Disk, S: Segment, M: Sawing type

1.Friction zone between microchip and instrument matrix
2.Worn zone by microchips and chips
3.Primary brushing area
4.Friction zone between stone and diamond grain
5.Plastic deformation zone
6.Elastic deformation zone

Figure 1: The interaction forces between the diamond 
and the scratched surface of the stone 

(from Tonshoff  et al., 2002)

Table 2: Properties of the machine, the tools and the 
workpiece used in the study

Tools Properties 

Sawing 
machine

7.5 KW main spindle engine
Hydraulic unit: to set up the thrusters and 
thruster motors
Power board: to measure the feed rate 

Sawing 
tool

Disk diameter: 41 cm
Disk thickness: 2.7 mm
Segment properties: number (28), 
3×10×40
Diamond grain properties: octagonal 
crystal with 30/40 mesh
and 25 %-35 % concentration 

Ampere 
meter

Accuracy: 0.05 Ampere

Workpiece Carbonate rock: Azarshahr red travertine 

Figure 2: The cutting machine
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2.2. Machining parameters

All the machining parameters such as the feed rate, 
the cutting depth and the peripheral speed are adjustable 
and controllable. The feed rate (Fr) was measured by a 
hydraulic system and an electronic counter during the 

experiment. Feed rate is studied as one of the operation 
parameters.

The depth of cut (Dc) was created by a vertical ride 
mechanism in the system. In this paper, cutting depths of 
15, 22, 30 and 35 mm were studied.

The peripheral speed (Ps) was created by a 7.5 KW 
electromotor with a maximum rotation rate of 2800 
RPM. This movement is transmitted to the spindle axis 
in four different proportions using a belt and torque 
mechanism. The number of the spindle rotations is ad-
justable to three quantities. These experiments were per-
formed at rotational speeds of 1540, 1770 and 2550 rpm. 
The speed was controlled by changing the engine’s 
torque and the transmission ratio of the engine to the 
spindle. Measured data such as current consumption (I), 
energy consumption (E) and specifi c energy consump-
tion (SE) at 1770 rpm peripheral speed are presented in 
Table 3.

3.  The relationship between energy 
consumption and the operation 
parameters

The relationship between energy consumption and 
specifi c energy consumption (as performance results) 
and operational properties were analysed. At each stage 
of the experiment, Azarshahr travertine pieces were 
fi xed on a machine table and then cut off. In order to re-
duce the measurement errors, tests were performed sev-
eral times. Then, the results of 48 experiments were re-
corded for further evaluation. During the test, by fi xing 
the number of the spindle’s rotations to 1770 RPM, 
which is proportional to the speed of disk rotation, 
changes in energy consumption were studied by modify-
ing the cutting depth and the progress rate. Finally, the 

Table 3: Energy consumption in cutting trials

Machining parameters Energy consumption
Dc (mm) Fr (cm/min) I (A) E (Wh) SE (Wh/cm2)
15 100 6.5 950 16.47
15 200 6.9 1102 8.74
15 300 8 1520 6.76
15 400 8.3 1634 5.26
19 100 6.7 1026 13.40
19 200 7.1 1178 7.10
19 300 8.6 1748 5.73
19 400 9.5 2090 4.75
22 100 6.8 1064 11.75
22 200 7.5 1330 6.48
22 300 9.2 1976 5.30
22 400 10.5 2470 4.53
25 100 7.1 1178 10.79
25 200 7.8 1444 5.93
25 300 9.9 2242 5.02
25 400 12 3040 4.56
30 100 7.1 1178 8.99
30 200 8.1 1558 5.13
30 300 10.5 2470 4.43
30 400 14.5 3990 4.59
35 100 7.5 1330 8.14
35 200 9.5 2090 5.16
35 300 12 3040 4.34
35 400 16 4560 4.34

Figure 3: Energy consumption 
changes to depth of cut for 

diff erent feed rates at 1770 rpm 
peripheral speed
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consumption rate was recorded at different feed rates 
and cutting depths. Graphs of Figures 3 and 4 respec-
tively show energy consumption versus the cutting depth 
and the feed rate. At a constant peripheral speed, the en-
ergy consumption increases by an increase in the cutting 
depth or in the feed rate. While the slopes of the graphs 
increase gradually for all of them, the changes are much 
more noticeable for higher Fr values.

The reason for this increase can be due to the load 
pressure on the machine during cutting process. Under 
the same production conditions, the specifi c energy de-
creases as the cutting depth and the feed rate increase 
(see Figures 5 and 6). The reason can be searched in the 
chip formation mechanism. The cutting thickness has a 

direct relation with the speed of cutting and the cutting 
depth. In the other words, diamond grain penetration 
depth and the thickness of the swarf increase with an 
increase in the feed rate. An increased depth of the dia-
mond’s penetration causes an increase in the forces and 
tensions that enter the rock, which results in the forma-
tion and growth of lateral and radial cracks. The forma-
tion and expansion of these cracks in the rock causes the 
appearance of the secondary swarf. Deep penetration of 
diamonds increases the percentage of secondary chips to 
the point that a large volume of cuttings is of secondary 
chip type. In general, lateral cracks and the secondary 
chips make the swarf removal process easier and reduce 
the cutting forces.

Figure 4: Energy consumption 
changes to feed rate for diff erent 

depths of cut at 1770 rpm 
peripheral speed

Figure 5: Specifi c energy 
consumption changes to depth of 
cut changes for diff erent feed rates 

at 1770 rpm peripheral speed
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4. Statistical studies

In order to study the relationship of the operating pa-
rameters and the energy consumption, statistical analy-
sis was carried out using SPSS software and a model 
was introduced. In order to increase the accuracy and the 
coverage of this model, 7 carbonate rock samples col-
lected from Zolfaghar marble, Golsang marble, Azar-
shahr travertine, Hajiabad travertine, Darebokhari trav-
ertine, Salsali marble and Haftoman marble were tested 
and the results were studied at different operating condi-
tions. The multivariate analysis using more than 120 test 
samples are presented in Table 4. The statistical model 
presented in Equation 1 shows the relationship between 
the energy consumption intensity and the operating pa-
rameters.

  (1)

In this Equation Fr is the feed rate (cm/min) of a 
workpiece, Dc is the Depth of cut (mm), Ps presents the 
Peripheral speed (rpm) and I is the energy consumption 
in Amperes.

The F and t tests were consequently used to validate 
the model and to control each of the independent varia-

Figure 6: Specifi c energy 
consumption changes to feed rate 
changes for diff erent depths of cut 

at 1770 rpm peripheral speed

Table 4: Statistical results of the model

Independent variables Coeffi  cient Standard error F Tabulated F T Tabulated t R2

Constant -2.103 0.223

227.33 4.61

-9.414

2.86 0.86
Fr 0.695 0.038 18.319
Dc 0.495 0.031 15.75
Ps 0.3 0.074 -4.08

bles. The results of F and t tests are shown in Table 4. 
The F value, which is obtained considering a confi dence 
level of 99% (4.61) is less than that of the proposed 
model, therefore we can reject the hypothesis of zero, 
which states that there is no linear relationship between 
the energy consumption and the independent variables, 
and it can be concluded that at least one of the coeffi -
cients is not zero. After general control of a model with 
test F, the meaning of each independent variable is con-
trolled with test t. Using the t test, we can examine the 
zero hypothesis for each coeffi cient of the independent 
variables. The t value of the distribution with a confi -
dence level of 99 % is 2.86, while the t values of the in-
dependent variables are higher than this amount so that, 
for the coeffi cients of the independent variables, we can 
reject the zero hypothesis. Another determination way of 
statistical models is using the scatterplot of the predicted 
and the real observed values. Perfect estimations have 
scatterplots with points, which are exactly on a straight 
line with a slope of 1. Figure 7 shows the scatterplot of 
the predicted values versus the observed ones. It is clear 
that the points are very close to the mentioned line and 
they are almost evenly distributed without showing a no-
ticeable bias. Then it can be said that the introduced 
model has a high degree of accuracy with a high correla-
tion between the predicted and the observed values.
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5. Conclusions

Today, cutting discs are widely used in building stone 
factories. A full perception of the cutting devices and the 
effective cutting parameters are useful for designers to 
improve the speed of the process and to increase the pro-
duction rate. Two of the most important factors of mar-
keting are the cost and the quality of goods. Some of the 
most important factors affecting the cutting cost are re-
pairing and maintenance costs of the cutting machines 
and the energy consumption rate. Typically, the produc-
tion rate and the mentioned parameters are directly re-
lated. Therefore, using the best parameters for optimum 
production rate is essential. In this regard, we considered 
the energy consumption of the device for different oper-
ating parameters. The results of the study are summa-
rized as follows:

1.  The cutting depth and the feed rate have direct re-
lationships with energy consumption. The reason 
can be searched in the cutting mechanism and the 
ease of chip formation.

2.  Looking at the graphs of the energy consumption 
versus the feed rate and the depth of cut, the slope 
increases toward the higher values of these param-
eters. Energy consumption reaches its maximum 
points at a feed rate of 400 and a cutting depth of 
35 mm.

3.  Using more than 120 samples tested at different 
operating conditions, a statistical model was de-
veloped to predict energy consumption. The re-
sults of the statistical tests (t and F) showed that 
the assigned coeffi cients of variables are correct. 
The scatterplot of the predicted and the observed 
values of energy consumption show a high corre-
lation with no bias and reproduction of high and 
low values.

4.  According to the studies, in a laboratory scale, 
with the depth of cut and feed rate increase, energy 
consumption per unit area of cut (the specifi c en-
ergy consumption) is close to its optimum value. 
However, the problem here is that by increasing 
these two parameters, the load on the device in-
creases, it is obvious that by increasing the load on 
the device, in addition to increasing the cost of 
maintenance of the device, the vibration on the 
disk increases and the slots in the cutting direction 
become wider and the stone throw increases. In ad-
dition, in such a situation, the probability that dia-
monds emerge from the band due to the cutting 
force increases. Therefore, it is necessary to exam-
ine all the effective factors together in order to 
achieve an ideal cutting condition. To determine 
the best cutting condition, the model presented in 
this study can also help, along with the other mod-
els (wear and vibration prediction models) to help 
to achieve ideal cutting conditions.

Finally, the predicted model can only be applied to 
carbonate rocks. More studies must be conducted to 
check the validity of the obtained models for other types 
of rocks such as granite, syenite, gabbro, basalt, an-
desite, sandstone and onyx. Additionally, the effect of 
the type of disc should be studied.
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SAŽETAK

Is traživanje utroška energije kod rezanja arhitektonsko-građevnoga kamena

U industriji arhitektonsko-građevnoga kamena važno je predvidjeti utrošak energije kod njegova rezanja. Utvrđivanje 
odnosa strojnih varijabli s tim utroškom važan je postupak. Konstruirani su ispitni, laboratorijski rezaći strojevi s 
 mogućnošću promjene radnih varijabli. Prikupljeni rezultati statistički su analizirani usporedbom s potrošnjom ener-
gije. Testiranje je načinjeno na sedam uzoraka karbonatnih stijena, uz različite vrijednosti dubine zarezivanja, jakosti i 
brzine. Tako je dobiven model utroška energije, postavljen u odnosu na svaku promatranu, nezavisnu varijablu. Statistič-
ka analiza načinjena je paketom SPSS. U njoj su primijenjeni t-test i F-test. Vrijednosti predviđene takvim modelom 
prikazane su dijagramom raspršenja. Rezultati su vrlo bliski linearnomu modelu predstavljenomu pravcem pod kutom 
od 45 stupnjeva. Takav model odlikuje se visokim stupnjem točnosti te korelacije između predviđenih i opaženih vrijed-
nosti. Stoga on može biti korišten za izračun utroška energije uz različite ulazne varijable.

Ključne riječi:
utrošak energije, brzina punjenja, periferna brzina, dubina urezivanja, SPSS, arhitektonsko-građevni kamen
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