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Abstract

One of the most crucial steps in producing dimension rocks is the rock cutting process, which incurs a high cost. The
amperage draw of rock cutting machines is a major cost factor of this production process. Determining the effect of fac-
tors, such as the machine’s operating configurations, mechanical and physical characteristics of the rock, and type of
cooling/lubricant fluid, on the cutting machine’s performance can significantly reduce operational costs. This study
evaluates the electrical current consumption of a disc cutting machine during the cutting of hard rocks for producing
dimension rocks under different operating conditions and using different fluids for cooling/lubrication. For this purpose,
a number of cutting tests were performed under different operating conditions (cutting depths of 0.5, 0.7, 1, and 1.3 cm
and feed rates of 45, 60, 75, and 9o cm/min) with five cooling/lubrication fluids, including tap water, soap water with a
ratio of 1:40 and 1:20, and a commercial cutting power (Abtarash) with a ratio of 30:10 and 15:10. After examining the re-
lationship between operating parameters and the amperage draw of the cutting machine in the presence of five fluids,
several linear and nonlinear multivariate statistical models were developed to predict the amperage draw of the cutting
machine. The developed models were evaluated using the t-test and F-test statistical methods. The results showed that
using the developed models, the amperage draw of the cutting machine can be accurately predicted from the properties
of the cooling/lubrication fluid, including viscosity and pH.
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1. Introduction quality, and better competitiveness in global markets.
This cannot be done without extensive knowledge of the

Given the economic and environmental implications  cutting equipment and process and identifying all the in-
of poor energy efficiency and improper technical man-  flyential parameters. Today, rock-cutting discs are com-
agement of energy consumption in industrial processes,  monly applied in factories that produce dimension rocks.
energy consumption evaluation and optimisation is of  Knowing how to use these tools properly and measuring
paramount significance. Achieving this goal requires  their performance can significantly increase the efficien-
carefully examining these processes to find solutions for ¢y of the cutting process and the quality of processed
reducing energy consumption and production costs. This  rocks. Over the years, many studies on both industrial
also applies to the rock-cutting industry, which employs  and laboratory scales have been done on the energy con-
over sixty thousand people in Iran. Iranian rock mining  sumption of rock-cutting machines. In 2011, Mikaeil et
and processing units need to use advanced technologies 3], studied the cutability of carbonate dimension rocks
and tools to achieve higher production outputs, enhanced  from the perspective of energy consumption using fuzzy
AHP, Delphi, and TOPSIS algorithms. In another study,
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ness of rock samples (Mikaeil et al., 2011c). Ataei et al.
studied the cutability of dimension rocks from the ener-
gy consumption perspective and the relationship be-
tween mechanical rock characteristics and the opera-
tional features of the cutting machine (Ataei, et al.,
2012a). In 2013, Sadegheslam et al. investigated the re-
lationship between rock strength parameters and the am-
perage draw of the cutting machine during the cutting of
dimension rocks using multivariate analyses. The results
showed that the machine’s amperage draw increases
with the rock’s strength properties (i.e. the cutting power
of diamond bits decreases by increasing grain boundary
strength and rock matrix strength). Ultimately, they used
the t-tests and F-tests to check the statistical significance
of these relationships. The results showed that the am-
perage draw of the cutting machines can be predicted,
with an appropriate level of reliability and a high corre-
lation coefficient, using the rock strength properties
(Sadegheslam et al., 2013).

In 2015, Yurdacol studied the effect of cutting param-
eters, including cutting mode, cutting depth, and feed
rate, on the cutting machine’s power consumption. This
study used a semi-hard granite rock for its cutting tests.
For this purpose, two rows of disk cutters were used to
run the tests in 12 different cutting modes. These tests
were conducted using 1200 mm saws with feed rates of
10, 13, 15, and 17 m/min and cutting depths of 3, 6, and
9 mm at a constant peripheral speed of about 35 m/s. The
effect of cutting mode, cutting depth, and feed rate on
the cutting performance (represented by energy con-
sumption) was then analysed. The results showed that in
the forward-cutting mode with cutting depths of 3, 6,
and 9 mm, the machine’s power consumption increases
with increasing feed rate. Power consumption also
changed with the change in cutting depth when the feed
rate was kept constant. The results showed that power
consumption also increases with increasing cutting
depth in the back-cutting mode. Finally, after comparing
the results of forward-cutting and back-cutting modes, it
was concluded that the latter is preferable in terms of
power consumption (Yurdakul, 2015). In the study con-
ducted by Ariafar and Mikaeil, they investigated wheth-
er it is possible to predict the amperage draw of disk
cutting machines during cutting dimension rocks with
artificial neural networks (Aryafar and Mikaeil, 2016).
In 2017, Almasi et al. studied the cutability of dimension
rocks with diamond cutting wires. In their studies, the
amperage draw of the machine, as a parameter affecting
the performance of the cutting process, was examined
(Almasi et al., 2017a; Almasi et al., 2017b). In 2017,
Akhiani et al. investigated the efficiency of a diamond
cutting machine using the artificial bee colony algo-
rithm. This study aimed to use the algorithm to forecast
the efficiency of a circular cutting disc in hard rocks.
Through the laboratory experiments, 14 hard rock varie-
ties were cut under various circumstances and the pa-
rameters, including the uniaxial compressive strength,

Schmiazek factor, Mohs hardness, and Young’s modu-
lus, were measured. Based on the results, the artificial
bee colony method correctly predicted how well the disc
cutting machine would work based on the mechanical
parameters of the rock (Akhyani et al., 2017).

In another study, Akhiani et al. investigated the im-
pact of brittleness indices on the amperage draw and
wear rate of disc cutting machines. They employed sim-
ple and multiple regression analyses to determine how
the four brittleness indices (B1, B2, B3, and B4) were
related to the amount of amperage and the rate of wear.
Also, the validity of the developed models was assessed
by the F-test and the t-test. The correlation coefficient
between the measured and estimated values was also
calculated to select the most accurate model. Based on
the amperage draw and brittleness index, the results
showed that the wear rate of diamond disc cutting tools
can be accurately forecasted (Akhyani et al., 2018). In
2018, Mikaeil et al. studied the energy consumed during
the process of cutting dimension rocks. For this purpose,
they conducted several tests on seven carbonate rocks
under different operating conditions (cutting depth, feed
rate, and peripheral speed). They used SPSS software to
produce statistical models for predicting energy con-
sumption. The results demonstrated that cutting depth
and feed rate are directly related to energy consumption,
probably because energy consumption is a function of
the cutting mechanism and ease of cutting (Mikaeil et
al., 2018a). In 2020, Hosseini et al. created a precise
model to forecast how cooling and lubrication fluids will
affect cutting performance, emphasizing power con-
sumption as one of the most crucial indicators of cutting
effectiveness (Hosseini et al., 2020). In 2021, Piri et al.
studied the simultaneous impact of some mechanical pa-
rameters and tool characteristics (i.e. coating) on the
noise of the cutting process through statistical analysis
in SPSS (Piri et al., 2021). Table 1 shows a list of nota-
ble studies conducted in this field and the physical and
mechanical parameters that they have investigated (Mi-
kaeil et al., 2021; Mikaeil et al., 2022; Shaffiee Hagh-
shenas et al., 2022). Most of these studies have been
performed on disc cutting machines and diamond cut-
ting wire, and strength, hardness, and abrasion parame-
ters have been among the physical and mechanical pa-
rameters most widely investigated by researchers in this
field.

The cutting process and the electrical current con-
sumed by the cutting machine have been the subject of
several studies, but the impact of coolant and lubrication
fluids on both the quality of the cutting procedure and
the performance of the cutting machine has not been in-
vestigated comprehensively. There is no doubt that the
lubricating fluid affects the cutting process, and thor-
ough, well-planned research could lead to significant
cuts in the amount of energy consumption and the num-
ber of cutting tools used in the stone-cutting industry.
Hence, the main goal of this study is to determine the
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Table 1: An overview of research on the functional of stone cutting machines (Mikaeil et al., 2021)

Researchers Year Physical and Mechanical Characteristics

UCS BTS YM | IS | SS BS H| A | D Gs | Qc
Burgess 1978
Clausen et al. 1996
Wei et al. 2003 ° o | o
Eyuboglu et al. 2003 ° ° ° °
Ersoy and Atici 2004 ° ° ° ° o | o ° ° °
Kahraman et al. 2004 ° ° o o
Gunaydin et al. 2004 ° °
Ozcelik et al. 2004 ° ° ° ° ° °
Buyuksagis and Goktan 2005 ° ° ° °
Ersoy et al. 2005 ° ° ° ° ° ° ° °
Delgado et al. 2005 ) °
Kahraman et al. 2005 ° °
Fener et al. 2007 ° ° ° o | o
Kahraman et al. 2007 ° ° ° °
Ozcelik 2007 ° ° ° °
Tutmez et al. 2007 ° ° °
Buyuksagis 2007 ° ° ° ° ° °
Mikaeil et al. 2008 ° °
Kahraman and Gunaydin 2008 ° (]
Ataei et al. 2011 ° ° o | o
Mikaeil et al. 2011a ° ° ° o o ° °
Mikaeil et al. 2011b ° ° o o
Mikaeil et al. 2011c ° °
Mikaeil et al. 2011d ° ° ° °
Ataei et al. 2012 ° ° ° °
Yurdakul and Akdas 2012 ° ° ° °
Ghaysari et al. 2012
Mikaeil et al. 2012 ° ° o | o ° °
Mikaeil et al. 2013a °
Mikaeil et al. 2013b ° ° o o ° °
Sadegheslam et al. 2013 ° °
Mikaeil et al. 2014 ° °
Tumac 2015 °
Mikaeil et al. 2015 ° ° ° ° ° °
Aryafar and Mikaeil 2016 ° ° ° °
Tumac 2016 ° ° ° °
Almasi et al. 2017 ° ° ° e o ° °
Almasi et al. 2017 ° ° ° e o ° °
Almasi et al. 2017 ° ° ° e o ° °
Kamran et al. 2017 ° ° ° e o ° °
Akhyani et al. 2017 ° ° ° o o ° °
Akhyani et al. 2017 ° ° ° o | o ° °
Mikaeil et al. 2017 ° ° e o ° °
Mikaeil et al. 2018a ° ° ° o | o ° °
Aryafar et al. 2018 ° ° ° o | o ° °
Mohammadi et al. 2018 ° ° ° ° °
Dormishi et al. 2018 ° ° ° e o ° °
Tumac et al. 2018 ° ° ° ° °
Zhang et al. 2018 ° ° °
Mikaeil et al. 2019 ° ° ° o o ° °
Dormishi et al. 2019 ° ° ° e o ° °
Haghshenas et al. 2019 ° ° ° o o ° °
Hosseini et al. 2020 ° ° ° ° ° °
Piri et al. 2021 ° ° ° ° ° °
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effect of operating parameters and fluid type on the en-
ergy consumption of a disc cutting machine to produce
dimension hard rocks. After studying the relationship
between operational parameters and amperage draw in
the presence of five fluids, several linear and nonlinear
multivariate statistical models are developed to predict
the amperage draw of the cutting machine, and the re-
sults are discussed in more detail.

2. Method

In this study, ten rock types were collected from sev-
eral Iranian quarries. Then, field and laboratory investi-
gations were performed to examine the effects of param-
eters of interest on cutting performance using statistical
analyses. Laboratory investigations included measuring
the properties of cooling and lubricant fluids, building a
laboratory-scale disc cutting machine capable of meas-
uring and recording amperage draw, and conducting cut-
ting tests in different operating conditions with five
cooling and lubricant fluids. For this purpose, after pre-
paring the samples for laboratory research, four physical
and mechanical properties of stones are evaluated and
quantified: uniaxial compressive strength, Mohs hard-

ness, Schimazek’s F-abrasiveness factors, and Young’s
modulus. Then, five different coolant and lubricant flu-
ids are used to find out how much electricity the disk
cutting machine uses at its peak. Finally, several multi-
variate statistical models are constructed to estimate the
cutting machine’s required current. More comprehen-
sive explanations for each step of this study are given in
the following sections. The flowchart of this study is
shown in Figure 1.

3. Laboratory investigations

In this study, different rock types were chosen as the
testing materials, including granite, syenite, diabase, tuff,
basalt and diorite. Ten cylindrical specimens were cut
and prepared smooth according to the ISRM standard
(Fairhurst and Hudson, 1999) to perform the experi-
mental tests and measure physical and mechanical rock
properties (see Figure 2). The uniaxial monotonic tests
(see Figure 3) were conducted on the prepared speci-
mens under a constant axial stress rate of 1 MPa/s (Mi-
kaeil et al., 2018b). After conducting the tests and ana-
lyzing the recorded stress-strain curves, the rocks’ uni-
axial compressive strength (UCS) and Young’s modulus

Laborator
y Study

Rock sampling for lab tests
and determination of fluid

Hard rock sampling

A 4 *

v

Preparing rock

Cutting machine fabrication
plaques

Preparing rock
blocks

<& |
<

v

A 4

Conducting cutting process
on the prepared samples

Transferring the samples to the

laboratory

s

v

Measuring the current consumption

Determination of mechanical

properties

!

Preparing the database for further
analyses

!

Conducting the statistical analyses to predict
the current consumption of the machine

Figure 1: Procedure followed
in this study
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Figure 2: Sample preparation for experimental tests

Figure 3: Determination of uniaxial compressive strength
(UCS) of studied rock types

Feed rate (Fr) and cutting depth (Dc) are two opera-
tional variables of cutting machines that, because of
their combined effect on the cutting process, are gener-
ally evaluated together. Therefore, the cutting tests were
carried out under different operational conditions with
varying cutting depths of 0.5, 0.7, 1, and 1.3 cm and
varying feed rates of 45, 60, 75, and 90 cm/min with the
fixed rotation of 3400 rounds/min of the disk. The disc’s
diameter and width were also set to 25 (cm) and 5 (mm),
respectively, as critical experimental parameters. Eight-
een diamond segments with the size of 35 (mm) x 2.5
(mm) x 6.0 (mm) along with a spindle motor with a

Table 2: Physical and mechanical properties of the rock specimens

Rock type Trade Name UCS (MPa) YM (GPa) Mh SF-a (N/mm)
Granite Khorram Darreh 133 28.9 5.65 10.42
Syenite Birjand Forest Green 239 52 6.4 28.3
Diabase Naein Green Shadab 279 56 6.1 8.352
Granite Birjand Kahuei Green 110 37 6.3 4.284
Granite Natanz White 150 43 5.7 46.63
Granite Nehbandan White 145 35.5 5.95 24.25
Tuff Isfahan Red 182 46.5 6 1.872
Basalt Yazd Red 142 43.6 6.1 14.24
Granite Mashhad Morvarid 125 31.2 5.6 8.5
Diorite Chyghan Black 173 48.6 6.6 7.6

(YM) were determined. Furthermore, the other physical
parameters, including the Schmiazek abrasivity factor
(SF-a) and Mohs hardness (Mh) of different rock types,
were measured through laboratory investigations (ISRM
1981). The results of these measurements are summa-
rized in Table 2. According to Table 2, the UCS of rocks
varies within the range of 110 to 279 MPa, classifying
them as hard rocks. Then, plaques of 40x40 cm were
prepared for cutting tests with the disk cutting machine.

maximum power of 4 kilowatts (kW) were employed in
this study. The disk cutting machine utilized for the data
collection can be observed in Figure 4.

The cutting tests were performed in five stages with
five fluids: tap water, soap water with a ratio of 1:40 and
1:20, and a commercial cutting powder (Abtarash) with
aratio of 30:10 and 15:10. The properties of these fluids,
according to the relevant tests (see Figure 5), were listed
in Table 3. At each test stage, the prepared rock block
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%‘ Sb water (1/20) -

—— .,

Figure 5: Determining the hardness of fluids

(e.g. Birjand forest green granite in specific dimensions)
was fixed on a table and cut with the operating condi-
tions given in Table 4. The results of 80 tests (16 tests
per fluid) were recorded. The variation in amperage
draw by changing the cutting depth (Dc) and feed rate
(Fr) was recorded for each test. The results of the under-
taken cutting tests for Birjand forest green granite are
listed in Table 4.

Table 3: Characteristics of fluids studied in tests

No. | Fluid gag;lness Z:lslggs;;y
1 Water 7.68 1.069

5 Sf(‘)'ci}/)“\(z)vater with a ratio . 09851

3 (S)gei;/)zvovater with a ratio 8.23 09754

+ | Sith aratio of 1030 796 1839

5 |itharatio of 1011 81 |LIss

4. Results and discussion

To investigate the relationship between operating pa-
rameters (i.e. feed rate and cutting depth), characteristics
of the cooling/lubricant fluid (i.e. hardness and viscosity),
and amperage draw, statistical analysis was conducted in
SPSS and Excel using univariate and multivariate linear/
nonlinear regression. Figures 6 to 13 show the correlation
between the amperage draw of the cutting machine and
the changes in operating parameters and cooling/lubricant
fluid for the Birjand forest green granite.

According to Figure 6, it is observed that for Dc=50
(mm), the increase in the feed rate from 45 to 90 (cm/min)
results in a significant increase in the amount of electrical
current consumption when the samples are cut using wa-
ter and soap water with the ratio of 1:20. This is while the
tests with the other two fluids (i.e. water mill powder with
the ratios of 10/30 and 10/15) did not show considerable
change. Although the variation in maximum current con-
sumption for the soap water with the ratio of 1/20 with the
advance rate is not notable, its consumed energy is rela-
tively higher than the two types of water mill powder.

In the next step, the tests are repeated by increasing
the value of Dc from 0.5 to 0.7 and 1 (mm). According
to Figures 7 and 8, the results had a relatively similar
trend to that of Figure 6. It is evident that the samples
with water and soap water with the ratios of 1:20 and
1:40 showed the largest variations in the amount of en-
ergy consumption when Dc (70 mm) was kept constant,
and the feed rate was increased from 45 to 90 (cm/min).
These changes were also negligible in the test with two
powder lubricants.

According to Figure 9, for Dc=1.3 mm, the electrical
current consumption increased with an increase in the ad-
vance rate. However, the highest amount of current con-
sumption was observed for tests with water lubricant,
which varies from 7.6 to 13.8 amps. When the samples
were tested with soap water lubricant with ratios of 1 to 20
and 10 to 40, the consumed current energy increased, fol-
lowing an approximately similar trend. Moreover, the cut-
ting machine consumed the least amount of energy by us-
ing two water lathe powder lubricants.
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Table 4: The cutting test results for Birjand forest green granite under different operational conditions
Cutting operational S?ap wate.:r S?ap wate-r Water la-the Water /lat-he
e T T water with a ratio with a ratio povsjder with a povsjder with
No. of 1/20 of 1/40 ratio of 10/30 | a ratio of 10/15
(::)I:i) (cml/?;lin) (rglsn) Current consumption (amps)

1 0.5 90 8.3 6.7 6.1 5.1 7.3

2 0.7 90 10.2 7.3 7.4 5.6 7.6

3 1 90 11.2 8.5 8.3 5.9 7.5

4 1.3 90 13.8 9.5 9.6 6.4 8.8

5 0.5 75 7.6 6.2 6 5 6.7

6 0.7 75 9.1 7.1 6.9 5.5 6.1

7 1 75 10.2 7.7 7.8 5.6 6.5

8 1.3 75 12.6 8.8 8.6 6.2 8.7

9 0.5 60 3400 6.5 5.8 5.9 5 5.3

10 0.7 60 7.4 6.3 6.4 53 5.9

11 1 60 7.8 6.8 7.2 5.6 6.1

12 1.3 60 8.7 7.6 7.9 6.1 8.7

13 0.5 45 5.7 5.3 5.6 5 5.2

14 0.7 45 6.5 6 6.2 52 5.8

15 1 45 7.1 6.1 7 5.2 7

16 1.3 45 7.6 6.8 7.4 5.5 7.9

In the following tests, the cutting depth increased by
keeping the advance rate constant at 45 cm/min, and the
samples were tested with five lubricants. According to
Figure 10, all the samples during the cutting procedure
with all different lubricants experienced increased elec-
trical current consumption. The highest electrical cur-
rent consumption was observed for water and soap water
lubrication, with a ratio of 1 to 20. Also, the lowest
amount of energy consumption was obtained for the
abrasive powder, with a ratio of 10 to 15.

According to Figure 11, the feed rate value increased
from 45 to 75 (cm/min), which was kept constant during
this test. The values of D¢ were increased, and the sam-
ples were cut again with five different lubricants and
coolants. In all the tests, an increase in the amount of
current consumption was observed, while the highest
value was recorded for water.

In the next test, by keeping the feed rate constant at 75
(cm/min) and increasing the amount of Dc, it was ob-
served that the cutting machine needs more energy to cut
stones compared to feed rates of less than 75 (cm/min)
(see Figure 12). These amperage changes were specifi-
cally evident in cutting with water lubrication, where the
lowest value of amperes consumed at a depth of 5 (mm)
was equal to 7.6 (amps), and the highest value of am-
peres consumed at a depth of 13 mm was 12.6 (amps).
This increasing trend was also observed for the feed rate
of 90 (cm/min). On the other hand, Figure 13 shows the
largest value of changes with water lubricant.

According to the trends shown in Figures 6 to 13, at
a constant disk rotational speed (3400 rpm), the amper-
age draw of the cutting machine increased with cutting
depth and feed rate. The slope of this change also in-
creased with an increase in feed rate and cutting depth,
reaching a maximum at the highest applied feed rate and
cutting depth. This relationship between amperage draw
and feed rate and cutting depth can be attributed to the
intensification of process forces, including normal and
shear forces and increased thermal stresses, where the
rock surface comes in contact with the diamond grains
of the cutting machine.

As the feed rate and cutting depth increase, the cutting
power of diamond grains and the thickness of removed
chips also increase. Aside from increasing the forces and
stresses of the process, this also leads to the creation and
propagation of lateral and radial cracks. The formation
and propagation of these cracks in the rock cause sec-
ondary cutting. In other words, as the cutting depth of
diamond grains increases, the role of secondary cutting
in the cutting process intensifies, which finally results in
a significant portion of the formed cuttings. Overall, for
a constant volume of cuttings removed (cutting rate), the
amperage draw of the machine decreases with an in-
crease in the process forces and stresses. The interesting
point is the increased disk wear rate and machine vibra-
tion, which will lead to increased repair and maintenance
costs. The best solution to this problem is to reduce the
process forces and thermal stresses in the cutting envi-
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Figure 7: The relationship between maximum current
consumption and the advance rate at a cut depth of 0.7 cm

ronment by using a cooling/lubricant fluid. A proper
cooling/lubricant fluid can significantly reduce the pro-
cess forces and thermal stresses by reducing the coeffi-
cient of friction of the environment and removing the
cuttings. As shown in Figures 6 to 13, changing the fluid
from tap water to a proper cooling/lubricant fluid de-
creased the amperage draw of the cutting machine. At
high cutting rates (maximum cutting depth and feed
rate), the amperage draw of the cutting machine was re-
duced by 14% on average.

In most cases, using commercial cutting powder

(Abtarash) with a ratio of 30:10 had a better impact on
the results than using other fluids. The relationship be-
tween the amperage draw of the cutting machine and
properties of the rock and cooling/lubricant fluid and op-

Advance rate (cm/min)

Figure 8: The relationship between maximum current
consumption and the advance rate at a cut depth of 1 cm
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Figure 9: The relationship between maximum current
consumption and the advance rate at a cut depth of 1.3 cm

erating parameters was investigated using linear and
nonlinear multivariate regression. The following statisti-
cal models express the relationship between amperage
draw and operating parameters for different cooling/lu-

bricant fluids (Equations 1 to 10).

1,,. =2.528D, +0.026F, —1.834PH —
~0.213Vis +17.734

1,,,. =2.528D, +0.026F. —1.834PH —
—0.213Vis +0.001UCS +0.202Mh —
~0.0028F —a+0.002YM +17.35

I, =2.528D, +0.026F, —1.834PH —
~0.213Vis +0.001UCS +17.511

(1)

)

)
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Figure 10: The relationship between maximum current
consumption and cut depth at an advance rate of 45 cm/min
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Figure 11: The relationship between maximum current
consumption and cut depth at an advance rate of 60 cm/min

I,,. =2.528D, +0.026F, —1.834PH —
—0.213Vis +0.281Mh —0.001SF —a+16.055  (4)

1

Max

=2.528D,+0.026F, —1.834PH —
—0.213Vis +0.293Mh +15.964 %)

0.302 0.235 2222
D77 x F77 x10

= (6)

M .
ax PH1.989 % VZS0.043

0302 , 770235 3 7.0.109 0.064 2099
D7 X F M x YM T <10

IMtlx = PH1.989 % ViS0.043 % UCS0.029 % SF _ a0.002 (7)

D0.302 XF0.235 XUCSO.019 x 102.181
I _ ¢ r

Max — 1.989 . 0.043
PH ™" xVis

®)
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Figure 12: The relationship between maximum current
consumption and cut depth at an advance rate of 75 cm/min

Fr=90 cm/min

15
@ 14 H Water
a @ Soap water with a ratio of 1/20 | |
IS A Soap water with a ratio of 1/40 e
< 13- @ water mill powder with a ratio of 10/30
~ v Water mill powder with a ratio of 10/15 ¢,x"
S 124 L-="" y=6.4422x+5.2381
il R2=0.968
a - m
g 11 5 ) L
2 10 il
o] A
S 94 y=4.1769x+4.1952 e
c R®=0.982 &,,:/ y=3.5646x+4.881
9 g . e R2=0.998
= =z
7 4
€
g 6
= 1.5374x+4.4048
T 5 R?=0.976
=
4 T T T T
0.4 0.6 0.8 1.0 1.2 1.4

Cut depth (cm)

Figure 13: The relationship between maximum current
consumption and cut depth at an advance rate of go cm/min

0.302 0.235 0.221 2.051
D7 X F x Ml x10
Max — 1.989 . 0.043 0.002
PH 7 xVis™™ xSF —a

)

0.302 0.235 0.226 2.046
I D7 < F2 x Ml x10
Max — 1.989 . 0.043
“ PH' ™ xVis

(10)

In all models, the maximum amperage draw of the
cutting machine was considered the dependent variable,
and the rock properties, fluid characteristics, and the ma-
chine’s operating parameters were defined as independ-
ent variables. The statistical significance of the models
was checked using the t-test and F-test. The F-test was
used to check the significance of the model, and the t-
test was used to control the significance of each inde-
pendent variable. The results of the t-test and F-test are
presented in Tables 5 and 6.
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Table 5: Results of linear multivariate regression analysis to forecast the current intensity

Parameters Coefficients Standard error |F F Table |t tTable R
Constant 17.734 1.101 16.11
D, 2.528 0.085 29.77
Model 1 | F, 0.026 0.002 33998 |3.78 16.94 258 0.794
pH -1.834 0.136 13.46
Vis -0.213 0.08 2.67
Constant 16.35 1.266 12.91
D, 2.528 0.084 29.99
F 0.026 0.002 17.01
pH -1.834 0.135 -13.56
Model 2 | Vis -0.213 0.079 174.49 [2.208 -2.69 2.58 0.799
UcCs 0.001 0.001 0.49
Mh 0.202 0.127 1.59
SF-a -0.002 0.002 -0.89
YM 0.002 0.008 0.29
Constant 17.511 1.1 15.92
D, 2.528 0.085 29.89
F 0.026 0.002 17.01
Model 3 < 275.4 3.319 2.58 0.796
pH -1.834 0.136 -13.51
Vis -0.213 0.079 -2.68
ucs 0.001 0.001 2.63
Constant 16.055 1.206 13.31
D, 2.528 0.804 29.99
7 0.026 0.002 17.07
Model 4 |pH -1.834 0.135 232.2 3.017 -13.56  2.58 0.798
Vis -0.213 0.079 -2.69
Mh 0.281 0.083 3.38
SF-a -0.001 0.002 -0.64
Constant 15.694 1.198 13.33
D, 2.528 0.084 30
Model 5 |- 0-026 0002 278.7  [3.319 AL PP 0.798
pH -1.834 0.135 -13.56
Vis -0.213 0.079 -2.69
Mh 0.293 0.081 3.61

As mentioned earlier, linear and nonlinear regression
models can be used to describe the linear and nonlinear
relationships between independent and dependent vari-
ables. The multivariate linear and nonlinear regression
analyses were conducted in this study using SPSS soft-
ware, and the results were listed in Tables 5 and 6. In
these analyses, the regression coefficient for each inde-
pendent parameter was found automatically by the soft-
ware using the least square error (LSE) technique to
minimize the prediction error. The models built with
these coefficients can show their efficiency in the t-test

and F-test. As a result, these two tests were used to eval-
uate all of the regression-based models. The correlation
coefficient (R) values in Tables 5 and 6 can also be used
for further evaluation of the models.

The F value derived from all models is lower than the
number in the F-distribution table, with a confidence
level of 99%. The null hypothesis, i.e. no linear relation-
ship between the dependent variable (maximum amper-
age draw of the cutting machine) and the independent
variables (characteristics of the rock, fluid, and ma-
chine), was disproved, and it was determined that at least
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Table 6: Results of nonlinear multivariate regression analysis to predict the current intensity

Parameters | Coefficients Standard error |F F Table |t tTable |R
Constant 2.222 0.13 17.13
D, 0.302 0.009 32.42
Model 6 F, 0.235 0.013 3958 |3.78 18.13 2.58 0.816
pH -1.989 0.142 -14.05
Vis -0.043 0.014 -2.98
Constant 2.099 0.142 14.78
D, 0.302 0.009 32.65
F, 0.235 0.013 18.26
pH -1.989 0.141 -14.16
Model 7 Vis -0.043 0.014 202.7 2.802 -2.99 2.58 0.82
ucs -0.029 0.023 -1.23
Mh 0.109 0.094 0.247
SF-a 0.002 0.004 -0.522
YM 0.064 0.038 1.69
Constant 2.181 0.132 16.47
D, 0.302 0.009 32.45
Model8 |- 0.235 0.013 317.7  |3.319 1814 2.58 0.817
pH -1.989 0.141 -14.07
Vis -0.043 0.014 -2.98
ucs 0.019 0.012 1.52
Constant 2.051 0.139 14.77
D, 0.302 0.009 32.63
F. 0.235 0.013 18.25
Model 9 pH -1.989 0.141 269.4 3.017 -14.15 2.58 0.819
Vis -0.043 0.014 -2.99
Mh 0.221 0.065 3.39
SF-a -0.002 0.004 -0.397
Constant 2.046 0.138 14.8
D, 0.302 0.009 32.65
Model 10 |-~ 0.235 0.013 323.6  |3.319 1820 2.58 0.819
pH -1.989 0.141 -14.15
Vis -0.043 0.014 -2.99
Mh 0.226 0.064 3.15

one of the regression coefficients is not zero. After
checking the overall significance of the model with the
F-test, the significance of each independent variable was
checked with a t-test. This test was used to check the
hypothesis that each coefficient of the independent vari-
ables is zero. Since only some of the t-values obtained
for independent variables were smaller than the relevant
value in the t-distribution table for 99% confidence lev-
el, the hypothesis that the coefficients of independent
variables are zero was rejected. Therefore, models 2, 4,
7, 8, and 9 were discarded. In statistical analyses, espe-

cially those aimed to produce statistical models, it should
be noted that coefficients must be logically justifiable, or
in other words, the model must conform to the nature of
the modelled process. In the context of this research, we
can always expect an increase in the amperage draw of
the machine with an increase in the rock’s strength,
hardness, or abrasiveness under constant operating con-
ditions. Also, we can expect the amperage draw for a
given rock to rise with an increase in the machine’s op-
erating parameters. Therefore, any model that suggests
otherwise would be unacceptable. Based on this ration-
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to the 1: 1 half-line for model 5
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Figure 18: Dispersion of predicted and actual points relative
to the 1: 1 half-line for model 10

ale, models 2, 4, 7, and 9 were unacceptable as they pre-
dict the amperage draw to decrease with increasing abra-
sivity. Finally, models 1, 3, 5, 6, and 10 with correlation
coefficients of respectively 0.794, 0.796, 0.798, 0.816,
and 0.819, were identified as suitable models for predict-
ing the amperage draw of the cutting machine according
to the properties of the fluid and rock and the machine’s
operating parameters.

Another method to assess statistical models is to
check the dispersion of their predictions versus observa-
tions relative to the 1:1 bisector line. The higher the den-
sity of these points around the bisector, the more accu-
rate the model. In other words, forecasts are seen to be
accurate when the frequency of observations is almost
equal to the frequency of predictions. A complete match
between experimental and prediction values is therefore
attained for a location located on the bisector line. On
the other hand, the prediction value gives a safe predic-
tion when a point is on the bisector line. Figures 14 to 18
show the dispersion of the predicted values of the cur-
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rent consumption by models 1, 3, 5, 6, and 10 versus the
actual measurements. In these scatter plots, whenever
the data points are closer to the diagonal line (line 1:1),
the difference between the measured and predicted val-
ues decreases, representing a higher prediction accuracy.
As can be observed from Figures 14 to 18, all five mod-
els almost have similar dispersion, and the data points
have perfectly concentrated around the diagonal line.
This shows that the regression models can estimate the
performance of the cutting machine with high accuracy.

5. Conclusions

The relationship between the amperage draw of a rock
cutting machine and rock properties, different cooling/Iu-
bricant fluids, and the machine’s operating parameters
was investigated in this study using experimental and sta-
tistical approaches. The experimental tests were per-
formed on ten hard rock types to measure the uniaxial
compressive strength, Mohs hardness, Schmiazek abra-
sivity factor, and modulus of elasticity, representing the
strength, hardness, abrasivity, and -elasticity-plasticity
characteristics of rocks, respectively. The cutting tests
were completed using a laboratory-scale disk cutting ma-
chine with different operating conditions using five fluids:
tap water, soap water with a ratio of 1:40 and 1:20, and a
commercial cutting power (Abtarash) with a ratio of
30:10 and 15:10. The compiled experimental datasets
were then analysed by statistical tests. The results of sim-
ple fitting showed that as the operating parameters (i.e.
cutting depth and feed rate) increase, the amperage draw
of the cutting machine also increases. However, the slope
of these changes varies depending on the cooling/lubrica-
tion fluid. In general, the best results were observed for
Abtarash cutting powder with a ratio of 30:10. In most
cases, the use of this cooling lubricant significantly re-
duced the amperage draw of the machine. By analyzing
the experimental data in SPSS, ten linear and nonlinear
multivariate statistical models were developed for pre-
dicting the amperage draw of the cutting machine. The t-
test and F-test were then utilised to examine the statistical
significance of the models and their coefficients. Ulti-
mately, five models were selected as the best models for
predicting the amperage draw of the cutting machine. The
statistical tests conducted at a 99% confidence level
showed that these five models are acceptably accurate,
with a correlation coefficient of about 0.8 in estimating
the amperage draw of the cutting machine operating using
the tested fluids as the cooling lubricant.
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SAZETAK

Istrazivanje utjecaja tekucina za hladenje/podmazivanje na veli¢inu struje
reznih strojeva s diskom za tvrde stijene

Jedan od najvaznijih koraka u obradi arhitektonsko-gradevnoga kamena jest proces rezanja, koji uzrokuje visoku cijenu
proizvodnje. Veli¢ina elektri¢ne struje kod strojeva za rezanje glavni je faktor troskova ovoga proizvodnog procesa. Odre-
divanje radnih ¢imbenika, kao $to su radne konfiguracije stroja, mehanicke i fizicke karakteristike stijene te vrsta teku-
¢ine za hladenje/podmazivanje, na performanse stroja za rezanje moze znatno smanjiti operativne troskove. Ovo istra-
zZivanje procijenilo je potros$nju elektri¢ne struje reznoga stroja s diskom tijekom rezanja tvrdih stijena pri obradi arhitek-
tonsko-gradevnoga kamena u razli¢itim radnim uvjetima i pri koristenju razlic¢itih tekucina za hladenje/podmazivanje.
Proveden je niz ispitivanja rezanja u razli¢itim radnim uvjetima (dubine rezanja od o,5, 0,7, 11 1,3 cm te brzine rezanje od
45, 60, 75 1 90 cm/min) s pet tekudina za hladenje/podmazivanje, uklju¢ujudi vodu iz slavine, sapunicu omjera 1 : 40 i
1: 20 te komercijalni prah za rezanje (Abtarash) u omjeru 30 : 10 i 15 : 10. Nakon ispitivanja odnosa izmedu radnih para-
metara i veli¢ine struje reznoga stroja uz upotrebu pet tekuéina razvijeno je nekoliko linearnih i nelinearnih multivari-
jantnih statistickih modela kako bi se predvidjela veli¢ina struje reznoga stroja. Razvijeni modeli procijenjeni su stati-
stickim metodama t-testa i F-testa. Rezultati su pokazali kako se pomocu razvijenih modela moze to¢no procijeniti veli-
¢ina struje stroja za rezanje iz svojstava tekucine za hladenje/podmazivanje, ukljuc¢ujuci viskoznost i PH.

Kljucne rijedi:
arhitektonsko - gradevni kamen; rezni strojevi s diskom; utrosak energije; statisticki model; tekucina za podmazivanje
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